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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. 



 

 19 

 

 

Chapter 2 

Tracing carbon fixation in phytoplankton - compound 
specific and total 13C incorporation rates. 

 

Julia Grossea, Peter van Breugelb and Henricus T. S. Boschkera 

 

 

 

 

 

 

 

 

 

Limnology and Oceanography-Methods 13:288-302 

                                                             
a Department of Marine Microbiology, NIOZ Royal Institute for Sea Research, Yerseke, The Netherlands 
b Analytical Laboratory, NIOZ Royal Institute for Sea Research, Yerseke, The Netherlands 

J.G. and H.T.S.B designed research; J.G. and P.v.B. performed research; J.G., P.v.B. and H.T.S.B. analyzed data; 
J.G. and H.T.S.B. wrote the paper. 



CHAPTER 2 

 

 20 

Abstract 

Measurement of total primary production using 13C incorporation is a widely 
established tool. However, these bulk measurements lack information about the 
fate of fixed carbon: the production of major cellular compounds (carbohydrates, 
amino acids, fatty acids, and DNA/RNA) is affected by for instance nutrient 
availability as their C:N:P requirements differ. Here we describe an approach to 
combine established methods in gas chromatography/isotope ratio mass 
spectrometry (GC/C-IRMS) and recently developed methods in liquid 
chromatography/IRMS (LC/IRMS) to trace stable isotope incorporation into 
neutral carbohydrates, amino acids and fatty acids, and compare their production 
to total carbon fixation rates. We conducted a trial study at stations in the North 
Sea where different nutrients were limiting. There was variation in the fate of 
fixed carbon at these sites. The majority of fixed carbon (64 - 71%) was 
incorporated into neutral carbohydrates, followed by amino acids (19 - 32%) and 
fatty acids (4 - 9%). The sum of carbon fixation into these three fractions 
accounted for 81 to 116% of total carbon fixation. P- and N- limitation increased 
the biosynthesis of storage lipids and storage carbohydrates, while N-limitation 
decreased synthesis of amino acid proline with a concurrent increase in glutamic 
acid + glutamine. This new approach provides the capability to determine direct 
effects of resource limitation and the consequences for the physiological state of a 
phytoplankton community. It may thereby enable us to evaluate the overall quality 
of phytoplankton as a food source for higher trophic levels or trace consumption 
of phytoplankton through the food web. 
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Introduction 

Approximately half of the global net primary production is carried out in the 
ocean (Field et al. 1998) and phytoplankton forms the basis of most food webs in 
the sea. Methods to estimate primary production have been around for decades and 
remote sensing as well as several experimental approaches are currently in use 
(Cullen 2001). Widely used methods for determining rates of primary production 
in the field are based on the incorporation of carbon isotopes, both radioactive 
(14C) and stable (13C), into phytoplankton biomass (Steeman-Nielsen 1952; 
Montoya et al. 1996). A wealth of data is available on primary production rates in 
different areas (Gosselin et al. 1997; Carpenter et al. 2004; Shiozaki et al. 2010), 
over different time scales (Karl et al. 1996; Gallon et al. 2002) and from culture 
studies (Degerholm et al. 2006; Wannicke et al. 2009), providing a valuable tool to 
estimate total productivity of a system. However, total primary production rates do 
not give any information on the intracellular fate of the fixed carbon and therefore 
the nutritional value of it to higher trophic levels. It is well known that carbon 
uptake and consequently phytoplankton growth are regulated by many factors such 
as light or nutrient availability. Phytoplankton stressed by too much light or too 
little nutrient availability react by storing carbon in the form of storage 
carbohydrates and/or triglycerides (Granum et al. 2002; Borsheim et al. 2005). 
Both of those compounds are carbon rich but do not contain nitrogen (N) or 
phosphorus (P), causing a shift in phytoplankton C:N:P ratios and a decline in the 
nutritional value of phytoplankton to consumers (Sterner et al. 1993; Plath & 
Boersma 2001). 

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. 2004a). Low cellular N:P ratios would be present in 
phytoplankton adapted to high growth rates, which 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, 
phytoplankton invests in resource acquisition machinery (pigments and proteins), 
which is rich in N but mostly lacks P, resulting in high N:P ratios (Geider & 
LaRoche 2002). Confirming those strategies in natural phytoplankton 
communities and changes between them caused by changes in resource 
availability is challenging and investigations on the level of individual compounds 
have been rare until a few years ago and are mainly based on changes in 
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compound concentrations following the addition or reduction of nutrients 
(Granum et al. 2002; Mock & Kroon 2002b). Detection of significant changes in 
the compound concentrations requires long-term incubations (several days to 
weeks), which can simultaneously cause undesired changes in the phytoplankton 
community and may not lead to field relevant results (Beardall et al. 2001). 
Charpin et al. (1998) and Suárez & Marañón (2003) used the incorporation of 14C 
to quantify carbon allocation into different biomolecule groups (total lipids, 
proteins and polysaccharides), but due to for instance special regulations of 
handling radioactive material, this method is not widely applied. 

In recent years the advances in compound specific stable isotope analysis 
(CSIA) by either gas chromatography (GC) or liquid chromatography (LC) in 
combination with isotope ratio mass spectrometry (IRMS) have made it possible 
to obtain specific isotope information of a wide range of compounds directly from 
complex mixtures. This opens possibilities to use 13C stable isotopes in the same 
way as they are already used for total primary production measurements (bulk) but 
to study phytoplankton communities on a more detailed compound specific level 
by following the photosynthetically fixed carbon into biomolecules such as 
individual fatty acids, amino acids, and carbohydrates. 

Many studies are already available on the incorporation of carbon into a 
particular fraction of fatty acids; the phospholipid derived fatty acids (PLFA), to 
determine the activity or composition of specific groups of phytoplankton or 
bacteria (Middelburg et al. 2000; Van Den Meersche et al. 2004; Dijkman et al. 
2010). Separation of individual fatty acids is performed on a GC and therefore 
fatty acids have to be derivatized. Since only one extra carbon has to be added per 
fatty acid, it makes corrections for natural abundance δ13C values straightforward. 
However, requirements of heavy derivatization of carbohydrates and amino acids 
for separation on a GC make determination of δ13C natural abundance studies 
prone to errors (Rieley 1994) and require extensive corrections. Therefore, the 
GC/C-IRMS method is commonly used for tracer studies with 13C and 15N 
incorporation into amino acids (Veuger et al. 2007; Oakes et al. 2010) as well as 
food web studies using natural abundance of 15N in amino acids (McCarthy et al. 
2013). The recently developed LC/IRMS methods make the derivatization of 
carbohydrates and amino acids unnecessary and are being introduced to a wide 
range of fields including geochemistry, nutrition, paleodiet, ecology, forensics and 
medicine (Godin et al. 2007). Currently, the majority of studies focus on the 
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natural abundance of 13C in those compounds, usually used to identify sources and 
only a limited number of publications included 13C amended tracers to investigate 
carbon incorporation into different compounds (McCullagh et al. 2008; Oakes et 
al. 2010; Miyatake et al. 2014). In all cases carbon incorporation was mainly 
determined for one biomolecule group, for example amino acids or PLFAs, and 
information is lacking on how carbon is simultaneously distributed between 
different pools of biomolecules. Combining these methods to determine fatty acid, 
amino acid and neutral carbohydrate synthesis by 13C labeling would give insight 
into the biochemical fate of fixed carbon and the physiological state of the 
phytoplankton community in terms of resource limitation. 

In this study, we show how a combination of established GC/C-IRMS and 
recently developed LC/IRMS methods (Fig. 2.1) can be used to identify the 
composition and biosynthesis of individual fatty acids, amino acids and 
carbohydrate pools of natural phytoplankton communities. We modified existing 
protocols to make them applicable to marine phytoplankton and added clean up 
steps to reduce interference from impurities in the LC-methods. By combining the 
GC and LC approaches with 13C measurements on an IRMS, the biosynthesis rates 
of these individual compounds can be calculated. Overall, these three major 
biomolecule groups can be examined in detail and be compared to bulk 
measurements of primary production. This makes it possible to provide an 
overview of the ability of phytoplankton to allocate carbon fixed through 
photosynthesis into different functional groups of biomolecules and to study how 
phytoplankton copes with differences in resource availability. 
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Figure 2.1: Flow chart with overview of methods used in the approach of 13C 
tracing into the biomolecules. 

 

Materials and Procedures 

Field experiment 

For the trial experiment we chose three sites in the North Sea (Fig. 2.2) with 
different physical and chemical features. The Coastal Station is only 4 km offshore 
with a water depth of 8 m and therefore heavily influenced by runoff from land, 
mainly through nutrient-rich discharge from the river Rhine. The Oyster Ground is 
a relatively deep station (46 m) and stratified during summer. The Dogger Bank 
station is shallower (28 m) and complete mixing of the water column is possible 
year around. 
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Figure 2.2: Map of the sampling area in the North Sea. 
 

Labeling of phytoplankton with 13C-bicarbonate 

A labeling experiment with stable isotope tracer 13C-labeled bicarbonate was 
performed during a North Sea cruise on board the R/V Pelagia in May 2012. For 
the experiments, sub-surface water (7 m) was obtained with Niskin bottles, 
transferred to 10 L carboys and enriched with 13C-sodium bicarbonate (99% 13C). 
The final labeling concentration reached 1.5 to 2 % 13C of the ambient dissolved 
inorganic carbon (DIC) concentration. To determine the absolute 13C enrichment 
in DIC, 10 mL of sample were sealed in a crimp vial without gas bubbles, a 2 mL 
helium headspace was created, and after acidification the headspace was analyzed 
for CO2 concentration and 13C-content by a Flash EA 1112 Series elemental 
analyzer (EA) coupled via a Conflo III interface to a Delta V advantage isotope 
ratio mass spectrometer (all from Thermo Fisher Scientific, Bremen, Germany) 
(Moodley et al. 2005). In order to keep light and temperature close to in-situ 
conditions, the carboys were white and reduced ambient light levels by 
approximately 50 %. They were incubated in flow-through incubators on deck, 
which assured stable temperatures. The incubations lasted for 24 h before the 
experiment was terminated by splitting the carboy content into 5 equal volumes, 
which were filtered over pre-combusted GF/F filters (Whatman, 47 mm ∅, 0.45 
µm pore-size, 4 h at 450°C). Aliquot samples were taken for particulate organic 
carbon (POC), fatty acid, amino acid and neutral carbohydrate analysis as well as 
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an additional filter, which served as a backup. A volume between 1.0 and 2.0 L 
was filtered per aliquot, depending on the phytoplankton density. All filters were 
stored frozen at −80°C until analysis (POC) or extraction of the biomolecules. All 
incubations were carried out in duplicate and initial, unlabeled samples for POC 
and all biomolecule groups were taken at the beginning of each of the incubations. 

Chlorophyll a and nutrient concentrations 

Samples for chlorophyll-a (Chla) and other pigments were collected on GF/F 
filters (Whatman) and stored at −80°C until analysis. Pigments were extracted 
with 10 mL of 90 % acetone using a CO2 - gas cooled bead-beater followed by 
centrifugation (3 min, 1500 rpm) and the supernatant was injected onto a C18-
reverse-phase column (Allsphere™ ODS-2, Thermo Fisher Scientific). Gradient 
mixing pumps delivered 3 mobile phase solvents: (1) methanol/ammonium 
acetate, (2) 90% acetonitrile and (3) 100% ethyl acetate (Rijstenbil 2003and 
references therein). Pigments were identified and quantified using commercially 
available standards (Dijkman & Kromkamp 2006). 

Dissolved nutrient samples were taken by filtering water through a 0.2 µm 
Acrodisc filter (Pall Netherlands, Mijdrecht, The Netherlands). The concentrations 
for ammonium (NH4

+), nitrate (NO3
-), nitrite (NO2

-), phosphate (PO4
3-) and silicate 

[Si(OH)4] were analyzed using a QuAAtro autoanalyzer (SEAL Analytical, 
Southampton, United Kingdom) according to the manufacturers instruction. 

Total particulate organic carbon (POC) 

Before analysis, frozen filters were lyophilized overnight, and a section of the 
filter (1/4 or less, depending on the amount of material on the filter) was acidified 
over fuming HCl to remove inorganic carbon, and subsequently packed into tin 
cups. The analysis was performed on a Flash EA 1112 Series elemental analyzer 
(EA) coupled via a Conflo III interface to a Delta V advantage isotope ratio mass 
spectrometer (all from Thermo Fisher Scientific, Bremen, Germany) in order to 
obtain organic carbon content and δ13C values. 
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LC/IRMS 

Since samples have to be introduced to the IRMS instrument in a gaseous form, 
GC/C-IRMS remained the only method of choice for a long time to separate 
compounds for isotopic analysis. However, sample preparation is extensive and 
after extraction most compounds have to be derivatized. 

Connecting LC to IRMS was challenging because separation is achieved within 
a liquid eluent. 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 (Krummen et al. 2004), LC-/IRMS became a 
viable alternative to GC/C-IRMS for the analysis of many biological compounds. 
After LC separation, the organic compound is mixed with acid (phosphoric acid) 
and an oxidant (sodium peroxydisulfate), heated in a reactor to 99.9 °C and 
thereby converted into CO2. The CO2 gas subsequently crosses the membrane 
separation unit into a helium flow and is introduced into the IRMS instrument. 
Constraints of this method mainly arise in the choice of eluents and analytical 
columns. In order to keep the CO2 background low, only water-based inorganic 
solutions and buffers can be used as eluents and analytical columns should have 
low bleeding characteristics. However, amino acids and carbohydrates can be 
analyzed without prior derivatization and subsequent corrections of δ13C values 
are not necessary (McCullagh et al. 2006; Boschker et al. 2008). The precision of 
the LC/IRMS is comparable to that of other continuous flow techniques and better 
than those reported for the GC/C-IRMS remaining below 0.4‰ for individual 
compounds even at low compound concentrations (detection limit varies by 
compound, ranging between 36-150 ng C; McCullagh et al. 2006; Boschker et al. 
2008). 

Neutral carbohydrate extraction and analysis 

Neutral carbohydrates were extracted using a modified version of the protocol 
described by Boschker et al. (2008). In detail, filters were cut into small pieces, 
and 1 mL 11M H2SO4 was added in order to wet the entire filter. The samples 
were left at room temperature for 1 h before the H2SO4 was diluted with MilliQ to 
a final concentration of 1.1M, followed by a hydrolysis at 120°C for 1 h. After 
cooling the samples rapidly on ice, they were neutralized to a pH of 5.5 to 6.0 by 
adding SrCO3. The SrSO4 was removed by centrifugation and the supernatant was 
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frozen overnight in order to further precipitate any remaining SrSO4. After a 
subsequent slow thawing of samples at 4°C we added a clean-up step, as described 
by Boschker et al. (1995), in order to remove substances that interfered with the 
LC/IRMS analysis. The samples were run over a double bed resin containing 
equal amounts of cation exchange resin (2 mL of Dowex 50Wx8, hydrogen form, 
Sigma-Aldrich) and anion exchange resin (2 mL of Dowex 1x8, Sigma-Aldrich, 
purchased in chlorine form, used in carbonate form, see below) to remove 
inorganic and organic salts. The cation exchange resin was activated by 
subsequent washing with MilliQ, 2M NaOH, 2M HCl and MilliQ and was used to 
trap impurities such as amino acids, which can interfere with the signal from 
neutral carbohydrates. The anion exchange resin was transformed from a chlorine 
form into a carbonate form by washing with MilliQ, 0.1M Na2CO3 and MilliQ 
before use (Abaye et al. 2011) The samples were run over the mixed-resin bed 
column and collected in glass vials. Unconcentrated samples can be filtered       
(0.2 µm PVDF filters) and analyzed directly by LC/IRMS as long as the dilution 
from MilliQ in the resin slurry is accounted for. However, in our field samples 
neutral carbohydrate concentrations were so low that the samples needed to be 
concentrated before measurement. Therefore, the samples were frozen again, 
lyophilized to complete dryness, subsequently re-dissolved in 1 mL MilliQ and 
filtered (0.2 µm PVDF filters) before analysis. 

Neutral carbohydrate concentrations and δ13C values were measured on a 
LC/IRMS system, equipped with a Surveyor system consisting of a high 
performance liquid chromatography pump (MS Pump Plus) and an Autosampler 
Plus autoinjector and coupled to an Delta V advantage IRMS instrument via a LC 
Isolink interface (all Thermo Fisher Scientific). Isodat software 3.0 (Thermo 
Fisher Scientific) was used to control the LC/IRMS system and for data collection. 
Separation of neutral carbohydrates was performed using an Aminex HPX-87H 
column (300 x 7.8 mm, 9 µm particle size; Bio-Rad, Hercules, California, United 
States) with 0.02 % 12M H2SO4 as mobile phase at a flow rate of 0.4 mL min-1 
and the column was kept at a temperature of 22°C. The run time was 50 min and a 
50 µL sample loop was used for injection. The injected sample volumes ranged 
from 10 µL (partial loop injection) to 50 µL (full loop injection), depending on 
neutral carbohydrate concentrations.  In order to obtain 50 ng of C per compound 
we suggest that an amount > 70 µg POC should be extracted for neutral 
carbohydrates when using the Aminex HPX-87H column. 
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Commercially available neutral carbohydrates (Sigma-Aldrich) were dissolved 
in MilliQ water and injected individually to identify elution order. The Aminex 
HPX-87H column baseline separates glucose (Glu) from all other carbohydrates, 
while galactose (Gal), xylose (Xyl), mannose (Man) and fructose (Fru) co-elute in 
a second peak. A third peak contains fucose (Fuc), arabinose (Ara) and ribose 
(Rib) (Fig. 2.3A, example from an environmental sample). Alternatively, the 
Carbopac PA20 column (Thermo Fisher Scientific) can be used according to 
Boschker et al. (2008), which is capable of separating all eight carbohydrates. 
However, in our case the required injection volume was up to 200 µL to achieve 
proper detection. At these high quantities we encountered interference with the 
column (see Discussion), and therefore suggest collecting higher amounts of POC 
(>240 µg) when using the Carbopac PA20 column. A mixture of aforementioned 
external standards was used to calculate carbohydrate concentrations using a 
calibration line and to monitor LC/IRMS performance. The δ13C values of 
powdered external standards analyzed by EA/IRMS were in excellent agreement 
with values determined by LC/IRMS using the Aminex HPX-87H column and 
values reported by Boschker et al. (2008). International glucose references IAEA-
309A and IAEA-309B, both enriched in 13C, were also analyzed to determine 
accuracy of LC/IRMS. Measured δ13C values were within the standard deviation 
of certified values.  
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Figure 2.3: Example chromatographs for compound specific analysis of 
carbohydrates (A) and amino acids (B) at the Coastal Station. Carbohydrates 
shown are: glucose (Glu), co-elution of galactose/xylose/mannose/fructose 
(Gal/Xyl/Man/Fru) and co-elution of fucose/arabinose/ribose (Fuc/Ara/Rib). 
Eighteen amino acids are shown: aspartic acid + asparagine (Aspx), 
hydroxiproline (Hyp), serine (Ser), glutamic acid + glutamine (Glux), threonine 
(Thr), glycine (Gly), alanine (Ala), proline (Pro), valine (Val), methionine (Met), 
cysteine, isoleucine (Ile), leucine (Leu), tyrosine (Tyr), lysine (Lys), histidine 
(His), phenylalanine (Phe) and arginine (Arg). REF = reference pulse, RT = 
retention time. 

 

Amino acid extraction and analysis 

In order to obtain hydrolysable amino acids we applied a modified version of 
the protocol from Veuger et al. (2005), which describes the extraction of amino 
acid for analysis by GC/C-IRMS. In detail, GF/F filters were cut into small pieces 
and hydrolyzed in 2 mL 6M HCl at 110°C for 20h. There was no need to apply an 
acid-washing step, as in the original protocol, since the amount of inorganic 
carbon on the filter was much lower than in sediment samples. After cooling, the 
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samples were diluted to a final concentration of 1M HCl by adding 10 mL MilliQ. 
The samples were subjected to cation exchange chromatography with Dowex 
50Wx8 resin (hydrogen form, Sigma-Aldrich), which was activated as described 
above, filled into glass columns and pre-rinsed with 10 mL of MilliQ. Samples 
were added to the column, and washed with 20 mL MilliQ to remove salt and 
organic compounds. Amino acids were eluted from the column with 12 mL of 2M 
NH4OH, collected in glass beakers and dried overnight on a heating plate (~60 
°C). Once dry, samples were re-dissolved in 1mL of MilliQ, filtered (0.2 µm 
PVDF filters) and measured on the same LC/IRMS as described above. Separation 
of amino acids was performed using a Primsep A column (250 x 3.2mm, 5 µm 
particle size; SIELC, Prospect Heights, Illinois, United States) with a modified 
linear gradient program according to McCullagh et al. (2006). Mobile phase A 
(100 % degassed MilliQ water) was used for the first 22 minutes, followed by a 
linear gradient to 100% mobile phase B (0.2 % 12M H2SO4) from 22 to 75 min, 
and afterwards 100 % mobile phase B until the end of the run (115 min). A 
subsequent column flushing of 10 min with mobile phase A reconditioned the 
column for the next sample injection. The flow rate was constant at 0.5 mL min-1 
and a 50 µl sample loop was used for injection with sample volumes ranging from 
10 to 50 µL, depending on amino acid concentrations. In order to obtain 50 ng of 
C per compound we suggest that a minimum amount of 200 µg POC should be 
extracted for amino acids. 

Amino acids were identified by individually injected standards of 
commercially available amino acids (Sigma-Aldrich, Fig. 2.3B, example from an 
environmental sample). Amino acid concentrations were calculated using a 
calibration line of a mixture of aforementioned external standards, which was also 
used to monitor LC/IRMS performance. 

Fatty acids extraction and analysis 

The extraction was performed according to Boschker (2004). In short, the total 
lipid extract was obtained following the protocol of Bligh & Dyer (1959) and 
subsequently separated into storage lipids, glycolipids and phospholipids by 
silicate column chromatography with 7 mL chloroform, 7 mL acetone and 15mL 
methanol. However, Boschker (2004) only focus on the recovery of the 
phospholipid fraction contained in the methanol and totally discards the other two 
fractions. In this approach we also collect the storage lipid fraction in the 
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chloroform and the glycolipid fraction in the acetone. All three fractions were 
dried down and derivatized to fatty acid methyl esters (FAMEs) using mild 
alkaline methanolysis (1mL 0.2M sodium methylate, 15 min at 37°C) followed by 
a hexane extraction. This resulted in the three FAME solutions containing (1) 
storage lipid derived fatty acids (SLFAs), (2) glycolipid derived fatty acids 
(GLFAs) and (3) PLFAs. The FAMEs 12:0 and 19:0 were added as internal 
standards. Concentrations and δ13C of individual FAMEs were measured by 
GC/C-IRMS (controlled by Isodat 2.0 software); a HP G1530 GC (Hewlet 
Packard/Agilent, Santa Clara, California, United States) was connected to a Delta-
plus isotope ratio mass spectrometer via a type III combustion interface (both from 
Thermo Fisher Science). For FAME separation the very polar analytical column 
BPX-70 (50 m length, 0.32 mm diameter, 0.25 µm film; Scientific Glass 
Engineering, Melbourne, Australia) was used because it achieves better separation 
in polyunsaturated fatty acids (PUFAs) with 18 or more carbon atoms that are 
common in phytoplankton. An autosampler was used for injection of samples. 
Samples were injected at 36°C using a Cooled Injection System (Gerstel, Mülheim 
a.d. Ruhr, Germany). After the hexane solvent was evaporated the injector was 
heated up rapidly to 300°C; the split-less period was 1.5 min and the column flow 
was kept constant at 2 mL min-1. The following temperature program was applied: 
initial 60°C for 2 min, then to 120°C with +25°C min-1, and hold for 5 min, then to 
220°C with +2°C min-1, to 240°C with +20°C min-1, and hold 3 min resulting in a 
total runtime of 55 min. 

Fatty acids contribution to total biomass can be small (< 5 % of total POC) and 
therefore a substantial amount of biomass is required for extractions, especially if 
total fatty acids will be further separated into several fractions. We therefore 
suggest a minimum amount of 600 µg POC should be extracted for fatty acids. 

For the identification of compounds we calculated the relative retention time 
for each peak using the retention times of internal standard FAMEs 12:0 and 19:0 
as well as naturally occurring 16:0 and compared them to a list of reference 
standards. The concentrations of the identified fatty acids were calculated based on 
the known amounts of the FAME 19:0 internal standard added to each sample. All 
three fractions were measured separately (Fig. 2.4 A-C, examples from an 
environmental sample), evaluated separately and concentrations and biosynthesis 
rates for all fatty acids within one fraction were summed up at the end to obtain 
concentrations and biosynthesis rates for the respective fraction as well as the total 
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fatty acid content. Fatty acids were notated A:BωC, where A is the number of 
carbon atoms in the fatty acid, B the number of double bonds and C the position of 
the first double bond relative to the aliphatic end. An additional ‘c’ indicates the 
cis-orientation of the double bond (e.g. 18:2ω6c). 

 

 

Figure 2.4: Examples of chromatographs for analysis of different fatty acid 
fractions - methanol (A), acetone (B), chloroform (C) at the Coastal Station. All 
samples originate from the same total lipid extract. It should be noted that the 
amounts of internal standards (IS) 12:0 and 19:0 (saturated fatty acid methyl ester 
with chain-lengths of 12 and 19 carbon atoms) added to samples were the same in 
all three fractions. Due to different amounts of fatty acids within different 
fractions the injection volume was adapted, which resulted in different peak 
heights of 12:0 and 19:0 in the different chromatograms. REF = reference pulse, 
RT = retention time. 



CHAPTER 2 

 

 34 

Calculation of 13C uptake rates 

Carbon stable isotope ratios are expressed in the δ13C notation: 
δ13C sample (‰) = ((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 RVPDB = 0.0111802 ± 
0.0000009), respectively. 

In order to quantify bulk carbon fixation and synthesis rates of the different 
compounds the absolute amount of 13C incorporated into different carbon pools 
above background was calculated. These values are expressed as excess 13C (nmol 
13C L-1) and calculated in equation 1: 

Excess 13Csample  

 

where δ13C sample refers to the δ13C value of bulk material (POC) or the compound 
of interest at the end of the incubation, δ13Cbackground denotes the δ13C 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.  

In order to determine total carbon incorporation, the enrichment of the DIC 
pool with 13C has to be calculated (Equation 2).  

 

where δ13CDICsample refers δ13C of DIC in carboys at the end of the incubation and 
δ13CDICbackground denotes δ13C of DIC before the addition of 13C-DIC.  

 

 

=
δ( 13 Csample /1000+1)× RVPDB

(δ13Csample /1000+1)× RVPDB +1

"

#
$
$

%

&
'
'−

δ( 13 Cbackground /1000+1)× RVPDB

δ( 13 Cbackground /1000+1)× RVPDB +1

"

#
$
$

%

&
'
'

)

*
+
+

,

-
.
.
× concentrationsample (1),

Enrichment DIC =
(δ13CDICsample /1000+1)×RVPDB

(δ13CDICsample /1000+1)×RVPDB +1

"

#
$$

%

&
''−

(δ13CDICbackground /1000+1)×RVPDB

(δ13CDICbackground /1000+1)×RVPDB +1

"

#
$$

%

&
''   (2),



13C UPTAKE INTO BIOMOLECULES 

 

 35 

Biosynthesis rates (nmol C (µmol POC)-1 d-1) are calculated as followed: 

    (3) 

where, POCconcentration 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 gives 
daily rates. Rates normalized to biomass allow comparison between different 
phytoplankton communities over spatial or temporal scales. 

Concentrations and biosynthesis rates were calculated for each individual 
compound per duplicate. Concentrations and biosynthesis rates of subgroups (e.g. 
SLFA, GLFA, PLFA) or total biomolecule groups (total fatty acids, amino acids 
and carbohydrates) were obtained by summing all individual biosynthesis rates 
within that group per duplicate. Afterwards averages and standard deviations were 
calculated (n=2). 

 

Assessment  

Station characterization 

The nutrient availability differed at the three North Sea stations during the trial 
experiment in May 2012 (Tab. 2.1). Dissolved inorganic nitrogen concentration 
(NO3

- + NO2
- + NH4

+) declined from 9.6 µM to 1.3 µM to 0.2 µM at the Coastal 
Station, the Oyster Ground and the Dogger Bank, respectively. Phosphate 
concentrations increased from 0.05 µM to 0.16 µM and went back down to 0.06 
µM at the Coastal Station, the Oyster Ground and the Dogger Bank, respectively. 
This led to N:P nutrient ratios of 192 at the Coastal Station, 8 at the Oyster Ground 
and 3.5 at the Dogger Bank. Assuming Redfield ratio (N:P 16:1), this would 
characterize the Coastal Station as P-limited while the Oyster Ground and Dogger 
Bank were N-limited. Furthermore, the dominant nitrogen source at the Dogger 
Bank was NH4

+, which suggests it was a regenerative system. Silicate (Si(OH)4) 
concentrations were below 2 µM at all stations, a threshold for allowing diatoms to 
dominate the phytoplankton community (Peperzak et al. 1998). 
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The POC concentration was highest at the Coastal Station with 44.2 ± 1.3 µmol 
L-1, 12.7 ± 1.6 µmol L-1 at the Oyster Ground and 17.8 ± 1.1 µmol L-1 at the 
Dogger Bank. The Chla concentration was highest at the Coastal Station (3.1 ± 
0.03 µg Chla L-1), lowest at the Oyster Ground (0.4 ± 0.04 µg Chla L-1) and 
increase again at the Dogger Bank (0.8 ± 0.03 µg Chla L-1). The other pigments 
showed the same pattern and are summarized in Tab. 2.2. Pigment composition 
and pigment ratios did not give clear indications about the dominating 
phytoplankton groups. The presence of fucoxanthin at all stations suggests the 
presence of diatoms, dinoflagellates and haptophytes. Alongside fucoxanthin, 
haptophytes usually contain 19-butanoyloxyfocoxanthin and 19-
hexanoyloxyfucoxanthin, both not detected in this study. However, the haptophyte 
Phaeocystis globosa, which is frequently encountered in the sampling area during 
May, can lack one or both (Schoemann et al. 2005). P. globosa was therefore 
considered a possible member of the phytoplankton community during the cruise. 

Table 2.1: Overview of physical parameters, nutrients, nutrient ratios and 
concentrations of particulate organic carbon (POC, Averages ± SD (n=2)). 

 Coastal Station Oyster Ground Dogger Bank 
Temperature (°C) 11.76 8.70 9.27 
Salinity (PSU) 31.76 34.70 35.03 
NO3

- (µmol L-1) 7.51 0.63 0.02 
NO2

- (µmol L-1) 0.26 0.04 0.01 
NH4

+ (µmol L-1) 1.81 0.61 0.18 
PO4

3- (µmol L-1) 0.05 0.16 0.06 
N:P (mol/mol) 191.6 8.0 3.5 
Si(OH)4 (µmol L-1) 0.37 1.39 0.09 
POC (µmol L-1) 44.17 ± 1.26 12.72 ± 1.58 17.83 ± 1.06 
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Table 2.2: Pigment concentrations and ratios of selected pigments. Averages ± SD 
(n=2), nd = not detected.  

 
Coastal Station Oyster Ground Dogger Bank 

Alloxanthin (µg L-1) nd 0.02 ± 0.01 nd 
Chla (µg L-1) 3.08 ± 0.03 0.42 ± 0.04 0.77 ± 0.03 
Chlb (µg L-1) 0.01 ± 0.00 0.08 ± 0.00 0.02 ± 0.00 
Chlc1+2 (µg L-1) 0.55 ± 0.02 0.05 ± 0.01 0.11 ± 0.01 
Diadinoxanthin (µg L-1) 0.16 ± 0.03 0.02 ± 0.01 0.12 ± 0.01 
Diatoxanthin (µg L-1) 0.02 ± 0.01 nd nd 
Fucoxanthin (µg L-1) 1.89 ± 0.05 0.12 ± 0.02 0.34 ± 0.03 
Zeaxanthin (µg L-1) nd 0.01 ± 0.01 0.01 ± 0.01 
Chla:Fucoxanthin 1.6 ± 0.1 3.5 ± 0.1 2.3 ± 0.1 
Chla:Chlc 5.6 ± 0.2 8.1 ± 0.1 7.3 ± 0.2 

 

Biochemical composition of POC 

A total of 56 ± 1% to 82 ± 17% of total POC could be explained by 
carbohydrates, fatty acids and amino acids (Fig. 2.5A). The main contributor to 
POC were the amino acids, which contributed 46 ± 11% (Coastal Station), 36 ± 
8% (Dogger Bank) and 28 ± 4% (Oyster Ground). The second largest group 
contributing to POC were the neutral carbohydrates with 33 ± 6% (Coastal 
Station), 18 ± 5% (Oyster Ground) and 24 ± 6% (Dogger Bank). Fatty acids 
accounted for the lowest fraction of POC and contributed 3 ± 0.3% (Coastal 
Station), 2 ± 0.7% (Oyster Ground) and 5 ± 0.7% (Dogger Bank). All these values 
are in agreement with other publications that have investigated the biochemical 
composition of marine phytoplankton communities (Mock & Kroon 2002b; 
Suárez & Marañón 2003). 

A substantial amount of POC (18 ± 17% to 44 ± 1%) could not be identified. 
This unidentified fraction contains both DNA and RNA, and depending on 
resource availability these can contribute up to 30% of POC (Dortch et al. 1983). 
Other carbon compounds not quantified here include ATP, phytosterols, acidic 
sugars and amino-sugars. Pigments contribute to total POC in a minor fraction as 
well. Furthermore, the effect of detrital carbon, either locally produced or derived 
from allochthonous inputs (especially at the Coastal Station), should be taken into 
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account, which can possibly skew the carbon contribution to different 
biomolecules with respect to total living biomass. In order to access the current 
state of a phytoplankton community it is therefore better to look at carbon fixation 
patterns instead of POC composition. 

 

 

Figure 2.5: Composition of POC (A) and biosynthesis rates of bulk carbon versus 
biosynthesis rates of different biomolecule groups (B) for all three stations. The 
upper panel (A) expresses concentrations of POC and carbon within the different 
biomolecules in µmol C L-1. Rates in panel (B) are in nmol C (µmol POC)-1 d-1. 
Shown are averages ± SD, n=2. 
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Carbon fixation rates within different biomolecule pools 

Enrichment in δ13C was detected in all bulk and biomolecule samples analyzed. 
Lowest Δδ13C values (δ13Csample - δ13C background) were detected in the amino acid 
arginine at the Oyster Ground (35.7‰ ± 17.0‰, n=2). Highest Δδ13C reached 
978.2‰ ± 25.1‰ (n=2) for glucose, also at the Oyster Ground. Bulk Δδ13C were 
moderate and ranged between 121.8‰ ± 31.6‰ (n=2) and 261.4‰ ± 10.9‰ 
(n=2).  

The analytical error of the IRMS analysis is low. The method precision ranges 
between 0.2‰ (EA/IRMS) to 0.4‰ for certain individual compounds (LC/IRMS; 
McCullagh et al. 2006; Boschker et al. 2008) and the above-mentioned Δδ13C 
imply that the final labeling concentration of 2% 13C-DIC was sufficient to 
achieve Δδ13C higher than the analytic error even for compounds that incorporate 
13C slowly (e.g. arginine). However, in order to achieve the precise detection of 
δ13C values of individual compounds a minimum concentration of 36 - 150 ng 
carbon is required per compound in the sample volume injected onto the LC- and 
GC columns (Boschker et al. 2008). We aimed for an average minimum 
concentration of 50 ng C per compound and sample injection. This required 
minimum concentration, the number of compounds that can be separated on the 
column of choice and the expected relative contribution of each biomolecule to 
total POC have to be considered during sampling to assure collection of sufficient 
material for extractions (see recommendations in Methods section). 

The standard deviations detected in this study were much higher than the 
analytical error and describe the experimental error, which derives from the 
natural variability in the community response to, for instance, small differences in 
incubation conditions of replicate carboys, e.g. shading due to carboy position in 
incubator. 

Bulk carbon fixation rates after 24 h incubations were highest at the Coastal 
Station with 168.5 ± 9.3 nmol C (µmol POC)-1 d-1 and declined to 119.0 ± 16.2 
and 82.4 ± 17.5 nmol C (µmol POC)-1 d-1 at the Oyster Ground and Dogger Bank, 
respectively (Fig. 2.5B).  

At all three stations, the highest relative amount of fixed carbon was allocated 
into neutral carbohydrates, followed by amino acids and fatty acids. At the Coastal 
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Station carbohydrates contributed a relative amount of 70 ± 0.4 %, amino acids 24 
± 2 % and fatty acids 6 ± 2 %. At the Dogger Bank 64 ± 0.6 % of carbon was 
allocated into carbohydrates, 32 ± 1 % into amino acids and 4 ± 0.0 % into fatty 
acids. Distribution at the Oyster Ground was 71 ± 10 %, 19 ± 8% and 9 ± 2 % for 
carbohydrates, amino acids and fatty acids, respectively (Fig. 2.5B). 

Bulk versus compound specific carbon fixation  

The sum of carbon fixation within the different biomolecules is highest at the 
Coastal Station with 195.4 ± 39.8 nmol C (µmol POC-1) d-1 and declines to 126.5 ± 
29.1 and 67.4 ± 16.6 nmol C (µmol POC-1) d-1 at the Oyster Ground and Dogger 
Bank, respectively (Fig. 2.5B). The sum of biomolecule carbon fixation was 
higher than the bulk carbon fixation at the Coastal Station and the Oyster Ground, 
accounting for 116 ± 29% and 104 ± 10% respectively. At the Dogger Bank, the 
sum of biomolecule carbon fixation explained 82 ± 26% of bulk carbon fixation. 
Bulk carbon fixation was within the cumulative standard deviations of carbon 
fixation of biomolecule groups at all three stations, indicating no significant 
differences in the two approaches. Suárez & Marañón (2003) reported similar 
numbers in their study (95 to 104%) using a 14C tracer approach. Overall, the 
compound specific approach is in agreement with the bulk approach and can also 
be used to describe the importance of one biomolecule group to bulk carbon 
fixation without investigating all biomolecule groups. Our results suggest that 
phytoplankton shuffle the majority of photosynthetically fixed carbon into the 
three biomolecule groups within 24 h, especially at the Coastal Station and the 
Oyster Ground, while phytoplankton at the Dogger Bank has at least one more 
important sink of carbon, potentially DNA and RNA. 

Individual compounds  

Carbohydrates 

In terms of neutral carbohydrate composition the Coastal Station and the 
Oyster Ground were almost identical. At both stations glucose contributed 61 ± 
10% and 64 ± 12%, while Xyl/Man/Gal/Fru contributed 28 ± 6% and 28 ± 10% at 
both stations and Ara/Fuc/Rib contributed 11 ± 2% and 8 ± 5%. At the Dogger 
Bank glucose contributed only 53 ± 7%, while Xyl/Man/Gal/Fru contributed 35 ± 
10% and Ara/Fuc/Rib 11 ± 6%. This resulted in ratios between glucose 
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concentration to the other neutral carbohydrate of 1.6, 1.8 and 1.2 (Fig. 2.6A). 
Biosynthesis rates of the carbohydrate fractions deviated substantially from these 
concentration ratios at the Coastal Station and the Oyster Ground. There, glucose 
contributed 87 ± 14% to total synthesized carbohydrates, while Xyl/Man/Gal/Fru 
contributed 10 ± 3% and Ara/Fuc/Rib 3 ± 2% (numbers identical at both stations) 
resulting in ratios of 6.4 and 6.6. At the Dogger Bank, glucose contributed 66 ± 
12%, Xyl/Man/Gal/Fru 28 ± 7% and Ara/Fuc/Rib 6 ± 3%, a ratio of 1.9 (Fig. 
2.6B). Possible explanations for such differences in ratios among stations can be 
three-fold. First, the phytoplankton community at the Coastal Station and the 
Oyster Ground may have synthesized high amounts of internal storage 
polysaccharide, such as glucan or chysolaminaram (both made from glucose sub-
units), as a response to resource limitation causing increased detection of glucose 
synthesis. However, the approach shown here cannot distinguish between glucose 
derived from storage and non-storage carbohydrates. Second, the phytoplankton 
community at the Dogger Bank used the glucose to either synthesize proteins and 
other biomolecules faster than at the other stations or excrete excessive amounts of 
carbohydrates. Third, the dominating phytoplankton species at the Coastal Station 
and the Oyster Ground possess additional external carbohydrates. Diatoms are 
known to produce carbohydrate rich extracellular polymeric substances (Hoagland 
et al. 1993), and Phaeocystis spp., a haptophyte frequently encountered in the 
study area, forms a colony matrix rich in mucosaccharides (Alderkamp et al. 
2006). External carbohydrates from both phytoplankton groups would be extracted 
with the intracellular neutral carbohydrates using the described method. Overall, 
high concentrations of carbohydrates reduce the nutritional value of the 
phytoplankton for higher trophic levels. However, high amounts of extracellular 
carbohydrates can also fuel heterotrophic activity by bacteria (Borsheim et al. 
2005; Alderkamp et al. 2007). 

Amino acids 

At all three stations the three most abundant amino acids comprised over 40% 
of the total amino acid concentration (Fig. 2.6C). At the Coastal Station and the 
Oyster Ground leucine (Leu) was the most important amino acids, followed by 
proline (Pro) and threonine (Thr). At the Dogger Bank glutamic acid + glutamine 
(Glux) showed highest abundances followed by Leu and Thr (Fig. 2.6C). Other 
important amino acids at all three stations were lysine (Lys), phenylalanine (Phe) 
and valine (Val), however they had different relative concentrations at the 
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investigated stations. The above listed amino acids also showed highest 
biosynthesis rates with an identical distribution pattern (Fig. 2.6D). 

 

 

Figure 2.6: Contribution of individual compounds within the different 
biomolecule groups. Total neutral carbohydrate composition (A) and biosynthesis 
(B) was divided into glucose, co-elution of galactose/xylose/mannose/fructose 
(Gal/Xyl/Man/Fru) and co-elution of fucose/arabinose/ribose (Fuc/Ara/Rib). Total 
amino acid concentrations (C) and biosynthesis (D) show the three most important 
amino acids, and additionally Glux (Coastal Station and Oyster Ground) or Pro 
(Dogger Bank). The ‘other 14 amino acids’ are the sum of remaining 14 of all 18 
amino acids measured per station. Total fatty acid concentrations (E) and 
biosynthesis (F) were divided into storage lipids (SLFA) and structural lipids, 
which were further divided into glycolipids (GLFA) and phospholipids (PLFA). 
Shown are averages ± SD, n=2. 
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Within the amino acid pool, an indicator for N-limitation is the accumulation of 
Glux in the cells and a consequent reduction of Pro. Proline is directly synthesized 
from glutamate and this synthesis is dependent on nitrogen assimilation into the 
cell, which can be affected by nitrogen availability in the environment or 
ultraviolet-B radiation (Goes et al. 1995). The ratio of Pro:Glux could therefore 
potentially be used to identify N-limited phytoplankton communities. The 
distribution of the main amino acids on the Coastal Station and the Oyster Ground 
was very similar, with Pro being one of the most abundant amino acids. At the 
Coastal Station Pro:Glux ratios for concentrations and biosynthesis rates were 10.1 
± 6.1 and 9.7 ± 5.3, respectively, suggesting that Glux could be rapidly 
synthesized into Pro and N-availability was not limiting. At the Oyster Ground, 
Pro:Glux ratios decreased to 4.2 ± 2.6 and 3.9 ± 2.6, for concentrations and 
biosynthesis rates respectively, suggesting a slower conversion. At the Doggers 
Bank in contrast, the ongoing low availability of nitrogen led to an accumulation 
of Glux in the cells, while Pro was of very low importance which resulted in very 
low Pro:Glux ratios of 0.3 ± 0.01 for concentrations and 0.1 ± 0.02 for 
biosynthesis rates. 

The amino acids Leu, Val, Thr, Phe, and Lys, are all essential amino acids and 
cannot be synthesized by higher trophic levels, hence must be taken up through the 
diet. Together with the other essential amino acids measured (Arg, His, Ile, Met) 
they contributed 69 ± 1%, 64 ± 1% and 57 ± 1% of total amino acids at the 
Coastal Station, Oyster Ground and Dogger Bank, respectively. From an amino 
acid perspective the phytoplankton at the Coastal Station had the highest 
nutritional value for higher trophic levels, while N-limitation may reduce the 
nutritional value at the Dogger Bank. 

Fatty acids 

Fatty acids were least abundant in the GLFA fraction, which contributed 4 ± 
0.3% − 10 ± 0.2% of total fatty acids in both concentration and biosynthesis (Fig. 
2.6E, F). A recent study by Heinzelmann et al. (2014) shows that the separation of 
glycolipids from phospholipids by commonly used silicate column 
chromatography is incomplete, and that glyco- and other lipids also elute in the 
methanol fraction. However, both glyco- and phospholipids are structural 
(membrane) lipids in contrast to the neutral storage lipids in the chloroform 
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fraction, and therefore the data for these two membrane fractions was combined in 
this study.  

There was considerable variation in the fatty acid composition between 
stations. Phytoplankton from the Coastal Station contained more storage lipids 
than structural lipids (ratio 1.5 ± 0.01), whereas phytoplankton at the Oyster 
Ground and the Dogger Bank contained similar concentrations of storage lipids 
and structural lipids with ratios of 0.7 ±0.3 and 0.9 ± 0.2, respectively (Fig. 2.6E). 
A similar order was found in the biosynthesis of fatty acids. However, the 
contribution of storage lipids was increased at all three stations, which resulted in 
ratios of 3.6 ± 0.1, 1.1 ± 0.3 and 1.4 ± 0.4, respectively. An accumulation of 
storage fatty acids compared to structural fatty acids can be used as indicator for 
resource limitation (N or P). In this study it indicates a nutrient limitation at the 
Coastal Station compared to the other two stations. 

The composition of individual fatty acids in the PLFA fraction can be used to 
identify the dominating phytoplankton groups within a community. Diatoms are 
enriched in 16:1ω7 and 20:5ω3, and contain the biomarker PLFAs 16:3ω4 and 
16:4ω1, while dinoflagellates and haptohytes show increased concentrations in 
18:4ω3 and 22:6ω3, and have the biomarker PLFAs 18:5ω3 and 18:5ω5 (Dijkman 
& Kromkamp 2006). The lack of diatom biomarkers 16:3ω4 and 16:4ω1 at all 
three stations confirm that diatoms were not major part of the phytoplankton 
community. The presence of PUFAs with 18 carbons indicates that dinoflagellates 
and haptophytes (including Phaeocystis globosa) were dominating the 
phytoplankton community (Tab. 2.3). The low availability of inorganic N and P as 
well as the lack of Si(OH)4 support that conditions were unfavorable for diatoms, 
while more favorable for dinoflagellates and haptophytes, which do not rely on 
Si(OH)4 and are known to be capable of accessing the organic P pool (Schoemann 
et al. 2005; Dyhrman & Ruttenberg 2006). 

Overall, the increased synthesis of carbohydrate and fatty acid storage products 
indicates that conditions for phytoplankton were not optimal. The P-limitation at 
the Coastal Station had a direct effect on PLFA synthesis, while the N-limitation at 
the Dogger Bank directly affected amino acids synthesis. Under these sub-optimal 
conditions, the increased synthesis of storage products did not require N or P. 
Additionally, there might have been indirect effects, since P is also required for 
ATP and N is required for gene-expression/ rRNA synthesis as well as for 
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enzymes to catalyze reactions within the cell. Furthermore, the lack of Si(OH)4 
affects diatom growth in a negative way. 

Table 2.3. Fatty acid concentrations found in the PLFA fraction at each station. 
Concentrations are given in nmol C (µmol POC)-1. nd = not detected. Averages ± 
SD are shown (n=2). 

 
Coastal Station Oyster Ground Dogger Bank 

14:0 0.82 ± 0.13 0.58 ± 0.39 2.56 ± 0.51 
16:0 0.95 ± 0.12 2.12 ± 1.05 3.08 ± 0.77 
18:0 0.47 ± 0.22 0.46 ± 0.14 0.39 ± 0.09 
16:1ω7c 0.77 ± 0.14 1.97 ± 1.00 4.18 ± 0.84 
18:1ω9c 0.18 ± 0.06 0.32 ± 0.14 0.64 ± 0.13 
18:1ω7c 0.59 ± 0.16 1.08 ± 0.41 0.84 ± 0.27 
16:2ω4 0.05 ± 0.06 0.05 ± 0.02 0.28 ± 0.04 
16:3ω3 0.09 ± 0.05 0.08 ± 0.02 0.09 ± 0.02 
16:3ω4 nd nd nd 
16:4ω1 nd nd nd 
18:2ω6c 0.14 ± 0.10 0.38 ± 0.13 0.35 ± 0.06 
18:3ω3 0.13 ± 0.05 0.27 ± 0.11 0.50 ± 0.09 
18:4ω3 0.26 ± 0.09 0.83 ± 0.41 0.90 ± 0.18 
18:5ω3 0.07 ± 0.04 0.22 ± 0.10 0.52 ± 0.41 
18:5ω5 0.10 ± 0.02 0.24 ± 0.11 0.72 ± 0.02 
20:5ω3 1.85 ± 0.68 1.39 ± 0.69 3.82 ± 1.16 
22:6ω3 1.86 ± 0.54 2.20 ± 1.05 6.45 ± 2.10 
 

Discussion 

The presented approach is a combination of established and new CSIA 
methods (Fig. 2.1). All methods utilize stable carbon isotopes as tracer (13C) 
instead of radioactive 14C isotopes. Several advantages make 13C the isotope of 
choice. No special regulations and permissions have to be followed and obtained 
working with stable isotopes. However, the 13C method is less sensitive and 
relatively large volumes are required for incubations to obtain enough biomass for 
extractions (between ~70 and 600 µg of POC, depending on the biomolecule of 
interest). So far, studies using a 14C approach to identify carbon-fixation into 
biomolecules only investigated different groups of biomolecules, but not 
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individual compounds within those groups (Marañón et al. 1995; Suárez & 
Marañón 2003). Separation of the building blocks of these biomolecule groups is 
possible on LC- and GC-columns and the individual compounds are directly 
introduced into the IRMS instrument, increasing the detail of information. LC- 
separation is preferred over GC-separation because derivatization and correction 
thereof is not necessary at an even higher analytical precision (McCullagh et al. 
2006). Furthermore, the use of LC/ or GC/C-IRMS is preferred over the use of 
LC- or GC-MS systems because the IRMS systems are far more sensitive in terms 
of 13C labeling. The MS system requires the addition of high amounts of 13C label 
to the incubation (>15% 13C) for an accurate calculation of compound specific 
uptake rates (Hama & Handa 1992). In our approach 13C enrichment can be kept at 
2% 13C or less in order to achieve well detectable changes in Δδ13C values. 

The combination of these methods is labor intensive but the obtained results 
provide a highly detailed view into the fate of carbon fixed through 
photosynthesis. Though the presented dataset is small we identified P-limitation 
and N-limitation at the different stations based on the prevailing N:P nutrient 
ratios. Culture based studies show that a lack of N or P results in a build-up in 
storage carbohydrates and storage lipids (Granum et al. 2002; Borsheim et al. 
2005). Differences in nutrient N:P ratios do not seem to affect the relative POC 
composition with respect to the different biomolecule (sub-) groups, hence cannot 
be used to deduce prevailing resource limitation. However, differences in carbon 
fixation patterns can give insight as seen in our field data. At all three stations 
carbon fixation into glucose is high, which could indicate increased biosynthesis 
of the storage products glucan and chrysolaminarin. Storage lipid derived fatty 
acids contribute more than 50 % of total fatty acids also implying resource 
limitation. Amino acids synthesis seems to be most affected by the availability of 
nitrogen, as previously shown by Tapia et al. (1996). A good indicator for N-
limitation might be a low Pro:Glux ratio, caused by the accumulation of Glux, 
which cannot be further synthesized into Pro when N-availability in the 
environment is limited (Goes et al. 1995). At the Dogger Bank low Pro:Glux ratios 
in concentrations and biosynthesis rates support assumption that N-limitation was 
prevailing which is in accordance with the low N:P ratio. However, additional 
experiments are necessary to identify the limiting nutrient and its specific 
consequences for the synthesis of different biomolecule groups or individual 
compounds. For example, nutrient addition experiments in the field could support 
studies like the one presented here and culture based studies could describe 



13C UPTAKE INTO BIOMOLECULES 

 

 47 

species-specific adaptations to nutrient limitations. The approach may be used to 
prove model predictions on the effects of nutrient limitations (Klausmeier et al. 
2004a) directly in the field and improve our understanding of differences in 
stoichiometric composition of phytoplankton (Geider & LaRoche 2002), to obtain 
information on physiological states of phytoplankton, and to evaluate its quality as 
food for higher trophic levels (Sterner et al. 1993; Plath & Boersma 2001). The 
incubation time for nutrient addition experiments can be kept short (≤ 24h) and 
changes in community composition, which can occur in classical bioassays with 
much longer incubation periods (Beardall et al. 2001), are avoided and guarantee 
field relevant results. Compounds specific labeling with stable isotopes can also be 
used to identify synthesis pathways of individual compounds or investigate 
physiological responses to different light levels, growth rates or nutrient sources. 
All or selected methods can be applied to study effects of viral infection or trace 
consumption of phytoplankton through the food web.  

Our study was carried out in a temperate coastal sea with moderate to high 
phytoplankton densities and we used filtration volumes between 1.0 and 2.0 L to 
obtain sufficient material for biomolecule extractions. As long as adequate 
amounts of biomass are collected for extraction (e.g. by adapting the filtration 
volume), the presented suite of methods can be applied to other ecosystems such 
as estuaries, the oligotrophic ocean, but also to sediments and consumer organisms 
(e.g. zooplankton). The described methods are quite versatile and can be adapted 
to specific research questions. For example, we obtained a high resolution in our 
fatty acids by separating samples into sub-fractions to obtain data for storage and 
structural fatty acids. However, if this high resolution is not necessary, the total 
lipid extract can already be derivatized and analyzed without a preceding 
separation on a silicate column. Although that decreases the detail of information 
it also reduces the number of samples and hence the runtime of the machine as 
well as data analysis. The same is applicable for the analysis of carbohydrates. We 
choose a column that only separates glucose, while the other carbohydrates co-
elute in two peaks. Alternatively, the Carbopac PA20 column (Thermo Fisher 
Scientific) can be used to furthermore separate the co-eluting carbohydrates 
(Boschker et al. 2008). However, we observed that during hydrolysis of the 
samples a yet unknown component leaches from the filter (most likely silicate). 
The clean-up step described in the method section removes the majority of this 
compound. However, the low amount of carbohydrates in our samples required a 
large sample volume to be injected into the column, which only slowly eluted 



CHAPTER 2 

 

 48 

from the column, and made it necessary to regenerate the Carbopac PA20 column 
after each run. This is highly time consuming when handling a large number of 
samples, and we therefore, decided to use the Aminex HPX-87H column as an 
alternative as it is highly insensitive to salts at the cost of a lower separation 
power. 

Overall, uptake studies with 13C-enriched compounds are ideal to investigate 
in-situ processes (Boschker & Middelburg 2002). Incubation periods of a few 
hours to a day (24 h) make possible changes in community composition and 
activity negligible. Furthermore, possible effects of e.g. allochthonous detritus (as 
at our Coastal Station) are minimized since only biosynthesis rates are considered. 

Recently, Moerdijk-Poortvliet et al. (2014) developed a method to measure 
DNA and RNA nucleotide concentrations and δ13C values by LC/IRMS. Adding 
their method to our approach makes it possible to assemble a carbon budget 
including all four major biomolecules that make up the majority of phytoplankton 
biomass. The range of labeled compounds present in phytoplankton is vast, so is 
the still growing number of compounds that can be analyzed by LC/ and GC/C-
IRMS. Combining CSIA with other tools, such as the identification of active 
organisms by molecular methods, will help to increase our knowledge of 
important carbon cycle processes, their drivers and consequences for the 
ecosystem. 
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Abstract 

Anthropogenic activities resulted in major shifts in nutrient inputs to coastal 
seas, which may have altered the biomolecule composition of phytoplankton 
because of different C:N:P requirements for biosynthesis. In order to understand 
the effects of N- and P- limitation on the allocation of photosynthetically fixed C, 
we directly measured seasonal and spatial dynamics of amino acid, fatty acid and 
carbohydrate concentrations and biosynthesis rates in the phytoplankton of the 
North Sea using a novel 13C-tracer approach. Nutrient limitation and season had 
large effects on composition and biosynthesis rates of all biochemical classes, for 
instance the contribution of protein derived amino acids varied up to 4-fold in 
concentration and up to 8-fold in biosynthesis rates. Prevailing nutrient limitations 
were identified by short-term (24 h – 72 h) nutrient addition experiments. Addition 
of the growth-limiting nutrient increased amino acid synthesis while storage 
compound synthesis decreased concurrently. The strongest effect was detected in 
N-limited flagellates, where amino acid synthesis increased up to 5-fold within 24 
h upon relief of nutrient limitation. P-limitation was only detected in diatom-
dominated near-coast stations, and amino acid synthesis responded much slower, 
likely because of the necessary preceding synthesis of ribosomes. This metabolic 
elasticity of phytoplankton in response to nutrient availability will have major 
consequences for their nutritional value within the food web and subsequently the 
carrying capacity of coastal ecosystems. 
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Introduction 

Increases in riverine nutrient loadings, due to anthropogenic activities, led to 
eutrophication in coastal seas world-wide resulting in increased phytoplankton 
biomass (Cadée & Hegeman 2002), shifts in species composition (Philippart et al. 
2000), formation of toxic algal blooms (Riegman et al. 1992; Lancelot et al. 2007) 
as well as changes in trophic food web structures (Van Beusekom & Diel-
Christiansen 2009). In order to reduce these effects much effort was raised in 
recent decades to lower nutrient discharges to coastal seas. However, decrease of 
phosphorus (P) loads was much more efficient than that of nitrogen (N) (Turner et 
al. 2003), which resulted in increasing dissolved inorganic nitrogen to dissolved 
inorganic phosphorus (DIN:DIP) ratios (Justic et al. 1995; Turner et al. 2003). The 
classical view, where coastal seas are characterized as N-limited (Hecky & Kilham 
1988; Howarth & Marino 2006) is now challenged by studies that show a 
prevalence of P-limitation (Philippart et al. 2007; Loebl et al. 2009). 

Effects of changing DIN:DIP ratios are not only detectable at the community 
level, but may also affect the cellular composition of phytoplankton (Klausmeier 
et al. 2004a). Major cellular biomolecules differ in their requirement for carbon 
(C), N, and P. Carbohydrates (CH) and fatty acids (FA) only contain C, while 
amino acids (AA), nucleic acids and polar membrane lipids require also N, P or 
both. Under N- and/or P-deficiency C-rich storage compounds, such as CH or 
triglycerides, are preferably accumulated by microalgae (Granum et al. 2002; 
Borsheim et al. 2005). This consequently translates into increased phytoplankton 
C:N or C:P ratios that lead to a decline in the nutritional value of phytoplankton 
and potentially affect the structure and functioning of the entire food web (Sterner 
et al. 1993; Plath & Boersma 2001). Given the substantial changes currently 
occurring in coastal nutrient cycles, it is expected that biomolecule composition of 
coastal phytoplankton undergoes drastic changes as well. 

Determining the limiting nutrients is often achieved by bioassays, experiments 
where nutrients are added in different combinations and changes in phytoplankton 
response are compared. Using changes in fluorescence, chlorophyll content or 
primary production as indicator requires incubation periods of two days or more 
(Mills et al. 2004; Bonnet et al. 2008; Moisander et al. 2012) and have to last even 
longer (weeks) when changes in biomolecule concentrations are investigated 
(Lynn et al. 2000; Mock & Kroon 2002b). But long-term incubations can cause 
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undesired changes in the phytoplankton community composition and may not lead 
to field relevant results (Beardall et al. 2001). 

Short incubation periods can be achieved using isotope enrichment approaches 
in order to directly measure rates of biomolecule synthesis instead of changes in 
biomolecule concentrations. A few studies investigated the concurrent allocation 
of 14C radioactive carbon into several biomolecule fractions (polysaccharides, 
proteins and lipids) in natural phytoplankton communities (Lindqvist & Lignell 
1997; Suárez & Marañón 2003), but they were not capable of distinguishing 
between structural and storage compounds, thereby lacking detailed information 
about the consequences of nutrient limitation of the cells. 

Recent method developments in stable isotope analysis make it now possible to 
measure concentrations and synthesis rates on the level of individual CH, AA and 
FA (Boschker 2004; McCullagh et al. 2006; Boschker et al. 2008) and apply them 
directly in field investigations. The individual compounds can also be summed to 
biomolecule subgroups such as storage and structural CH or FA (Grosse et al. 
2015/ Chapter 2) and allow for a complex analysis of compound dynamics. 
Combining bioassays with the isotope-enrichment approach allows short 
incubation periods (≤24 h), avoids undesired artifacts and allows investigating 
interactions between nutrients and biomolecule pools. 

The present study investigates the simultaneous biosynthesis of CH, AA and 
FA by phytoplankton to provide insight into the biochemical fate of 
photosynthetically fixed C in coastal seas. We hypothesize that seasonal and 
spatial shifts in nutrient availability influence the biomolecule composition and 
synthesis of phytoplankton field populations, and expect that the effects of N or P 
limitation may be different. To address this hypothesis we conducted five cruises 
in the North Sea to characterize biomolecule dynamics in phytoplankton field 
populations during various stages of the spring bloom and thereafter. We 
furthermore hypothesize that the addition of the limiting nutrient(s) leads to quick 
nutrient specific responses in the biomolecule synthesis. We therefore also 
conducted short-term (24 – 72 h) nutrient addition experiments in order to identify 
the limiting nutrients and interpret field findings. 
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Study sites and methods 

Field campaigns 

Five cruises were conducted in the North Sea with the RV Pelagia, spread over 
3 years covering a transect from the Dutch coast towards the center of the North 
Sea (Fig. 3.1). Timing was such that they covered pre-spring bloom conditions in 
March, various stages of the spring bloom in April and May and summer 
conditions in August. The cruises took place on 25 − 31 May 2011, 15 − 30 
August 2011, 8 − 12 May 2012, 15 − 25 March 2013 and 24 April - 4 May 2013. 

The temporal gradient followed the succession of nutrient and phytoplankton 
dynamics during a seasonal cycle, while the spatial gradient allowed investigation 
of different nutrient settings. The coastal zone station (CZ) is shallow (8 m) and 
therefore completely mixed and its close proximity to shore (7 km) makes this 
station most affected by run-off from the river Rhine (salinities <32 PSU, Table 
1). The Oyster Ground (OG) can show coastal or Atlantic Ocean influences, 
depending on the movement of the Frisian Front, which is situated in the broad 
zone around 54°N (Peeters & Peperzak 1990). The Dogger Bank (DB) shows low 
nutrient availability throughout the year and due to its shallowness (30 m) does not 
display stratification. The central North Sea (CNS) shows the largest influence of 
Atlantic Ocean water, which is low in nutrients, and thermally induced 
stratification occurs during summer when a deep chlorophyll maximum may 
develop (Van Haren et al. 1998; Weston et al. 2005). 

Water column distribution of salinity, temperature and photosynthetically 
available radiation were obtained using a Sea-Bird SBE911+ CTD sampler (Sea-
Bird Electronics Inc., USA). 
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Figure 3.1: Map of stations revisited during five cruises in 2011-2013. 

 

Nutrient addition experiments 

Sub-surface water (7 m) for incubation experiments, nutrients and pigment 
analysis was collected shortly before sunrise using a sampling rosette with 24 
Niskin bottles (12 L) and directly transferred into 10 L carboys. Due to space 
limitations on board, the required sample volume and the extensiveness of sample 
preparation before analysis we only chose three nutrient addition treatments and a 
control, which were set up in duplicate: (i) a control incubation with no added 
nutrients, (ii) addition of 80 µmol L-1 NaNO3 (+N treatment), (iii) addition of        
5 µmol L-1 K2HPO4 (+P treatment) and (iv) addition of 80 µmol L-1 NaNO3,          
5 µmol L-1 K2HPO4 and 80 µmol L-1 Si(OH)4 (+NPSi treatment). All carboys were 
enriched with 13C-sodium bicarbonate (99% 13C) to a concentration of 200 µmol L-

1. Absolute 13C-DIC enrichment was measured in the laboratory (Grosse et al. 
2015/ Chapter 2) and reached final labeling concentrations of 1.5 to 2 % of 
ambient dissolved inorganic carbon (DIC) concentration. 

Carboys were placed in flow-through incubators on deck and continuously 
flushed with seawater to assure in situ temperatures. The white carboys and 
additional shading on top of the incubators decreased light to similar levels as 
encountered at the sampling depth, without inducing shifts in the available light 
spectrum. The incubation experiments lasted 24 h and were terminated by splitting 
each carboy’s content into 4 equal volumes and filtering these over pre-combusted 
GF/F filters (Whatman, 0.45 µm pore-size, 4 h at 450°C). Between 0.3 and 2.0 L, 
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depending on the phytoplankton density, were filtered for particulate organic 
carbon (POC), neutral CH, AA and FA analysis. All filters were stored frozen at 
−80°C until analysis (POC) or extraction of the biomolecules. Initial, unlabeled 
samples were also taken to determine background δ13C values for POC and 
individual biomolecules as well as pigment and nutrient concentrations. 

Nutrient additions lasting 72 h were also carried out at the CZ and DB during 
selected cruises to investigate if shorter-term changes in biomolecule synthesis 
differ from longer-term changes. Therefore, a second set of nutrient treatments 
was set-up (control, +N, +P, +NPSi, in duplicates) concurrently with the 24 h 
incubations, the 13C-sodium bicarbonate tracer was added after 48 h and the 
incubations were terminated after 72 h as described above. 

Extraction and analysis of biomolecules 

Detailed descriptions of extraction protocols for biomolecules (CH, AA and 
FA), LC- and GC/C-IRMS systems as well as compound separation protocols and 
conditions were published in. Grosse et al. (2015/ Chapter 2) and references 
therein. In short, CH samples were acid hydrolyzed and measured by LC/IRMS 
using an Aminex HPX-87H column, which separates glucose (Glu) from all other 
carbohydrates, while galactose, xylose, mannose, and fructose co-elute in a second 
peak. A third peak contains fucose, arabinose and ribose. Glu is also part of 
storage compounds and was therefore reported separately from all other CH, 
which were referred to as structural CH hereafter. AA samples were acid 
hydrolyzed and analyzed by LC/IRMS using a Primsep A column, which separates 
a total of 18 individual AA (McCullagh et al. 2006). 

FA samples were extracted following the protocol of Bligh & Dyer (1959) and 
subsequently separated into storage lipids, glycolipids and phospholipids by 
silicate column chromatography. However, it has recently been shown that the 
phospholipid fraction also contains other non-P containing intact polar lipids 
(Heinzelmann et al. 2014). The glycolipid- and phospholipid fraction were 
therefore combined and are further referred to as structural lipids. After 
derivatization to fatty acid methyl esters (FAMEs), they were analyzed by GC/C-
IRMS using the column BPX-70. Fatty acids were notated A:BωC, where A is the 
number of carbon molecules in the fatty acid, B the number of double bonds and C 
the position of the first double bond relative to the aliphatic end. 
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Calculation of 13C uptake rates 

Carbon stable isotope ratios are expressed in the δ13C notation: δ13C (‰) = 
((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 (RVPDB = 
0.0111802), respectively. 

Incorporation of 13C into bulk carbon as well as individual compounds is 
reflected as excess (above background) 13C and was expressed as specific uptake 
after correction for enrichment of the DIC-pool (difference δ13CDICsample at end of 
incubation and δ13CDICbackground before addition of 13C-DIC), POC concentration 
and incubation time in  
(nmol C (µmol POC)-1 d-1). 

Concentrations and biosynthesis rates were calculated for each individual 
compound per duplicate and added together to obtain values for each biomolecule 
group (total AA, storage and structural FA, and storage (glucose) and structural 
CH). Afterwards averages and standard deviations were calculated (n = 2). 
Biomolecule concentrations and C-fixation rates throughout the text were reported 
relative to cumulative POC concentrations and C-fixation rates (AA + FA + CH = 
100%), respectively. Unidentified contributions were only included into total POC 
concentrations and bulk C-fixation rates. 

Other analyses 

Pigments were extracted in 90% acetone, separated by high pressure liquid 
chromatography and identified and quantified using commercially available 
standards (Dijkman & Kromkamp 2006). Samples for dissolved nutrients were 
filtered through 0.2 µm polycarbonate filters and concentrations of nitrate (NO3

-), 
nitrite (NO2

-), ammonium (NH4
+), phosphate (PO4

3-) and silicate [Si(OH)4] were 
analyzed using a QuAAtro autoanalyzer (SEAL Analytical) according to 
manufacturer’s instructions. Total dissolved inorganic nitrogen (DIN) was 
calculated as the sum of NO3

-, NO2
- and NH4

+. Particulate organic carbon (POC) 
filters were lyophilized overnight and a section of the filter (1/4 or less depending 
on the amount of material on the filter) was acidified over fuming HCl before 
being packed into tin cups. The analysis for organic carbon content and δ13C 
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values was performed using the same EA-IRMS system described elsewhere 
(Grosse et al. 2015/ Chapter 2). 

Statistical analysis 

Relative concentrations of structural FA and pigments were used to perform 
principle component analysis (PCA) using the package CRAN:factoMineR in the 
open source software R to determine phytoplankton community composition. 

 

Results and discussion 
Seasonal succession 

Inorganic nutrients concentrations were highest at the CZ and generally 
decreased farther offshore as well as throughout the year (Fig. 3.2a - d). Based on 
nutrient ratios, the CZ was P-limited during all cruises (DIN:DIP >16) and co-
limited by Si until End May (DIN:Si <1). The OG farther offshore was P/Si co-
limited in March and April before switching to N-limitation thereafter. Nutrient 
ratios at the DB and CNS indicated N-limitation during all cruises with a 
concurrent Si co-limitation between March and Mid May (exception CNS/April, 
Tab. 3.1). Although molar nutrient ratios are considered a good indicator for 
prevailing nutrient limitations, overall nutrient concentration should be considered 
as well to determine the availability of nutrients (Fig. 3.2). 

Phytoplankton biomass and productivity showed either one or two seasonal 
peaks and were generally highest at the CZ, while the DB showed lowest values 
(Fig. 3.2e - h). To establish phytoplankton community composition PCAs were 
performed with relative concentrations of structural FA found in North Sea 
phytoplankton (cf. Dijkman & Kromkamp 2006) and pigments (Fig. 3.3). 
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Figure 3.2: Dissolved nutrient concentrations for each station (a – d). Please note 
that nutrient Y-axes were scaled to display a DIN:Si:DIP ratio of 16:16:1. Rates of 
bulk C-fixation and biomass estimates (as Chlorophyll a [Chl a]) per volume for 
different stations and cruises (e - h, note differences in Y-axes scales). 

 

Structural FA composition revealed a distinction between diatom dominated 
communities characterized by high amounts of 16:1ω7 and the diatom specific 
poly-unsaturated FA 20:5ω3 and flagellate communities, which contained high 
amounts of 18:5ω3, 18:5ω5 and 22:6ω3 and included dinoflagellates, Phaeocystis 
spp. and nanoflagellates. Several stations could not clearly be identified and were 
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referred to as “Mixed”. These communities contained either high amounts of green 
algae biomarker FA (16:4ω3, 18:4ω3; OG and DB in March [Stns.# 6, 11]) or 
identification was uncertain because the community was transitioning from a 
diatom dominated to flagellate dominated one (OG/Mid May, DB/April, DB/ Mid 
May, CNS/Mid May [Stns. #8, 12, 13, 17]). Community identification by pigment 
distribution agreed well that of structural FA and identified diatom dominated 
communities, which separated from all other stations. However, flagellate and 
mixed communities clustered. Structural FA data agreed well with cell counts 
obtained on the same cruises (Burson et al. 2016) but showed the additional 
presence of green algae, but did not allow for subcategorizing of flagellates. 
Phytoplankton communities showed the typical shift from diatom-dominated 
communities to into flagellate dominated communities (McQuatters-Gollop et al. 
2007), which developed earlier in the year with increasing distance to the coast.  

 

 

Figure 3.3: PCA biplot of relative contribution of individual FA to the structural 
FA fraction (a) and pigments (b). Symbol shape refers to the phytoplankton 
community and symbol color indicates prevailing nutrient limitation. Numbers 
next to symbols refer to individual stations/cruises according to Tab. 1. All = 
Alloxanthin, Chl a = Chlorophyll a, Chl b = Chlorophyll b, Chl c1+2 = 
Chlorophyll c1+2, Chl c3 = Chlorophyll c3, Dia = Diadinoxanthin, Fuc = 
Fucoxanthin, Hex = 19-Hexanoyloxyfucoxanthin, Lut = Lutein, Per = Peridin, Vio 
= Violxanthin, Zea = Zeaxanthin. 
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Response of phytoplankton to short-term nutrient additions 

Effects of nutrient additions were clearly visible in the synthesis of all five 
biomolecule groups within 24 h (Fig. 3.4). The clearest effect was observed in the 
AA fraction, where synthesis increased as fraction of cumulative C-fixation in at 
least one treatment in the majority of the experiments. Most stations showed 
increased AA synthesis in the +N and +NPSi treatments, identifying those stations 
as primarily N-limited. Examples were the CZ in August (Stn. #5), where AA 
synthesis increased in both treatments by 18 ± 0% and 20 ± 14%, respectively, or 
the DB in Mid May (Stn. #13), with an increase of 24 ± 10% and 27 ± 10% in the 
+N and +NPSi treatments, respectively. Some N-limited stations were also co-
limited by P and/or Si. N/P co-limitation was detected at the CNS in Mid May 
(Stn. #17), where AA synthesis increased in all three treatments relative to the 
control. An example for N/Si co-limitation would be the OG in End May (Stn. #9), 
where AA synthesis in the +N treatment increased only slightly (8 ± 1%), while 
the increase in the +NPSi treatment was 27 ± 2%, but no increase was detectable 
in the +P treatment. The highest overall increase in AA synthesis was measured at 
the OG station in August (Stn. #10) with 53 ± 1% in the +NPSi treatment. P-
limitation was clearly identified at the CZ in End May (Stn. #4), where AA 
biosynthesis increased by 14 ± 8% in the +P treatment and by 18 ± 5% in the 
+NPSi treatment. Potentially, changes in AA synthesis could also identify Si-
limitation, e.g. OG in April (Stn. #7) hardly showed an increase in AA synthesis 
for the +N and +P treatments (3 ± 1% and 2 ± 1 %, respectively), but showed a 14 
± 4% increase in the +NPSi incubations. A number of stations showed a limited or 
no effect of nutrient addition on biomolecule synthesis suggesting no clear 
macronutrient limitation, which mainly occurred in March, but also in April at the 
CZ and in Mid May at the CZ and OG. However, 72 h incubations showed clear 
responses at the CZ in April and Mid May (Stns. #2, 3) identifying them as P/Si 
co-limited (Fig. 3.5a, c). These responses were also seen in the actual rate data, 
showing increases in the +P and +NPSi treatments in Mid May. This suggests that 
the response to the addition of the limiting nutrient was slower in P- than in N-
limited phytoplankton. 
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Figure 3.4 
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Figure 3.4 (previous page): Contribution of biomolecule groups to C-fixation. 
All seasons and nutrient addition treatments are illustrated for 24 h incubations at 
the CZ (a), the OG (b), the DB (c) and the CNS (d). Control = no nutrients added. 
+N = addition of 80 µmol L-1 NaNO3. +P = addition of 5 µmol L-1 K2HPO4. +NPSi 
= addition of 80 µmol L-1 NaNO3, 5 µmol L-1 K2HPO4 and 80 µmol L-1 Si(OH)4. 
Inferred nutrient limitations are identified above each panel, 0 = no clear 
limitation; only gave a signal after 72 h, N/P/Si = N-, P- and Si-limitation or 
combination thereof. P/Si limitations in (brackets) could not be identified within 
24 h and only yielded clear results after 72 h (see Fig. 3.5). Average are depicted 
(n = 2), but SD was not included for clarity, and was ~ 4% for total AA, ~1.5% for 
total FA, ~4% for structural CH and ~14% for Glu. 
 

 

Figure 3.5: Contribution of biomolecule groups to cumulative C-fixation at the 
CZ (a) and the DB (c) and comparison to bulk C-fixation rates (b, d), for 72 h 
nutrient additions. Shown are average, n = 2 (a, c) and average ± SD, n = 2 (b, d). 
SD was not included for clarity (a, c), and was ~ 4% for total AA, ~1.5% for total 
FA, ~4% for structural CH and ~14% for Glu. 
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Overall, diatom dominated communities were present at the CZ year-around as 
well as at the OG in April and were primarily limited by P and/or Si. Overall, 
diatom communities transitioned into N-limited flagellate communities, which 
were also co-limited by P at several locations. At one station (OG/Mid May, Stn. 
#13) the mixed community did not show a response to nutrient addition, 
suggesting a community that was transitioning into a flagellate dominated 
community after diatoms ran out of required nutrients, most likely silicate. 
Flagellate communities were only found at DIN concentrations lower than 0.6 µM 
DIN. N-limitation in diatom and mixed communities started at concentrations 
between 1.3 and 5.4 µmol L-1 DIN and P co-limitation begun between 0.09 and 
0.16 µmol L-1 PO4

3- (Fig. 3.6a, b). A significant response in AA biosynthesis after 
72 h was only observed at the CZ in April, when the community transitioned 
towards flagellates (see below), which did not require additional silicate. 

When comparing our results to the threshold for nutrient limitations expected 
from Redfield ratios (DIN:DIP = 16:1 and DIN:Si = 1:1), we found agreement for 
the majority of stations (Tab. 3.1, Fig. 3.2). However, absolute nutrient 
concentrations may have to be considered as well when discrepancies occur. For 
example, we found no limitation at the OG/Mid May (Stn. #8), where DIN:DIP 
ratios of 8:1 did not result in N-limitation, or at the CZ/August (Stn. # 5) where 
DIN:DIP ratios of 20:1 would suggest nearly balanced growth, but we actually 
found strong N-limitation due to a low availability of DIN. Furthermore, optimal 
DIN:DIP requirements differ between groups of phytoplankton and it is widely 
established that this ratio can range between 5 and 50, depending on the 
requirements of individual phytoplankton species (Geider & LaRoche 2002; 
Quigg et al. 2003). Finally, low DIN:Si ratios that indicate Si- limitation only 
apply if Si-dependent phytoplankton is part of the community (e.g. diatoms, 
several nano-flagellates) and consequently nutrient Redfield ratios can only be 
used as crude indicators. 

The increase in AA synthesis after addition of the limiting nutrient resulted in a 
concurrent decrease in glucose (Glu) synthesis at a similar magnitude and was 
greatest in N-limited communities (Fig. 3.6c). Under nutrient limited conditions 
storage Glu was the highest C-sink, which was immediately processed into other 
biomolecules when resources became available. Diatom and mixed communities 
primarily used Glu as C-storage, while flagellates also used storage FA (Fig. 3.6c, 
d). Changes in the synthesis of structural FA and structural CH changed between 



ALGAL BIOMOLECULES UNDER N AND P LIMITATION  

 

 65 

stations and seasons without a clear pattern emerging and may have been 
community specific responses rather than a response to resource limitation. 

 

 

Figure 3.6: Differences in biomolecule synthesis in C-fixation between Control 
and +N treatments (24 h, a, c, d) and Control and +P treatments (24 h, 72 h, b). 
Changes in AA synthesis identified limiting DIN concentrations (a) and PO4

3- 
concentration (b). Black circles in panel B identify 72 h incubations at the CZ. 
Changes in carbon allocation into Glu and storage FA correlated with concurrent 
changes in AA synthesis are shown in panels (c) and (d), respectively. 
Intermediate communities are shown but not included into calculation of trend 
lines. In panel E one flagellate data point (*) was excluded from the respective 
correlation. 
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Changes in bulk C-fixation rates could not be used to determine the limiting 
nutrient because no consistent increase or decrease was observed after 24 h 
(Fig.3.7), and the results could only be correctly interpreted after 72 h of 
incubation (Fig. 3.5). Cumulative carbon fixation rates (24 h) of CH, AA and FA 
were mostly close to the total carbon fixation rates (bulk C-fixation), as 
determined from 13C-POC labeling, in all control incubations as well as in all 
nutrient treatments in March and at the CZ and OG until Mid May. Occasionally, 
values were above 100%, but usually accompanied by higher standard deviations, 
probably due to experimental errors for instance during sample handling on board. 
At the other stations and seasons the cumulative C-fixation was affected by the 
addition of the limiting nutrient, especially in treatments where AA synthesis 
increased substantially in flagellates dominated communities. There the 
cumulative C-fixation only explained ~ 70% or less of bulk C-fixation (e.g. all 
stations in August [+N/+NPSi] and CNS in Mid May, Stns. #5, 10, 14, 18, 17). 
The lowest amount of cumulative C-fixation was observed at the DB in End May 
(Stn. #13) where it only explained 38 ± 11% of bulk C-fixation in the +NPSi 
addition. Similar values were encountered after 72 h, when cumulative C-fixation 
accounted for ~ 100% or less, and explained as little as 56 ± 5% (DB/Mid May) of 
bulk C-fixation, with one exception in the +N treatment at the CZ in April (Stn. 
#2, 167 ± 37% [Fig. 3.5]). This discrepancy indicates that C was allocated into a 
biomolecule pool that we did not investigate such as DNA and RNA. The increase 
in AA synthesis and consequently growth rates would require higher synthesis of 
ribosomes and RNA (Dortch et al. 1983; Elser et al. 2000; Falkowski 2000). 

AA synthesis responded to the relief of N- and P-limitation, but was typically 
higher and faster in N-limited than in P-limited communities within the first 24 h 
(Fig. 3.4, 3.6b, c). Synthesis of RNA, especially ribosomal RNA, is a major sink 
for P in phytoplankton and accounts for up to half of the P uptake (Van Mooy & 
Devol 2008; Hessen et al. 2010). P-limited phytoplankton typically down-
regulates ribosome synthesis and its overall intracellular content, causing protein 
synthesis to be limited by the availability of P for RNA synthesis (Elser et al. 
2000; Wang et al. 2014). After resupplying P, the RNA and ribosome content 
needs to increase first thereby delaying enzyme and protein synthesis compared to 
N-limited phytoplankton causing an asymmetric response in AA synthesis 
between N- and P-limited incubations. As expected, the response to the re-supply 
of nutrients became more similar in N- and P-limited phytoplankton after a longer 
incubation period (72 h, Fig. 3.5b, d). However, in un-amended control 
incubations, the good agreement between bulk C-fixation and cumulative C-
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fixation of AA, FA and CH suggests that RNA/DNA formed a minor C-pool and 
may have only become temporarily important during changes in nutrient status. 

 

 
Figure 3.7: Total C-fixation and cumulative C-fixation (CH + AA + FA) in 
different nutrient treatments in 24 h incubations. Shown are average ± 
(cumulative) SD, n = 2. SD of cumulative carbon fixation is the sum of SD of Glu, 
structural CH, AA, structural and storage FA. 
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Relationship between POC composition and biomolecule synthesis 

Biochemical composition of POC (Fig. 3.8) and biomolecule synthesis in the 
un-amended control incubations (Fig. 3.4) both showed substantial seasonal 
variations. Trends were very similar yielding remarkably strong relationships 
between biomolecule composition and synthesis (Fig. 3.9) and indicated that 
detrital contribution to POC concentration was probably minor. Generally, AA 
concentrations and synthesis were low in March. They decreased even further in 
April, ranging between 18 ± 5% and 32 ± 5% of POC concentration and 4 ± 2% 
and 10 ± 1% of biosynthesis, coinciding with strong nutrient limitation. Maximum 
AA contributions were found in Mid May or End May, depending on the station 
and reached up to 64 ± 1% of POC concentration and 33 ± 1% of the biosynthesis 
(OG/Mid May, Stn. #8) before they dropped again in August, when N-limitation 
was strong.  

CH distribution showed opposite trends with highest CH contributions in April 
(79 ± 6% of POC concentration, 92 ± 2% of biosynthesis, OG, Stn. #12), and 
lowest values in End May (28 ± 2% of POC concentration, 64 ± 0% of 
biosynthesis, DB, Stn. #8). The contribution of Glu and structural CH to the total 
CH pool showed large variations between stations and cruises. But Glu was the 
major sink for newly fixed C and contributed as much as 85 ± 3% during strong 
nutrient limitation (OG/April, Stn. #7) and as little as 37 ± 10% in August (CNS, 
Stn. #18) to biosynthesis. An exception was found at the CNS/April (Stn. #16) 
when C- fixation into structural CH was much higher than that into Glu with 53 ± 
3% versus 29 ± 1%, respectively. A more detailed phytoplankton analysis showed 
that Phaeocystis sp. contributed substantially to the community at this station 
(Burson et al. 2016). The extracellular matrix of Phaeocystis sp. colonies contains 
high amounts of structural CH that could explain the high concentrations 
encountered (Alderkamp et al. 2007). C distribution of biosynthesis was skewed in 
favor of CH, especially Glu, which is synthesized first. 
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Figure 3.8: Concentrations of total POC are compared to cumulative POC of 
biomolecule groups in the left-side panel. Shown are average ± (cumulative) SD, n 
= 2. Contributions of biomolecule groups to cumulative POC are shown in the 
right-side panel. The different stations are shown at the CZ (a,b), OG (c,d), DB 
(e,f), and CNS (g,h). 
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Figure 3.9: Correlation of biomolecule concentrations (%) contributing to POC 
concentration and % of same biomolecules contributing to C-fixation in control 
incubations for amino acids (a), structural FA (b), and structural CH (c). Diatom 
and flagellate communities are correlated separately; mixed communities are 
shown but not included into calculation of trend lines. Shown are averages, n = 2. 

 

Over the course of the year, FA concentrations increased, at the CZ and the OG 
all the way until August. At the DB and the CNS highest FA concentrations were 
reached in Mid May and decreased thereafter. Overall, FA contributed between 1 
± 0 % to 10 ± 2% of POC concentration and 2 ± 1 % to 14 ± 1% to biosynthesis at 
the different stations. Storage FA concentrations were higher than structural FA in 
the majority of stations and cruises in April and thereafter. 

Biomolecule concentrations and synthesis were therefore mainly influenced by 
nutrient limitation and seasonal effects. Effects of phytoplankton community 
composition appeared to be less important (Fig. 3.9), although phytoplankton 
species can differ widely in their biomolecule composition (Becker 1994). Both 
diatom and flagellate dominated communities showed close correlation between 
the amount of AA in POC concentration and the amount synthesized. Notice 
however that AA synthesis reached zero at an AA content between 14% and 18% 
of POC concentration, suggesting a minimal AA content was needed to sustain 
algal cellular functions (Fig. 3.9a). Similar relationships between composition and 
synthesis were also observed for structural FA (Fig 3.9b). However, the synthesis 
of structural CH differed between communities. While flagellates showed a close 
relationship between structural CH in POC concentration and their synthesis, the 
synthesis rates of structural CH in diatoms were low, even at high concentrations 
(Fig. 3.9c). A possible explanation for this discrepancy may be the production of 
transparent exopolymer particles (TEP) in diatom-dominated communities. Due to 
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the presence of a silicate shell, diatoms require no substantial amount of structural 
CH for cell-wall construction and may therefore release large amounts of 
dissolved CH into the surrounding seawater (Myklestad 2000), where they become 
part of the dissolved matter fraction that aggregates to TEP (Engel et al. 2012). If 
that was the case in our study, then TEP would have contributed as extracellular 
POC to total POC pools. Previous research showed that 13C-labeled dissolved CH 
were detectable in the dissolved C pool after 14 h in cultures of Emiliania huxleyi 
(also containing an inorganic cell wall; Van Oostende et al. 2013). Our incubation 
times of 24 h may have been too short for the excretion of 13C-labeled CH, the 
subsequent aggregation of TEP and consequently their entrapment on the GF/F 
filters. Considering that diatoms possess an inorganic silicate frustule instead of an 
organic cell wall and that structural CH synthesis rates were low, the high 
concentrations of structural CH detected in the C concentrations may have been 
predominantly derived from TEP. 

General discussion 

This study aimed at identifying seasonal and spatial differences in 
phytoplankton responses to nutrient limitation patterns in the North Sea by looking 
at the incorporation of photosynthetically fixed 13C into different biomolecule 
groups. It is the first study of its kind to address dynamics of such a wide range of 
compounds. We found that increase of AA biosynthesis was a general response 
after a relief of nutrient limitation, both N- and P-limitation. However, the 
magnitude of response in P-limited communities was typically lower and seemed 
to be delayed compared to N-limited communities (Fig. 3.4, 3.6). This was most 
likely caused by required de-novo synthesis of RNA and ribosomes, which are an 
important P-source and has to precede AA synthesis (Van Mooy & Devol 2008; 
Hessen et al. 2010). A new method was recently developed to trace 13C into DNA 
and RNA nucleotides (Moerdijk-Poortvliet et al. 2014), and including it into future 
studies should be considered. 

The biomolecule-bioassay approach identified the same nutrient limitation as 
the traditional bioassay (compare with Burson et al. 2016), demonstrating that AA 
biosynthesis can be used on its own to detect nutrient limitations in natural 
phytoplankton. Advantages over traditional bioassays are that short incubation 
times limit bottle effects and avoid undesired changes within the phytoplankton 
community (Beardall et al. 2001). We compared the composition of structural FA 
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in the different nutrient treatments after 24 h and 72 h, and found that most 
stations (CZ/March, CZ and DB Mid May [Stns. #1, 3, 13) showed small shifts 
that were probably unrelated to the addition of nutrients and due to small 
differences in incubation settings, e.g. received light dosage or slightly warmer 
temperatures. However, in April both the CZ and the DB showed substantial shifts 
between the control incubations and the +P/+NPSi and +N/+NPSi treatments, 
respectively, indicating changes in their community structure (data not shown). 
While the community at the CZ (Stn. #2) shifted from diatom-dominated towards 
a mixed community, the one at the DB (Stn. #12) transitioned from a mixed into a 
more flagellate-dominated community. Although the current experimental set-up 
did not feature a complete factorial design, which made it difficult to identify co-
limitation and to differentiate between different types of co-limitation (Harpole et 
al. 2011), the experimental set-up could easily be adapted to include more nutrient 
treatments at smaller sampling volumes to run AA-based bioassays. 

The spatial limitation patterns agree with findings in other studies that 
identified the coastal areas of the North Sea and the adjacent Wadden Sea as 
mostly P-limited (Ly et al. 2014), while in areas farther offshore N-limitation 
persist throughout the growth season. A transitional zone around the OG switches 
from P- to N-limitation during the spring bloom depending on the position of the 
Frisian Front, which can migrate back and forth by > 100 kilometers, depending 
on weather conditions (Peeters & Peperzak 1990). During summer a shift to N-
limitation can be observed in the CZ (Peeters & Peperzak 1990, this study; Loebl 
et al. 2009), this study), which is probably controlled by a combination of 
seasonally changing DIN:DIP ratio in river water and regeneration of P from the 
sediment (Jensen et al. 1995; Radach & Pätsch 2007), demonstrating the direct 
effect of changing nutrient loads in river water. 

We found major variations in the biochemical composition in phytoplankton 
throughout the year (Fig. 3.8). The contribution of biomolecules to POC 
concentration and their biosynthesis in control incubations did not show clear 
enough patterns to identify the prevailing nutrient limitation (N, P or Si). But 
seasonal trends occurred such as low synthesis rates of AA were encountered in 
March when nutrient supply was sufficient but temperatures and light levels may 
have been below optimum. In conclusion, an accumulation of Glu and concurrent 
low levels of AA concentration and biosynthesis seem to demonstrate a general 
stress response rather than a nutrient specific one (Fig. 3.6, 3.8). The synthesis of 
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structural FA and Glu was not related (data not shown). Structural FA can derive 
from both phospho- and glycolipids. Although P is required for the synthesis of 
phospholipids, several phytoplankton species are capable of substituting P- for N- 
or sulfur- containing polar head groups, guaranteeing synthesis of structural FA 
under P- limitation (Van Mooy et al. 2006). Furthermore, the concentrations of 
total FA encountered in this study were relatively low compared to culture studies 
where total FA can account ≥ 30% of biomass under nutrient limitation (Lynn et 
al. 2000; Mock & Kroon 2002b). 

According to the theory of ecological stoichiometry, nutrient limitation leads to 
a specific response in the C:N:P ratios, which primarily reflects changes in the 
biomolecule composition (Sterner & Elser 2002). These nutrient specific 
responses have been studied mainly in freshwater systems and demonstrate that P-
limitation in phytoplankton can lead to P-deficiencies in zooplankton causing 
lower performance (Boersma 2000; Elser et al. 2001). However, our results 
indicate that AA synthesis is generally affected by nutrient limitation but is also 
coupled to rRNA synthesis under P-limitation. In order to evaluate phytoplankton 
food quality, the biochemical composition may be a better predictor than the 
elemental composition, since growth and fitness of consumers respond strongly to 
specific molecules, (e.g. individual AA and FA; Müller-Navarra 1995). 
Knowledge of dynamics of individual biomolecules and biomolecule groups 
(including DNA and RNA) would allow for a much more detailed view on 
phytoplankton food quality. Only a few studies have focused on the effect of 
C:N:P ratios in marine food webs (Walve & Larsson 1999; Malzahn et al. 2010; 
Schoo et al. 2010) and this is one of the first studies in a coastal ecosystem to 
demonstrate the consequences of changing nutrient ratios to biomolecule 
composition of primary producers, opening the path for future studies 
investigating compound specific effects on higher trophic levels. 
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Abstract 

Coastal seas like the North Sea have been subject to major changes in nutrient 
inputs over the last decades, resulting in shifts of limiting nutrients for 
phytoplankton communities. Here we investigated the seasonal and spatial 
distribution and synthesis patterns of individual amino acids and distinct fatty acid 
groups and how these were affected by different nutrient limitations in natural 
coastal phytoplankton communities. N-limited communities, dominating in late 
spring and summer, had substantially slower synthesis of essential amino acids 
compared to synthesis of non-essential amino acids. In short-term nutrient addition 
experiments this trend was reversed immediately after N addition to levels found 
under non-limiting conditions. P-limitation was mostly found near the coast in 
diatom dominating phytoplankton communities and did not show this shift. Both 
N and P-limitation caused shifts from structural to storage fatty acids with a 
decrease in the synthesis of poly-unsaturated fatty acids. Reversed effects in fatty 
acid synthesis after N or P addition were delayed and only apparent after 72 h, 
when they had also translated into fatty acid biomass. The different strategies of 
qualitative and quantitative regulation of amino acid and fatty acid synthesis under 
nutrient scarcity may have far-reaching consequences for the phytoplankton’s 
nutritional value and food web structure. In addition to a lower overall availability 
of amino acids and fatty acids per unit phytoplankton biomass higher trophic 
levels also have to cope with the loss of essential amino acids and fatty acids in 
nutrient limited phytoplankton. 
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Introduction 

Phytoplankton is the main contributor to global primary production (Field et al. 
1998) and forms the basis of most marine food webs. Anthropogenic activities 
resulted in extensive increases in nutrient inputs to coastal seas and consequent 
eutrophication had a major impact on phytoplankton community composition 
(Riegman et al. 1992; Philippart et al. 2000; Cadée & Hegeman 2002; Lancelot et 
al. 2007). In recent decades countries neighboring these coastal seas have raised 
much effort to drastically decrease riverine nutrient loads, however measures were 
more efficiently decreasing P than N and caused an increase in dissolved inorganic 
nitrogen to dissolved inorganic phosphorus (DIN:DIP) ratios (Justic et al. 1995; 
Turner et al. 2003). 

Changes in the DIN:DIP ratio directly affect the C:N:P ratio of phytoplankton 
(Vrede et al. 2004; Diez et al. 2013), which is used as a tool to evaluate its 
nutritional value of phytoplankton for higher trophic levels (Sterner & Elser 2002). 
The increase in biosynthesis of carbon rich storage products such as glucose and 
storage lipids increase C:N and C:P ratios and consequently lower their quality as 
food (Sterner et al. 1993; Plath & Boersma 2001). Variations in the C:N:P ratio 
reflect variations in biomolecule composition, because C:N:P requirements of 
major cellular biomolecules differ and shifting DIN:DIP ratios can influence the 
cellular composition of phytoplankton (Klausmeier et al. 2004a). Carbohydrates 
(CH) do not contain N and P and their synthesis is mainly regulated by the 
availability of light. 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) like 
carbohydrates do not contain N or P and are used for storage as triglycerides, they 
are also found in complex membrane lipids that often require P and/or N (Van 
Mooy et al. 2009). 

Although studies focusing on shifts in biomolecule (sub-) class distribution in 
phytoplankton under different nutrient availabilities exist (Lynn et al. 2000; Mock 
& Kroon 2002b; Mock & Kroon 2002a; Pernet et al. 2003), they lack detailed 
information about individual compound dynamics. Recently developed methods in 
stable isotope analysis make it now possible to measure both concentrations and 
biosynthesis rates of individual compounds within the CH, AA and FA pools 
(Boschker 2004; McCullagh et al. 2006; Boschker et al. 2008; Grosse et al. 
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2015/Chapter 2). Thereby the contribution of detrital matter is excluded altogether 
and responses to nutrient availability in natural phytoplankton can be studied on 
short timescales. 

Grosse et al. (in review/Chapter 3) directly measured seasonal and spatial 
dynamics of combined AA, FA and CH concentrations and their biosynthesis rates 
in North Sea phytoplankton. They demonstrated that nutrient limitation and season 
had large effects on composition and biosynthesis rates of these major classes of 
biochemicals. For instance, the contribution of protein derived amino acids varied 
up to 4-fold in concentration and up to 8-fold in biosynthesis rates. Under poor 
nutrient conditions, storage products such as carbohydrates and storage lipids are 
formed but nutrient addition assays revealed that AA biosynthesis increases 
immediately (within 24 h) after nutrient limitation is relieved, while storage 
compound synthesis decreased concurrently. As we detected major shifts in 
component classes (Chapter 3) it may also be interesting to look for compound 
specific effects in our field data, especially for AA and FA pools, which contain 
components that are essential for higher trophic levels. 

Effects of nutrient supply, light and temperature on FA dynamics in 
phytoplankton have been studied intensely 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 membrane lipids 
(structural FA) especially under P-limitation (Fidalgo et al. 1998; Lynn et al. 
2000). Additionally, the pattern of individual FA is also 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). Several long 
chain PUFA, such as eicosapentaenoic acid (EPA, 20:5ω3) and docosahexaenoic 
acid (DHA, 22:6ω3), are essential FA for higher trophic levels, play an important 
role in zooplankton growth and reproduction (Müller-Navarra 1995; Burns et al. 
2011), and may become limiting compounds for consumers when phytoplankton 
becomes nutrient limited (Gulati & DeMott 1997). 

Not much is known about dynamics of individual AA in phytoplankton, but it 
is assumed that the composition is more or less constant. This assumption is 
mainly based on the geochemical composition of particulate organic carbon in the 
water column or of detrital matter in surface sediments (Dauwe & Middelburg 
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1998; Dauwe et al. 1999). However, nutrient limitation can induce shifts in 
organelle 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 a 
shift AA composition. In turn, this could have consequences for the nutritional 
value of phytoplankton, because several AA are considered to be essential for 
copepods and higher trophic levels. These essential AA cannot be synthesized de-
novo by animals and have to be obtained through their diet and include amongst 
others phenylalanine (Phe), leucine (Leu), valine (Val), and arginine (Arg, [see 
Fig. 4.1 for full list]; Claybrook 1983). There are also differences in the 
biosynthesis patterns of essential and non-essential AA. The former are in general 
synthesized from non-essential pre-cursor AA and their synthesis requires 
additional steps and enzyme reactions (Fig. 4.1). 

In this study we measured concentrations and biosynthesis rates of individual 
AA and several FA groups (based on their degree of saturation and nutritional 
value to higher trophic levels) and we show substantial seasonal and spatial 
variation in phytoplankton of the North Sea in response to nutrient limitation. 
Phytoplankton community composition and prevailing nutrient limitations are 
based on findings reported by Grosse et al. (in review/Chapter 3 [Tab. 4.1]). Data 
from nutrient addition experiments was used here to investigate nutrient specific 
changes within the AA and FA in order to determine strategies used by different 
phytoplankton communities to cope with changes in nutrient availability on the 
biomolecular level. We indeed detected major changes in the AA composition in 
response to N-limitation, while FA composition changed in response to both N 
and P-limitation. The different strategies used by phytoplankton to cope with 
nutrient stress and the possible consequences for their nutritional value for the 
food web will be discussed. 
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Figure 4.1: Schematic diagram of AA synthesis in phytoplankton. Amino acids 
essential for higher trophic levels were underlined. 3-PGA = 3 phosphoglyceric 
acid, Ser = serine, Gly = glycine, Cys = cysteine, PEP = phosphoenolpyruvate, Try 
= tryptophane, Tyr = tyrosine, Phe = phenylalanine, Ala = alanine, Leu = leucine, 
Val = valine, TCA = tricarboxylic acid cycle, Aspx = combined pools of 
aspartate/asparagine, Met = methinone, Thr = threonine, Ile = isoleucine, Lys = 
lysine, Glux = combined pools of glutamate/glutamine, His = histidine, Pro = 
proline, Arg = arginine. Met, Cys and Try were not detected in this study. 
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Material and Methods 

Field sampling 

A total of five cruises over three consecutive years was conducted onboard the 
Dutch research vessel RV Pelagia, sampling a transect from the Dutch coast 
towards the center of the North Sea. Four stations (Fig. S4.1) were revisited before 
the spring bloom (15 − 25 March 2013), during the spring bloom (24 April - 4 
May 2013), at the end of the spring bloom or just afterwards (8 − 12 May 2012 
and 25 − 31 May 2011, respectively) and during the summer (15 − 30 August 
2011). The seasonal study followed the succession of nutrient and phytoplankton 
dynamics, while the spatial component allowed investigation of different nutrient 
settings. The coastal zone station (CZ) is very shallow (8m) and therefore 
completely mixed and its close proximity to shore (7 km) makes it the station most 
influenced by high nutrient riverine run-off. The Oyster Ground (OG) can be 
affected by either mixed coastal or stratified waters, depending on the exact 
location of the Frisian Front, which is situated in the broad zone around 54°N 
(Peeters & Peperzak 1990). The Dogger Bank (DB) shows low nutrient 
availability throughout the year and due to its shallowness does not display 
stratification. The central North Sea (CNS) shows the highest influence of Atlantic 
Ocean water, which is low in nutrients and thermally induced stratification occurs 
during summer. 

An overview of time and location, indicated by station number (#), dominating 
phytoplankton communities and prevailing nutrient limitations as they were 
determined in Chapter 3 (Grosse et al. in review) is given in Tab. 1. In short, 
structural FA composition (Fig. S4.2) revealed a distinction between diatom 
dominated and flagellate dominated communities, the latter including 
dinoflagellates, Phaeocystis spp. and nanoflagellates. Several stations could not 
clearly be identified and were referred to as “Mixed”. These communities 
contained either additional green algae biomarkers (OG and DB in March [Stns. # 
6, 11]) or the identification was uncertain because the community was 
transitioning from diatom dominated to flagellate dominated (OG/Mid May, 
DB/April, DB/ Mid May, CNS/Mid May [Stns. #8, 12, 13, 17]). The shift from 
diatom dominated communities into flagellate community developed earlier in the 
year with increasing distance to the coast.  
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Water column distribution of salinity, temperature and photosynthetically 
available radiation were obtained using a Sea-Bird SBE911+ CTD sampler (Sea-
Bird Electronics Inc., USA). Water for measurements and experiments was 
collected using a sampling rosette with 24 Niskin bottles (12 L). 

Nutrient addition experiments 

The experimental scheme was designed to determine both in-situ 
concentrations and biosynthesis rates of biomolecules in North Sea phytoplankton 
and how they respond to short-term changes in nutrient availability within 24 to 72 
h. Sub-surface water (7 m) was collected shortly before sunrise and directly 
transferred into 10 L carboys and a control without added nutrients as well as the 
following three nutrient treatments were set up in duplicate: (i) control incubations 
without added nutrients (ii) addition of 80 µmol L-1 NaNO3 (+N treatment), (iii) 
addition of 5 µmol L-1 K2HPO4 (+P treatment) and (iv) addition of 80 µmol L-1 
NaNO3, 5 µmol L-1 K2HPO4 and 80 µmol L-1 Si(OH)4 (+NPSi treatment). All 
carboys were enriched with 13C-sodium bicarbonate (99% 13C) to a concentration 
of approximately 200 µmol L-1. Absolute 13C-DIC enrichment was measured in the 
laboratory (Grosse et al. 2015) and reached final labeling concentrations of 1.5 to 
2 % of ambient dissolved inorganic carbon (DIC) concentration. Initial, unlabeled 
samples for POC and biomolecules were also taken. 

Carboys were placed in flow-through incubators on deck and continuously 
flushed with seawater to assure in-situ temperatures. The white carboys and 
additional shading on top of the incubators decreased light levels to similar levels 
as encountered at the sampling depth, without inducing changes in the available 
light spectrum. The incubation experiments lasted 24 h and were terminated by 
splitting each carboy’s content into 4 equal volumes and filtering these over pre-
combusted GF/F filters (Whatman, 4 h at 450°C). Aliquot samples (0.3 and 2.0 L, 
depending on the phytoplankton density) were taken for particulate organic carbon 
(POC), neutral CH, AA and FA analysis. All filters were stored frozen at −80°C 
until analysis (POC) or extraction of the biomolecules. 

Nutrient additions lasting 72 h were also carried out at the CZ and DB during 
selected cruises to investigate whether short-term changes in biomolecule 
synthesis differ from long-term changes. Therefore, a second set of nutrient 
treatments was set-up (control, +N, +P, +NPSi, in duplicates) concurrently with 
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the above mentioned incubations, the 13C-sodium bicarbonate tracer was added 
after 48 h and the incubations were terminated after 72 h as described above. 

Analytical procedures 

POC concentrations and 13C labeling was measured by EA-IRMS. Frozen POC 
filters were lyophilized overnight, and a section of the filter (1/4 or less, depending 
on the amount of material on the filter) was acidified over fuming HCl to remove 
inorganic carbon, and subsequently packed into tin cups before analysis. 

Detailed descriptions of extraction protocols for AA and FA, the LC- and 
GC/C-IRMS systems as well as compound separation protocols and conditions 
have been published by Grosse et al. (2015) and references therein. In short, AA 
samples were acid hydrolyzed and after an ion-exchange clean-up step analyzed 
by LC-IRMS using a Primsep A column, which separated a total of 17 individual 
AA (McCullagh et al. 2006). Due to the analytical procedures glutamate and 
glutamine (Glux) co-elute and form one peak. The same happened for aspartate 
and asparagine (Aspx). All AA with the exception of tryptophan can be measured 
with the method used, but cysteine and methionine were not included in our 
analyses because of their very low concentrations. 

FA samples were extracted following the protocol of Bligh & Dyer (1959) and 
subsequently separated into storage lipids, glycolipids and phospholipids by 
silicate column chromatography. All three fractions were dried and glycolipid- and 
phospholipids were combined and are further referred to as structural lipids. After 
derivatization to fatty acid methyl esters (FAME), FAME from both storage and 
structural lipids were separated by GC/C-IRMS using the polar BPX-70 column. 
Fatty acids were notated A:BωC, where A is the number of carbon molecules in 
the fatty acid, B the number of double bonds and C the position of the first double 
bond relative to the aliphatic end. An additional ‘c’ indicates the cis-orientation of 
the double bond (e.g. 18:2ω6c). Individual FA in both the structural and storage 
pools were further combined into saturated FA (SFA), mono-unsaturated FA 
(MUFA) and multiple poly-unsaturated FA (PUFA) fractions (see Results). 
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Calculation of 13C uptake rates 

Carbon stable isotope ratios are expressed in the δ13C notation:  

δ13C (‰) = ((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 (RVPDB = 0.0111802), respectively. 
Incorporation of 13C into bulk carbon as well as individual compounds is reflected 
as excess (above background) 13C and is expressed as specific uptake after 
correction for enrichment of the DIC-pool (difference δ13CDICsample at end of 
incubation and δ13CDICbackground before addition of 13C-DIC), POC concentrations 
and incubation time in (nmol C (µmol POC)-1 d-1). More detailed information can 
be found in Grosse et al. (2015). Concentrations and biosynthesis rates were 
calculated for each individual compound per duplicate and added together to 
obtain values for each biomolecule groups (essential/non-essential AA, storage 
and structural SFA/MUFA/PUFA). Afterwards averages and standard deviations 
were calculated (n=2). 

Statistical analysis 

Relative AA and FA concentrations and biosynthesis rates were used to 
perform principle component analysis (PCA) using the package 
CRAN:factoMineR package in the open source software R to determine variations 
between different nutrient limitations and communities. PCA analyses was also 
used to visualize short-term effects (24 h) of nutrient addition on AA and FA 
biosynthesis. 
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Results 
Nutrient concentrations showed a decrease from March towards August as well 

as from the coastal zone towards the central North Sea (Tab. 4.1). The 
phytoplankton community was dominated by diatoms at the CZ that were non-
limited before the spring bloom in March, P/Si-(co)limited during the spring 
bloom and shifted towards N-limitation in summer. The other three stations 
showed mixed communities in early spring before they transitioned into N-limited 
flagellate dominated communities in summer. This succession occurred earlier in 
the year the farther away from shore (Tab. 4.1). Details were discussed in Burson 
et al. (2016) and Grosse et al. (in review/ Chapter 3). 

Individual amino acids  

Relative concentration and biosynthesis of individual AA in the unamended 
control incubations varied substantially over seasonal and spatial scales (Fig. 4.2). 
Variations were larger in biosynthesis than in concentration, especially in the non-
essential AA Aspx, Glux, Ala and Gly, while essential AA Val, His and Arg 
showed much smaller ranges in concentration and biosynthesis. Non-essential AA 
showed higher relative biosynthesis compared to their concentrations, while 
essential AA showed the opposite trend, leading to a relative over-synthesis in 
non-essential AA and a relative under-synthesis in essential AA in short-term (24 
h) incubations. 

 
Figure 4.2: Contribution of individual amino acids to total amino acids in C 
concentration (grey bars) and biosynthesis in the un-amended incubations 
(Control, white bars) from all cruises and stations separated into non-essential and 
essential (underlined) AA. 
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To study general trends, PCAs were performed with both biosynthesis and 
concentration data of individual AA (Fig. 4.3A, B). This revealed a separation of 
N-limited stations from all others. The PCA of AA synthesis (Fig. 4.3A) showed 
that the first two components explained 53% (38% + 15%) of the variance within 
the samples and separated two clusters of stations. Cluster I contained N-limited 
flagellate communities, which associated with all non-essential AA (except Pro), 
while Cluster II contained all other stations and associated with all essential AA 
and Pro. Stations #2 and 7 were an exception; they clustered with N-limited 
flagellates although they were identified as P and Si (co)-limited diatom 
dominated stations. But at both stations diatoms and flagellates contributed to the 
total community. However, diatoms were primarily Si limited, while flagellates 
were co-limited by N and P (Burson et al. 2016), which perhaps explained the 
contradictory grouping of those two stations. 

PCA analysis of AA concentrations showed a similar clustering of stations with 
the first two components explaining 53% (32% + 21%) of the variance in the 
dataset. Again, a separation of N-limited communities from all others was 
observed along the first axis, with two exceptions. N-limited communities were 
associated especially with Aspx, Glux and the essential AA Thr, while all other 
communities associate with essential AA as well as non-essential Ala and Ser. 
Station #4 clustered with N-limited communities, even though it was P-limited, 
while station #16 behaved in the opposite way, clustering with non-limited 
communities even though it seemed to be N-limited and nutrient requirements of 
different phytoplankton groups within the community may have played a role as 
well. The separation along the second axis was mainly associated with Pro, Lys 
and Tyr. While nutrient availability seemed to affect AA distribution, intrinsic 
differences between phytoplankton groups and the contribution of detrital matter 
could also have an effect on the AA concentrations. 
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Figure 4.3: PCA biplot of relative contribution of individual AA to total AA 
concentration (A) and biosynthesis (B). Symbol shape refers to the dominating 
phytoplankton community and symbol color indicates limiting nutrients. Grey 
areas highlight clusters of similar stations. Panel C and D give examples for range 
of AA contributions for the stations CZ/End May (station # 4, P-limited, diatom 
dominated) and CNS/August (station #18, N-limited, flagellate dominated). 
Shown are averages ± SD, n = 2. Essential AA were underlined. 

 

In order to demonstrate the variance between stations we also plotted 
individual AA concentration and biosynthesis of stations #4 and 18, representing a 
P-limited diatom community and a N-limited flagellate community, respectively 
(Fig. 4.3C, D), showing the discussed trends of the PCA analysis. 

PCA was also performed on AA biosynthesis in nutrient addition treatments to 
reveal nutrient related short-term shifts (Fig. 4.4). Due to the separation of N-
limited from P and non-limited communities in Fig.4.3 and the limited response in 
total AA biosynthesis in P- and Si-limited communities within the first 24 h after 
nutrient addition (Chapter 3), separate PCAs were run for (i) N-limited 
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communities and (ii) all others. The PCA of N-limited communities explained 
59% of the variance in the data (similar to other PCAs) and a separation between 
treatments occurred. Again, separation along the first axis was mainly based on 
non-essential Aspx, Glux, and Ala, and to a lesser extend on Gly, versus all 
essential AA and Pro. The control and +P treatments associated with non-essential 
AA as these were mainly N-limited and when N-limitation was relieved in the +N 
and +NPSi treatments there was a clear shift towards synthesis of all essential AA 
and Pro. The +P treatments from four stations behaved differently and clustered 
with +N and +NPSi treatments. These were combined into the “Group X” and 
comprised of the +P treatments from the OG/End May, DB in April and End May, 
and CNS/Mid May (Stns. #9, 12, 14, 17). Although these stations were primarily 
N-limited they showed co-limitation by P or Si and the addition of P apparently 
also triggered a shift towards essential AA at these stations. In the PCA of non- 
and P-limited stations the two axes explained only 51% of the variance in the data 
and no differences between nutrient treatments were observed. 

 

 
Figure 4.4: PCA biplot show biosynthesis of individual AA in nutrient addition 
treatments after 24 h. Phytoplankton was separated into N-limited flagellate and 
mixed communities (A) and not/P-limited communities plus the N-limited diatom 
community at Stn. #5 (B). Ellipses encircle distribution of the same treatment. 
Essential AA were underlined. 

 

 



CHAPTER 4!

 

 90 

Five longer-term incubations (72 h) were carried out and actual data are plotted 
in Fig. S4.3 as a PCA was not possible with this low number of samples. Effects 
of nutrient additions were mainly seen in the biosynthesis data and followed 
similar trends as in the 24 h incubations (Fig. S4.3). For the P and Si-limited CZ 
(Stn. #2) most non-essential AA decreased synthesis in the +P and +NPSi 
treatments, while synthesis of essential AA increased (Fig. S4.2C). At the N-
limited DB (Stn. #12, 13), the shift in biosynthesis towards essential AA in the +N 
and +NPSi treatments persisted after 72 h and patterns were almost identical to 
those found after 24 h (Fig. S4.2G, I). Shifts in AA concentrations were less 
pronounced than in biosynthesis data and followed no distinct pattern. 

Fatty acid groups 

Composition of individual FA differed greatly between phytoplankton groups, 
especially within the structural FA fraction. For example, diatoms contain high 
amounts of 16:1ω7 and 20:5ω3 (Dalsgaard et al. 2003), while flagellates 
(including dinoflagellates, nano flagellates and the Prymnesiophyceae 
Phaeocystis) produce high amounts of 18:5ω3, 18:5ω5 and 22:6ω3 (Dijkman & 
Kromkamp 2006). Community composition and hence composition of individual 
structural FA varied substantially (Fig. S4.3) and in order to obtain a clearer 
picture we combined individual FA into specific groups of FA, both within the 
storage and the structural fraction. Saturated FA (SFA) and mono-saturated FA 
(MUFA) were combined, while poly-unsaturated FA (PUFA) were separated into 
PUFA containing 16 C-atoms (C16-PUFA) and PUFA containing 18 C-atoms 
(C18-PUFA). The PUFA 20:5ω3 and 22:6ω3 were evaluated individually, since 
they are considered essential dietary compounds for zooplankton and positively 
affect the growth rate of these organisms (Müller-Navarra 1995; Von Elert 2002). 

Contribution of FA groups to total FA varied over seasonal and spatial scales 
(Fig. 4.5). Variations were larger in biosynthesis than in concentration of storage 
SFA and MUFA. These two groups also showed higher relative biosynthesis 
compared to their relative concentrations (over-synthesis), while structural FA 
groups showed the opposite trend (under-synthesis). 
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Figure 4.5: Contribution of fatty acid groups to total fatty acids in C concentration 
(grey bars) and the un-amended incubations (Control, white bars) separated by 
storage and structural (underlined) FA fractions. SFA = saturated FA, MUFA = 
mono-unsaturated FA, C16-PUFA/ C18-PUFA = poly-unsaturated FA containing 
16 and 18 C atoms, respectively. 

 

PCA was performed with FA group’s biosynthesis and concentration (Fig. 4.6) 
and both PCAs revealed a separation between flagellate and diatom dominated 
communities (Cluster I and II) with mixed communities in between. The first two 
axes explained 55% and 62% of the variance on the dataset, respectively. 
Flagellate communities were associated with structural and storage C18-PUFA as 
well as structural 22:6ω3, while diatoms were associated with storage MUFA, 
storage and structural C16-PUFA and storage 20:5ω3. No effect of nutrient 
limitation was found. However, the Si-limited diatoms at station #7 separated from 
other stations in the FA biosynthesis and showed higher concentrations of 
structural MUFA. Lower temperatures in March may have also been a prominent 
factor that influences FA composition. 
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Figure 4.6: PCA biplot of relative contribution of FA groups to total FA 
biosynthesis (A) and C concentration (B). Symbol shape refers to the dominating 
group of the phytoplankton community and symbol color indicates prevailing 
nutrient-limitation. Gray areas highlight similar stations. FA groups are separated 
by structural and storage FA fractions. SFA = saturated FA, MUFA = mono-
unsaturated FA, C16-PUFA/ C18-PUFA = poly-unsaturated FA containing 16 and 
18 C atoms, respectively. Structural FA groups are underlined. 

 

PCA was also performed on FA biosynthesis in nutrient addition treatments but 
did not reveal nutrient related short-term (24 h) shifts, suggesting shifts in FA 
biosynthesis occurred slower than shifts in AA. Therefore, we performed a PCA 
using the relative differences in FA biosynthesis between control and nutrient 
addition treatments. These showed effects of nutrient addition in both P and N-
limited station (Fig. 4.7). At the majority of P-limited stations the +P and +NPSi 
treatments showed a relative increase in all structural FA groups, while +N 
treatments (with increased N:P ratios) increased synthesis of storage SFA, C16 
and C18 storage PUFA. N-limited stations showed the same response to the relief 
of nutrient limitation. The +N and +NPSi treatments were associated with an 
increase in structural FA, while decreased N:P ratios in the +P treatment caused 
synthesis of storage FA to intensify. The only N-limited diatom community (Stn. 
#5) showed a shift towards C16 storage PUFA and storage 20:5ω3.  
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Figure 4.7: PCA biplot show shifts in biosynthesis of FA groups in nutrient 
addition treatments relative to the Control treatment after 24 h. Phytoplankton was 
separated into N-limited (A) and not and P-limited communities (B). Gray areas 
highlight cluster of similar treatments. Structural FA groups are underlined. 

 

Longer-term incubations (72 h) showed shifts in the relative distribution of FA 
groups both in concentration and biosynthesis (Fig. 4.8). The relief of N and P 
limitation caused a relative increase in synthesis of structural MUFA and PUFA 
with a concurrent decrease in all storage FA groups. This shift in biosynthesis was 
also translated into the relative distribution of FA concentration in a similar 
fashion. Apparently, these quantitative and qualitative changes in FA 
concentrations need several days to become detectable.  

 

Discussion 
The coastal ocean is experiencing major perturbations in nutrient cycling, 

which may have important effects on the cellular composition of phytoplankton 
and its food quality for the coastal food web. The aim of this study was to 
investigate the effect of changing nutrient availability on the biosynthesis and 
composition of individual AA and groups of FA in the phytoplankton of the North 
Sea. AA biosynthesis was mainly affected by nutrient availability and showed 
nutrient dependent behavior. N-limitation caused a decrease in the biosynthesis of 
essential AA from non-essential pre-cursor AA, while P and/or Si co-limitation 
did not cause this apparent shift in individual AA biosynthesis. The re-supply of N 
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led to an immediate increase in the conversion of non-essential to essential AA. 
The synthesis of FA groups was primarily determined by the community 
composition and probably by temperature. Minor nutrient effects were detected for 
FA within 24 h when the limiting nutrient was re-supplied and became clearly 
visible after 72 h. Overall, nutrient re-supply caused a shift from storage FA to 
structural membrane FA and an increase in essential PUFA that was independent 
of the prevailing nutrient limitation.  

We chose an incubation period of 24 h to investigate one complete daily cycle 
in biomolecule synthesis, because the synthesis of major biomolecule groups can 
be separated between light and dark period (Behrenfeld et al. 2008). Within this 
time frame many compounds showed an over- or under-synthesis compared to 
their relative contribution in the POC concentration, a reflection of the length of 
synthesis pathways of individual compounds. 13C tracer was first accumulated in 
pre-cursor compounds and compounds with short synthesis pathways (e.g. Aspx or 
storage SFA) and showed a lower distribution in compounds with longer synthesis 
pathways (e.g. Leu or structural PUFA). However, the approach used is sensitive 
and allows for easy and fast quantification and identification of biomolecule 
synthesis (Dijkman et al. 2009; Ly et al. 2014). 

While shifts in biosynthesis translated into FA concentrations after 72 h no 
such trend was seen in AA. The main reason may be that AA pools are much 
larger than FA pools, hence changes take longer to translate into AA 
concentrations. Also, we encountered only one N-limited station, with a mixed 
community where we would have expected to see a shift in AA concentrations 
after 72 h (Stn. #13) based on the prevailing N-limitation and the increase in total 
AA biosynthesis (>20%) and AA in biomass (13% and 17% for +N and +NPSi, 
respectively) between 24 h and 72h. However, only small shifts in AA 
concentrations were detected, for example in Glux and Ser (Fig. S4.3J). With 
average phytoplankton biomass turnover times of ~7 days (Chapter 3) even the 72 
h incubation period may have been too short to detect significant changes and 
perhaps future studies can incorporate even longer incubation periods to 
investigate this issue further. A second reason can be that FA are part of either 
storage and structural pools and that depending on present nutrient regimes FA can 
flow between both pools without requiring de-novo synthesis. 



NUTRIENT LIMITATION AND BIOCHEMICAL COMPOSITION IN ALGAE 

 

 95 

 
Figure 4.8: Distribution of FA groups in C concentration (left panel) and biosynthesis 
(right panel) after 72 h at the Coastal Zone (A-F) and the Dogger Bank (H-J). 
Prevailing nutrient limitation is indicated in right upper corners of concentration 
graphs. Structural FA groups are underlined. SFA = saturated FA, MUFA = mono-
unsaturated FA, C16-PUFA/ C18-PUFA = poly-unsaturated FA containing 16 and 18 
C atoms, respectively. 
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Response of phytoplankton to nutrient limitation 

Re-supplying the limiting nutrient led to an increase in total AA synthesis 
(Grosse et al. in review, Chapter 3) but only N-limited phytoplankton showed 
shifts in the distribution of individual AA after 24 h. Results from both 
unamended and nutrient addition incubations showed that under N-limitation the 
pools of non-essential AA increased, especially Aspx, Glux and Ala, while 
synthesis of essential AA and Pro decreased. The strong nutrient dependent 
separation of Glux and Aspx from other AA in PCAs of concentration, 
biosynthesis and nutrient additions highlights their function as pre-cursor in more 
complex pathways for essential AA (Fig. 4.1). The non-essential AA Pro stands 
opposite to Glux, for example in Fig. 4.3A, even though it only requires a one step 
reaction to synthesize Pro directly from Glux. However, Pro serves a special 
function in osmoregulation and in order to decrease N-requirements several 
phytoplankton groups are capable of substituting Pro with other osmolytes under 
N-limiting conditions (Bromke et al. 2013; Xiao et al. 2013) causing it to be 
primarily synthesized under N-replete conditions and cluster with essential AA. 
The conversion of non-essential to essential AA relies on numerous additional 
enzymes, proteins themselves, and it may be beneficial to decrease the production 
of these enzymes under N- limitation. Interestingly, several N/P co-limited stations 
also showed the shifts towards essential AA after P-addition (Group X, Fig. 4.4A) 
similar to solely N-limited stations, while no such shift in individual AA 
contributions could be identified at P (Si co-) limited stations after the addition of 
P, not even after 72 h. At this point, total AA biosynthesis rates were significantly 
increased (Grosse et al. in review/Chapter 3), which implies that P-limitation 
caused a uniform decrease in the synthesis of individual AA. The up-regulation of 
AA biosynthesis after P-addition took much longer (several days) to be detected, 
compared to N-limited stations (Chapter 3). It was suggested that rRNA and 
ribosome synthesis had to precede the up-regulation of AA (protein) synthesis, as 
they are main P-containing compounds in phytoplankton and their content is 
reduced under P-scarcity (Elser et al. 2000; Van Mooy & Devol 2008; Hessen et 
al. 2010). This supports the hypothesis of a uniform decrease since translation 
would be regulated on the protein synthesis level not on the AA supply level. 
Moreover, regulation at the gene-level is nutrient dependent as well. The lack and 
the re-supply of N and P strongly affect gene expression patterns in a similar 
timely manner (Morey, et al. 2011, Yang, et al. 2011). Genes related to ribosomes, 
carbohydrate metabolism, FA metabolism as well as carbon fixation are both 
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down- and up-regulated at different magnitudes indicating changes in metabolic 
pathways and therefore highly affect protein composition hence AA composition 
within cells (Morey et al. 2011; Yang et al. 2011; Bender et al. 2014). Silicon 
starvation and replenishment in diatoms have similar effects on a large number of 
genes that encode for many yet unknown proteins (Mock et al. 2008; Shrestha et 
al. 2012) and even closely related species show large dissimilarities in gene-
expression patterns (Bender et al. 2014). Thus, both nutrient and species specific 
mechanisms may shape the AA landscape. 

Low nutrient availability affects FA synthesis in two ways. A shift from polar 
lipids (including phospholipids and glycolipids) towards neutral lipids under both 
P and N-limitation has been described by several authors (Weers et al. 1997; Lynn 
et al. 2000; Mock & Kroon 2002b) and similar changes occurred during our 
investigation as reported in Chapter 3 (Grosse et al. in review), showing a decrease 
in storage FA biosynthesis after addition of the limiting nutrient, especially in 
flagellate dominated communities. The profiles of individual FA can also be 
affected by the shortage of nutrients caused by changes in synthesis pathways, 
when desaturases and elongases cannot be synthesized in required amounts 
anymore, which leads to a shift from PUFA to MUFA (Flynn et al. 1992). And 
although all structural FA groups show increased biosynthesis after 72 h, PUFA 
groups increased synthesis up to six-fold, while increase of SFA and MUFA were 
about twofold or less (Fig. 4.8). Shorter-term changes after nutrient addition were 
hardly seen, but may have not been detectable if already synthesized storage FA 
were used to increase amounts of structural FA, since they were not labeled by 13C 
tracers. 

P containing membrane lipids can be substituted for N or sulfur containing 
lipids thereby saving enough P to keep growth rates constant for several more cell 
divisions without affecting FA composition (Van Mooy et al. 2009; Martin et al. 
2011). However, under the high DIN:P ratios encountered (up to 333) in coastal 
waters this mechanism may not have been effective to overcome long-term P- 
deficiencies and consequently also resulted in increased storage FA concentrations 
and loss of PUFA, causing a lower food quality of coastal phytoplankton groups 
as early as April during the peak of the spring bloom (see below). FA pools take 
several days to show quantitative and qualitative changes indicating that changes 
in AA metabolism have priority over FA, even though expression of genes 
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involved in FA metabolism immediately moderated after changes in nutrient status 
(Bender et al. 2014). 

Biosynthesis patterns reflected a community specific response to the imminent 
nutrient limitation at this point in time, indicated by quick shifts in biosynthesis 
after nutrient addition. On the contrary, the distribution of individual compounds 
in the POC concentrations relates to the long-term history of nutrient limitation 
experienced by the cell over several days (biomass turnover time 3 − 12 days) and 
is furthermore affected by community specific differences in biomolecule 
composition. Additionally, with age the AA distribution in detritus shifts and has 
to be considered as well (Dauwe & Middelburg 1998; Dauwe et al. 1999). When 
communities transitioned from one dominating phytoplankton group into another, 
as seen at several stations in this study, it can occur that the declining population 
that determines the concentration is limited by one nutrient whereas the upcoming 
population determining photosynthesis is either non-limited or limited by another 
set of nutrients causing clear shifts in compounds biosynthesis. 

Consequences for food quality 

Biomolecule composition of phytoplankton has a direct effect on its nutritional 
value to consumers, primarily zooplankton. Previous research has shown that 
essential AA and PUFA are important determinants for zooplankton growth 
(Claybrook 1983; Müller-Navarra 1995; Weers et al. 1997). In our study, both 
these pools were affected by nutrient limitations in both diatom and flagellate 
communities suggesting that phytoplankton food quality varied substantially on 
both temporal and spatial scales in the North Sea due to shifts in nutrient 
availability. 

Especially diatoms, but also several dinoflagellates are considered to have good 
food qualities (Ianora et al. 1999; Turner et al. 2001; Turner et al. 2002). Here we 
found diatoms dominating in early spring and throughout most of the year at the 
CZ. They were mainly encountered during P-limitation during spring, while 
flagellates (including both dinoflagellates and Phaeocystis sp. [Grosse et al. in 
review/Chapter 3; Burson, et al. 2016]) were dominant at the three stations farther 
offshore showing strong N-limitation in late spring and summer. Under resource 
limitation, phytoplankton shows a general response in the decrease of total AA 
synthesis (Grosse et al. in review/ Chapter 3) and we show here that during N-
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limitation synthesis is shifted towards non-essential AA. Both low quality and 
quantity of AA negatively affect consumer’s growth (Guisande et al. 2000). 
Furthermore, a lack of individual essential AA was found to restrict the 
reproduction of Daphnia and lead to changes in their life cycles (Fink et al. 2011; 
Koch et al. 2011). Finally, under nutrient limitation FA synthesis was shifted from 
structural towards storage FA as well as from PUFA to SFA, especially under P-
limitation. Although C16 and C18 PUFAs decreased as well, the highly 
unsaturated FA such as 20:5ω3 and 22:6ω3 are crucial for zooplankton survival 
and the maintenance of high growth and reproductive rates (Müller-Navarra 1995; 
Burns et al. 2011). They furthermore affect trophic transfer efficiency and food 
web structure (Brett and Müller-Navarra 1997), and are therefore considered to be 
an indicator for food quality (Park, et al. 2002). In conclusion, food quality in 
terms of AA and FA are both negatively and concurrently affected by nutrient 
limitation that will cause a decline in quantity and quality of individual 
compounds. 

The phytoplankton response to nutrient addition is rather general resulting in an 
overall increase in AA synthesis first before the increase of other structural 
compounds (Grosse et al. in review/ Chapter 3). However, different metabolic 
pathways are affected when N or P is lacking. A lack of N can be directly linked to 
AA molecule structure because of for instance differences in C:N ratios between 
AA and but a lack of P decreases the translation of proteins due to the effect on the 
molecular structure of ribosomal RNA and the consequent decrease of the overall 
requirements of ribosomes in the cells. Other intracellular P-pools, such as 
phospholipids, RNA and DNA should be considered as well, because zooplankton 
appears to be more sensitive to P- than to N-limitation (Breteler et al. 2005). 
Although the majority of research has been conducted on the freshwater inhabiting 
cladocera Daphnia (Boersma 2000; Plath & Boersma 2001), and lakes are mostly 
considered P-limiting opposite to N-limiting marine waters (Hecky & Kilham 
1988; Howarth & Marino 2006), anthropogenically induced changes in nutrient 
inputs from land push coastal seas more and more from N-limited into P-limited 
systems. 

In contrast to other studies, we did not investigate changes in compounds when 
N or P limitation is induced (Flynn et al. 1992; Mock & Kroon 2002b) but after a 
sudden repletion of nutrients. This scenario is comparable in proximity to river 
plumes, upwelling regions, or though input of deep-water nutrients after intense 
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mixing and the breakdown of stratification in the water column. Even though these 
sudden inputs may be brief, the phytoplankton community responded quickly. 
Subsequent effects on zooplankton may also be observed on relative short time 
scales, especially in the micro- and meso-fraction since generation times are short 
for example 30 and 17 days for Calnus helgolandiucus and C. typicus, respectively 
(Halsband-Lenk et al. 2002; Bonnet et al. 2005). With continuing alterations in 
riverine DIN and DIP supply it is likely that smaller zooplankton species could 
replace larger ones (Fransz et al. 1992) and thereby redirecting primary production 
to species with rapid turnover, such as protozooplankton and rotifers (Viitasalo 
1992) and induce changes in the structure of the entire food web.  
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Supplemental Information 

 
Figure S4.1: Map of stations revisited during five cruises between 2011-2013. 
 

 
Figure S4.2: PCA biplot of relative contribution of individual FA to structural FA 
in POC concentration (A) and biosynthesis (B). Symbol shape refers to the 
dominating group of the phytoplankton community and symbol color indicates 
prevailing nutrient-limitation (phytoplankton group and nutrient limitation were 
identified in Chapter 3). 
 
Figure S4.3 (next page): Distribution of individual AA in C-fixation (A, C, E, G, 
I) and biomass (B, D, F, H, J) in different nutrient addition treatments after 72 h at 
the Coastal Zone in March, April, Mid May (Station #1, 2, 3) and the Dogger 
Bank in April and Mid May (Station #12, 13). Essential AA were underlined and 
prevailing nutrient limitation was indicated in right upper corners of biosynthesis 
graphs for each station. 
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Abstract 

Resource availability shapes both phytoplankton community composition and 
their biomolecule composition. Here we investigated the biomolecule composition 
and synthesis (amino acids, fatty acids and carbohydrates) in mixed phytoplankton 
communities sampled from the North Sea and subsequently cultured in chemostats 
supplied with different concentrations of dissolved inorganic nitrogen (DIN) and 
phosphorus (DIP). Diatoms and cyanobacteria became dominant under N-limited 
conditions, diatoms also dominated in one of the two P-limited chemostats, 
whereas an almost even mixture of diatoms, green algae and cyanobacteria co-
dominated in the other P-limited chemostat and under light-limited conditions. 
Amino acid content in biomass was lowest under N-limitation, higher under P-
limitation and highest when light was the limiting factor. Glucose content showed 
the opposite trend. The synthesis of essential amino acids was also affected under 
N-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 support and clarify field findings in North Sea 
phytoplankton. It also shows that different phytoplankton groups are capable of 
adapting their biomolecule composition at different degrees when experiencing 
shifts in nutrient availability, which will help to explain changes in phytoplankton 
community composition in response to changing environmental conditions.  
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Introduction 

Temperate coastal seas experience a succession of different phytoplankton 
groups throughout the year, which is thought to be mainly driven by temperature, 
light and competition for nutrients (Gieskes & Van Bennekom 1973; Van 
Beusekom & Diel-Christiansen 2009). Phytoplankton community composition is 
shaped by the total nutrient concentrations available as well as by the ratios at 
which these nutrients are supplied (Tilman 1977; Tilman 1985; Brauer et al. 
2012).  

Coastal waters of the North Sea have been influenced by changes in riverine 
nutrient input for decades. Between the early 1960’s and the mid 1980’s mean 
annual concentration of dissolved inorganic nitrogen (DIN) in the North Sea 
tripled, while at the same time dissolved inorganic phosphorus (DIP) 
concentrations doubled (Hickel et al. 1993) leading to eutrophication, which 
amongst others led to an increase in phytoplankton biomass (Cadée & Hegeman 
2002) and a shift in species composition (Philippart et al. 2000). In order to revert 
the effects of eutrophication, the members of the OSPAR Convention (Convention 
for the Protection of the Marine Environment of the North-East Atlantic) agreed to 
lower riverine inputs of DIN and DIP by at least 50% compared to the year 1985 
(OSPAR 1988). By 2002, many countries had reached and even exceeded the goal 
for DIP by decreasing inputs by 50-70%. However, decreasing DIN inputs was 
less successful and loads were only lowered by 20 − 30% (Lenhart et al. 2010; 
OSPAR 2010; Passy et al. 2013). As a consequence, DIN:DIP ratios increased and 
coastal areas that were previously considered N-limited are now showing signs of 
P-limitation (Philippart et al. 2007; Sylvan et al. 2007; Xu et al. 2008; Ly et al. 
2014). Changes in the DIN:DIP ratio directly affect the C:N:P ratio of 
phytoplankton (Sterner & Elser 2002; Vrede et al. 2004; Diez et al. 2013). The 
C:N:P ratio reflects the cellular composition of the cells and changes under 
nutrient scarcity because the synthesis of amino acids, phospholipids, DNA, RNA 
and pigments relies on the presence of either N, P or both. These biomolecules are 
necessary for growth but can only be synthesized when the required nutrients are 
available (Arrigo et al. 1999). As a result, the synthesis of C-rich storage 
compounds is increased under nutrient poor conditions, e.g. by producing glucose 
containing products such as glucans or storage lipids such as triglycerides (Janse et 
al. 1996; Kroth et al. 2008).  
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Until now, studies have either focused on nutrient competition between algal 
species (Tilman 1977; Klausmeier et al. 2004b; Passarge et al. 2006) or on the 
effects of nutrient limitation on phytoplankton biomolecule composition (e.g. 
Mock & Gradinger 2000; Stehfest et al. 2005; Grosse et al. in review/Chapter 3), 
but did not combine both aspects. 

Here we inoculated chemostats as model marine systems with mixed 
phytoplankton communities obtained from the North Sea in order to investigate 
effects of several DIN and DIP loads and DIN:DIP ratios on both phytoplankton 
competition and community composition. The end state communities (day 91) 
were sampled to investigate the relationship between nutrient availability and 
biomolecule composition of algal biomass as well as the corresponding 
biosynthesis rates of structural and storage compounds. 

 

Material 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 (Grosse et al. in 
review/Chapter 3). The cruise took place between 15 − 22 March 2013 aboard the 
Dutch research vessel RV Pelagia and details of sampling can be found in Burson 
et al. (in prep.). Water from all stations was mixed in equal proportions, 
transported to the lab at the University of Amsterdam in one 10 L carboy, and 
stored at 4°C until chemostats were set-up. 

Chemostat set-up 

Within 2 days after the cruise ended, seven chemostats were set up according 
to Huisman et al. (2002), using full-spectra white fluorescent bulbs as light source 
and magnetic stir bars to minimize accumulation of sticky and heavy species. 
Light levels were kept at 40 µmol photons m2 s-1 and dilution rates were set to 0.2 
d-1. 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 (Tab. S5.1) using 
peristaltic pumps. Media exhibited different combination of dissolved inorganic 
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nitrogen (DINMedium) and phosphate (DIPMedium) at low (LN/LP), medium 
(MN/MP) or high (HN/HP) concentrations, hence also differed in their 
DIN:DIPMedium ratios (Tab. 5.1, Fig. 5.1). Inorganic carbon was added in two ways; 
as sodium bicarbonate to media (0.5 mM final concentration) and as filtered air, 
which was bubbled through the chemostats. The chemostats were run as a 
competition experiment (see Burson et al. in prep. for details on community 
development) until phytoplankton communities established steady state conditions 
(91 days) before they were sacrificed for the carbon fixation experiment. 

 

 
Figure 5.1: Experimental set-up, differentiating chemostats by low, medium and 
high concentrations of DINMedium (LN, MN, HN) and DIPMedium (LP, MP, HP). Bar 
graphs show the relative distribution of nutrient concentrations in chemostats 
(DINChemostat, DIPChemostat) and light penetration (Iout). Differently colored lines 
around the bar graphs indicated the resulting limitations. 
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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 (amino acids (AA), fatty acids (FA), 
carbohydrates (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. 

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 in order to avoid DIC-
limitation during the experiment. Thereafter, all culture flasks (volume between 
450 – 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 in (Grosse et 
al. 2015). Culture flasks were closed airtight and incubated for 24 h at constant 
rotation (60 rpm), 20°C and 40 µmol photons m2 s-1 light intensity, assuring 
conditions resembling those of the chemostats. After 24 h samples were taken for 
DIC, POC/PON and biomolecules as described above and stored as the same way 
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 
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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 δ13C values by EA-
IRMS. The POP content was quantified with inductive coupled plasma 
spectroscopy after digestion with 10 mL of 65% HNO3 (ICPOES; Perkin Elmer 
Optima 3300 DV; Nieuwenhuize & 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 (Glu) 
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 as well as aspartate and asparagine 
co-elute and formed one peak each (Glux and Aspx). Other detected AA included 
threonine (Thr), valine (Val), methionine, isoleucine (Ile), leucine (Leu), lysine 
(Lys), histidine (His), phenylalanine (Phe), argin (Arg), serine (Ser), glycine (Gly), 
alanine (Ala), proline (Pro), cystine, and tyrosine (Tyr). Because of their very low 
concentrations, cysteine and methionine were excluded in the data analysis. 

FA samples were extracted following the protocol of Bligh & 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.  

Concentrations and biosynthesis rates were calculated for each individual 
compound and 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). Throughout this text, biomolecule concentrations and C-
fixation rates were reported relative to cumulative concentrations and C-fixation 
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rates (AA + FA + CH = 100%), respectively. Unidentified contributions were only 
included into total POC concentrations and bulk C-fixation rates. 

Statistical analysis 

Percentage contributions of individual AA to total AA concentrations and C-
fixation rates were used to perform principle component analysis (PCA) using the 
package CRAN:factoMineR in the open source software R to determine variations 
between different nutrient limitations and communities. 
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Table 5.1: Concentrations and ratios of nutrients in the different media and in 
chemostat when phytoplankton communities reached steady state conditions. 
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 phosphate (POP) and their 
ratios are shown. DIN and DIP requirements were calculated using C-fixation rates, 
C:N and C:P ratios. 
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Results 

Resource limitation 

Both the MNHP and LNHP chemostats received media with low DIN:DIP 
ratios of 1.28 and 0.5, respectively, and their communities decreased the DIN 
concentrations to 2 µM, while the DIP concentrations remained high at 49 µM and 
46 µM, respectively. DIN:DIP ratios in both chemostats were decreased to 0.04, 
indicating that the communities were limited by N. 

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. The DIP 
concentrations in the two chemostats were 3 µM and 0.5 µM, respectively, while 
DIN concentrations remained high at 825 µM and 1190 µM. The DIN:DIP ratios 
as well as the absolute nutrient concentrations suggest P-limitation in these two 
chemostats. 

Three chemostats received media with DIN:DIP ratios of 16 (LNLP, MNMP, 
HNHP) and nutrient uptake by the phytoplankton reduced the DIN:DIP ratios to 1, 
2 and 6, for LNLP, MNMP, and HNHP, respectively. Although those ratios would 
indicate N-limitation, both DIN and DIP concentrations were very low in the 
LNLP and MNMP chemostats with 4 µM and 3 µM for DIN and 2 µM and 3 µM 
for DIP, respectively, and therefore suggested N+P co-limitation. Nutrients in the 
HNHP chemostat remained high with 181 µM DIN and 29 µM DIP. At the same 
time the high biomass (26.3 mM POC) decreased light levels (Fig. 5.2, Tab. 5.1), 
inducing light-limitation in this chemostat. 

Phytoplankton biomass ranged from 3.0 to 26.3 mM POC and decreased with 
decreasing DIN and DIP concentrations in the cultures (Fig. 5.2A, Tab. 5.1). PON 
concentrations ranged from 0.127 to 3.152 mM and showed a similar trend of 
decreasing at lower DIN and DIP concentrations. Concentrations of POP ranged 
between 0.003 and 0.06 mM (Tab. 5.1). 

The derived POC:PON, POC:POP and PON:POP ratios in phytoplankton 
biomass are shown in Table 5.1. POC:PON ratios in N and N+P co-limited 
chemostats ranged between 19 – 26 and were lower in light and P-limited 
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chemostats (8 – 12). Extremely high POC:POP ratios (> 1000) were found in the 
P-limited chemostats. The MNMP chemostat also showed extremely high 
POC:POP ratios, furthermore suggesting the community was co-limited by N and 
P (Tab. 5.1). PON:POP ratios were >100 in P-limited chemostats and ranged 
between 18 – 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 MNHP chemostat required least 
amounts of only 1.8 nmol DIN (µmol POC) d-1. Slightly higher values were 
calculated for the LNLP, LNHP and MNMP chemostats ranging between 2.0 – 3.8 
nmol DIN (µmol POC) d-1. The P-limited HNLP required 24.3 nmol DIN (µmol 
POC) d-1. The HNHP and HNMP chemostats required similar amounts of DIN 
with 9.9 and 9.3 nmol DIN (µmol POC) d-1. 

Phytoplankton required 0.08 nmol DIP (µmol POC)-1 d-1 and 0.14 nmol DIP 
(µmol POC)-1 d-1 in the P-limited chemostats. The DIP - requirements in all other 
chemostats ranged between 0.04 nmol DIP (µmol POC)-1 d-1 and 0.22 nmol DIP 
(µmol POC)-1 d-1 (Tab. 5.1). 

Community composition 

Differences in DIN and DIP concentrations in media, and resulting DIN:DIP 
ratios shaped the community structure in all seven chemostats. The same five 
species, representing three phytoplankton groups, built the community in each 
chemostat. Green algae were represented by one species (Chlorella sp.), while 
unicellular cyanobacteria (Synechococcus spp.) and diatoms were represented by 
two species each. Chlorella sp. and the two strains of Synechococcus spp. were 
distinguished by differences in their chlorophyll and phycocyanin fluorescence as 
well as their cell size, using flow cytometry (Burson et al. in prep.). The diatoms 
were identified microscopically as Nitzschia agnita and N. pusilla. Mixed 
communities developed in all chemostats. Cyanobacteria and diatoms dominated 
in N-limited chemostats (LNHP, MNHP) as well as the N+P co-limited 
chemostats (LNLP, MNMP). Diatoms also dominated one of the P-limited 
chemostats (HNLP). In the other P-limited chemostat (HNMP) as well as the light 
limited chemostat (HNHP) an almost even mixture of green algae, diatoms and 
cyanobacteria co-dominated (Tab. 5.1). 
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Biomolecule composition and synthesis 

AA contribution to biomass was highest in the HNHP chemostat where it 
contributed 64% of POC concentration, intermediate in the HNMP and HNLP 
chemostats contributing 42% and 50% of POC concentration, respectively, and 
lowest in the remaining four chemostats (16 – 26% of POC concentration, Fig. 
5.2A). Glucose concentrations showed an opposite trend to that of total AA and 
contributed between 7 – 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). 

 
Figure 5.2: 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. 
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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. 5.2B). One likely explanation is the 
contribution of dead material to the biomass, leading to an underestimation of 
biomass specific C-fixation rates. Most chemostats also encountered nutrient 
depletion during the C-fixation experiment, which may have also been a 
contributing factor to decreased specific C-fixation rates. 

The synthesis rates of all investigated biomolecules summed up to between 
61% (MNMP) and 91% (LNHP) of bulk C-fixation (Fig. 5.2B). This range was 
similar to field findings (Grosse et al. 2015; Grosse et al. in review/ Chapter 2 and 
3) and suggested that 9 - 32% of bulk carbon fixation ends up in other 
biomolecules such as nucleic acids (DNA and RNA) or pigments. In the HNLP 
chemostat we found a value slightly above 100% (116%). But this was in 
accordance with field findings of P-limited, diatom-dominated stations in the 
North Sea and indicated that the synthesis of nucleic acids and pigments was low 
(Grosse et al. 2015; Grosse et al. in review/ Chapter 2 and 3). 13C labeled carbon 
may not have reached these molecules within the 24 h incubation period but they 
could have been synthesized from unlabeled pre-cursor molecules and therefore 
were not detected (Dijkman et al. 2009). The diatoms also formed sticky 
aggregates and subsequent splitting of cultures accurately into equal parts was 
difficult, which could have caused experimental errors. 

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 – 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. 5.2B).  

The contribution of all biomolecules to biomass (% of POC concentration) was 
correlated with their contribution to biosynthesis (% of C-fixation). Total AA and 
glucose showed the best correlation between concentration and biosynthesis (R2 = 
0.9, Fig. 5.3A, D). The distribution of structural and storage FA also showed close 
correlation between contribution to POC concentration and contribution to C-
fixation for all seven chemostats (R2 = 0.7 and 0.8, Fig. 5.3B, E). The synthesis of 
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structural CH did not show large variation and was similar to contribution of 
structural CH in POC concentration contributing 16 ± 4% to C-fixation (average ± 
standard deviation, n = 7), suggesting that the structural CH contribution stayed 
constant and was not affected by nutrient availability (Fig. 5.3C).  

 

 
Figure 5.3: Correlation of relative contribution (%) of biomolecules in cumulative 
POC and % of cumulative 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. * = individual 
chemostat (light limited HNHP) was excluded from the regression. 
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Individual amino acids  

PCA 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. 5.4). PCA analysis of AA 
concentrations indicated that 62% of the variation was explained by the first two 
axes. The first axis separates the AA Lys, His, Pro, Aspx, Glux and Ala from all 
others and caused a separation of chemostats dominated by diatoms and 
cyanobacteria from chemostats with higher percentage of green algae (HNHP, 
HNMP, Fig. 5.4A), demonstrating a phytoplankton group specific separation of 
AA. The second axis showed that Lys, His and Pro were associated with the 
HNHP chemostats, whereas Aspx, Glux and Ala were associated with the HNMP 
chemostat, demonstrating a nutrient specific effect on AA distribution in 
chemostats with highest green algae contributions. A nutrient related separation 
was less distinct in diatom and cyanobacteria dominated chemostats, however, N-
limited chemostats seemed to associate with Ser and Ala, while the N+P-co-
limited MNMP chemostat drifted towards Lys (Fig. 5.4A).  

 

 
Figure 5.4: PCA biplot of relative contribution of individual AA to total AA in 
POC (A) and total AA C-fixation (B). Symbol color indicates limitation. 
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A pronounced nutrient specific separation was visible in the biosynthesis data 
(Fig. 5.4B). 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 Pro, while all other chemostats were 
associated with all non-essential AA (except Pro). A separation along the second 
axis occurred as well; chemostats with DIN:DIP ratios of 0.04 and 2 (LNHP, 
MNHP, LNLP) associated with Aspx and Glux and chemostats with DIN:DIP 
ratios of 1 and 6 (MNMP, HNHP) associated with Ala, Ser and Gly. 

 
Discussion 

Effects on phytoplankton stoichiometry 

Four different limitations were encountered among the chemostats. While 
chemostats receiving media with low DIN:DIP ratios became N-limited, the 
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. Although, the relatively low DIN:DIP ratios in these two 
chemostats indicate that the N+P co-limitation was tending somewhat more to N- 
than to P-limitation. The chemostat that received high DIN and DIP concentrations 
developed a high biomass that induced to light-limitation through self-shading 
(Brauer et al. 2012).  

Phytoplankton PON:POP ratios in the HNMP and HNLP chemostats were 
above 100, supporting the conclusion that these cultures were P-limited. However, 
PON:POP ratios did not indicate N-limitation (PON:POP < 15) in any of the other 
chemostats. Instead PON:POP ratios between 18 – 53 can be found under either 
replete nutrient conditions or in communities transitioning from N to P limitation 
(Geider & LaRoche 2002). The lack of DIN and DIP did however increase 
phytoplankton POC:PON and POC:POP ratios, respectively, which were caused 
by an accumulation of C-rich storage CH (glucose) and FA. This leads to a decline 
in the nutritional value for herbivorous zooplankton (Plath & Boersma 2001), 
which can negatively affect growth rates of zooplankton and larvae of fish and 
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shellfish (Malzahn & Boersma 2012; Schoo et al. 2014) and consequently induces 
changes in the entire food web (Sterner et al. 1993). 

Biomass specific DIN requirements also showed phytoplankton group specific 
differences. Cyanobacteria dominated communities required the lowest amount of 
DIN and diatom dominated communities covered a wide range between N-, N+P- 
and P-(co)limitation. Although diatoms are successful competitors under low 
concentrations of DIN and DIP (Sommer 1996), unicellular cyanobacteria can 
outcompete diatoms under low DIN concentrations due to their smaller cell size 
(Riegman et al. 1993). In this experiment the size of diatom cells was ~20 µm, 
while the cyanobacteria had a much smaller cell diameter of ~ 2 µm. DIN 
requirements of diatoms were low compared to chemostats with high green algae 
contributions. Unlike other eukaryotic algae (e.g. green algae), diatom genomes 
contain bacterial genes that provide them with all enzymes required for the urea 
cycle (Armbrust et al. 2004; Bowler et al. 2008). This gives them the capability to 
recycle C and N within the cells and may explain why the response to N-starvation 
resembles more the response found in cyanobacteria (Hockin et al. 2012). The 
actual DIN-requirements of P-limited diatoms may have been lower than the value 
we found. Diatoms have the capacity to store large amounts of inorganic N 
internally for later use (Dortch 1982; Dortch et al. 1984) and the excess amounts 
of DIN in the HNLP chemostat may have allowed for the build-up of such a 
storage pool.  

No clear relationship between DIP requirements and community composition 
or nutrient limitation were apparent. The main P-sinks in cells are DNA and RNA, 
however, these both also require N for their synthesis. DNA contributions to cell 
mass range from 0.5 – 3% (Geider & LaRoche 2002 and references therein) and 
are determined by species specific genome size (Bentkowski et al. 2015). RNA 
contributions to cell mass are somewhat higher, ranging between 3 – 5% (Geider 
& LaRoche 2002 and references therein) and highly depend on the availability of 
nutrients (both N and P). Variations in DIP - requirements between chemostats 
may therefore be a combination of different P-requirements for DNA and RNA to 
regulate community specific protein synthesis and growth (Elser et al. 2000).  
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Biomolecule dynamics under different nutrient limitations 

It should be noted that no nutrients were added during the 13C-incubations, 
which resulted in a decrease of available nutrients (compared to chemostat 
conditions) and may affected the outcome of our experiment to some extent. 
While the biomolecule concentration of cultures was determined by the conditions 
in the chemostats (long-term adaptation), the biomolecule synthesis rates were 
affected immediately by decreasing nutrient availabilities. N-, P- and N+P co-
limited cultures became exhausted of DIN and/or DIP. Our calculations suggested 
that the light limited culture may have exhausted available DIN concentrations 
before the end of the 24 h incubation period and probably became co-limited by N 
during the batch experiment. This was most evident in AA biosynthesis rates, 
which were much lower than expected from the high AA concentrations (Fig. 
5.3A). 

AA contribution to POC concentration and C-fixation were directly linked to 
nutrient availability. P-limitation negatively affected AA contribution but to a 
lesser extent than N-limitation and was probably controlled indirectly through the 
availability of P required for the synthesis of RNA. In N-limited and N+P co-
limited phytoplankton AA contributions were very low and directly controlled by 
the availability of N. The correlation trendline between AA contribution to POC 
concentrations and AA contribution to C-fixation crosses the x-axis at a value of 
~12%, which represents the minimum AA concentration necessary in the POC 
under N-starvation. This is the amount of AA needed for instance to synthesize 
enzymes and in order to maintain cell functions under zero growth. We found 
similar values in the field, where required minimum concentrations of AA in POC 
were ~17% (Grosse et al. in review/ Chapter 3). The difference between culture 
and field observations may have been caused by the contribution of micro- and 
meso-zooplankton and debris in the field, which can also be sources of AA.  

Field communities increased AA synthesis immediately after N-limitation was 
relieved (Grosse et al. in review/ Chapter 3). The HNHP community demonstrated 
a similar response by decreasing AA synthesis immediately after the onset of N-
limitation (see above), and thereby showed that C-allocation immediately responds 
to changes in N availability in both directions. AA will be mainly used in protein 
synthesis and nutrient limitation does cause changes on the levels of transcription 
and translation (Yang et al. 2011; Alipanah et al. 2015). Several studies have 
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demonstrated that gene expression, especially of the photosystem and ribosomal 
genes, starts to change within a few hours after removal or addition of the limiting 
nutrient (Morey et al. 2011; Krasikov et al. 2012), indicating that biomolecule 
synthesis may also change rapidly after the onset of nutrient starvation. 

Similarly, structural FA suggested that a minimum contribution to the POC 
concentration of ~1.6% structural FA was required. This minimum requirement of 
structural FA was not apparent in field samples (Grosse et al. in review/ Chapter 
3), even though contributions of structural FA were in a similar range (< 6% of 
POC concentration). The contribution of debris and zooplankton and the more 
diverse phytoplankton community composition greatly affect structural FA 
composition (Dijkman & Kromkamp 2006) and may have obscured such a 
minimum requirement of structural FA in POC concentration obvious in the field 
(Grosse et al. in review/ Chapter 3). 

Although P is required for the synthesis of phospholipids, we did not see a 
decreased contribution of structural FA to POC biomass and C-fixation in P-
limited chemostats. The light limited chemostat (HNHP), which had a higher 
contribution of green algae, showed higher contribution of structural FA than P-
limited HNMP chemostat with higher contributions of green algae, but the same 
was not true for chemostats with high contributions of diatoms. This may have 
been attributed to the ability of diatoms to substitute P-containing lipids with non-
P-containing lipids in cell membranes (Van Mooy et al. 2009; Martin et al. 2011; 
Abida et al. 2015). 

An accumulation of storage CH (glucose) and storage FA was observed in all 
but the HNHP chemostat (Fig. 5.2). Glucose contributions were opposite to AA 
contributions. In chemostats with DIN:DIP ratios ≤ 2 glucose contributions were 
highest, while AA contribution were lowest. In chemostats with DIN:DIP ratios ≥ 
275 glucose contributions were lower, while AA contributions were somewhat 
higher. The HNHP chemostat showed lowest glucose contributions and highest 
AA contributions, suggesting a clear link between N-availability and the 
conversion of glucose to AA. 
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Effects on amino acid composition 

We found phytoplankton group specific as well as nutrient effects on the 
individual AA composition. Similar results were found in field studies (Grosse et 
al. in prep./Chapter 4), where N-limited communities were associated especially 
with Aspx and Glux, while P-limited communities were characterized by higher 
contributions of essential AA (Grosse et al. in prep.). In the present study, 
variation in the AA composition indicated differences between nutrient limitation 
and phytoplankton groups. This contrasts with earlier work by Dauwe et al. 
(1999), who suggested that the composition of AA in the water column is well 
preserved. 

The AA Pro showed extremely high contributions to concentrations in the light 
limited chemostat (HNHP, Tab. S5.2). Under N-repleted conditions Pro acts 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 concentrations of DIN available to 
suggest Pro may have been important for osmoregulation. The AA Aspx and Glux 
are directly synthesized from glycolysis and TCA intermediates and constitute pre-
cursors 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 (Ser, Ala and Gly) 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 (under-synthesis). The results also showed that the degree of “over-“ or 
“under-synthesis” was greater under N-limitation than under P-limitation, 
suggesting AA synthesis from non-essential to essential AA occurred slower under 
N-limitation. For example, the non-essential Ala contributed 9.4 ± 0.3% to total 
AA concentrations, while in the two P-limited chemostats Ala contributed 12% to 
total AA synthesis, whereas the synthesis contribution increased in N-limited 
phytoplankton to between 17 − 29% (Tab. S5.2). Similarly large differences were 
found in Glux, Ser, Gly and Leu, 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 pre-cursor may be longer because the conversion of 
non-essential to essential AA relies on numerous additional enzymes, proteins 
themselves, and their production may be reduced under N-limitation as well. 
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The distribution of individual FA was also analyzed but we did not find any 
nutrient dependent relationships. These were most likely concealed by the 
pronounced differences in FA composition between different phytoplankton 
groups (Dijkman & Kromkamp 2006). 

 

Conclusions 

This chemostat experiment showed that N- and P-(co-)limitation lead to 
substantial changes in the biomolecule composition within different groups of 
phytoplankton. Results from this chemostat experiment agreed well with natural 
phytoplankton communities in the North Sea (Chapter 3 and 4), even though 
contribution of detritus, zooplankton, a more diverse species composition and the 
potentially higher activity of the microbial loop in natural seawater complicate the 
natural picture. Monoculture experiments are needed to determine the range of 
species specific adaptations to nutrient and light availability and to show the range 
in which individual phytoplankton groups can adapt to nutrient limitation by 
changing their biomolecule composition and biosynthesis. 
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Supplemental Information 
Table S5.1: Concentrations of compounds in artificial seawater media used for 
chemostats. 

Compound 
Concentration 

(µM) 
Molecular weight of 
compound (g mol-1) 

Salts/Buffers     
MgSO4•7H20 2.0x104 246 

KCl 8.0x103 74 
CaCl2•2H2O 2.5x103 146 

NaCl 4.3x105 58 
NaHCO3 500 84 

Macro nutrients     
NaNO3 2000; 160; 64 85 

K2HPO4•3H2O 125; 10; 4 229 
Na2SiO3•5H2O 160 261 

H3BO3 550 62 
Micro nutrients     

FeSO4•7H20 14 278 
Na2EDTA 35 338 

MnCl2•4H2O 22 197 
ZnCl2 2.4 135 

Na2MoO4•2H2O 5.4 242 
CuSO4•5H2O 0.2 249 
CoCl2•4H2O 0.5 201 

Vitamins     
Thiamine•HCl (B1) 0.6 337 

Biotin 4.0x10-3 244 
Cyanocobalamin (B12) 7.4x10-3 1355 
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Table S5.2: Contributions of individual amino acids to total amino acid 
concentration (% POC) and total amino acid synthesis (% C-fix) in each 
chemostat, separated by non-essential and essential amino acids.  
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Abstract 

Physiological regulation in consumers has the potential to compensate dietary 
deficiencies and facilitate growth under non-optimal food conditions. In this study 
we investigated the nature, scope and limits of physiological regulations in 
copepods exposed to algae grown under different nutrient limitations. When food 
algae were phosphorous-limited, copepods increased their feeding rates to 
maximise phosphorus uptake rates (surplus feeding), but little regulation was 
observed in metabolism of biomolecules. Consequently, the digestibility of food 
particles defined the minimal gut transition time and thereby controlled maximum 
ingestion rates and the limit of physiological regulation to phosphorous deficiency. 
Nitrogen limitation in food algae led only to a slight increase in feeding rates but 
triggered major changes in consumers’ metabolism. Physiological processes 
linked to the compensation of nitrogen and amino acids (AA) deficiencies led to 
the doubling of structural fatty acids (FA) in copepods. The resulting higher 
requirements for FA caused a co-limitation of AA and highly unsaturated FA, 
turning the supply rate of essential FA into the limiting factor for physiological 
regulations to nitrogen deficiency. Overall, our results revealed that different 
forms of nutrient limitations can lead to similar negative impacts on growth but 
trigger contrasting physiological responses in consumers to mitigate dietary 
deficiencies. Thus, ecological determinants like nutrient recycling rates and 
predation pressure that shape predator-prey interactions are largely dependent on 
the type of nutrient limitation at the base of the food web.   
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Introduction 
Pelagic ecosystems are characterised by a large variability in the quantity and 

quality of food resources (Müller-Navarra 1995; Sommer et al. 2012). A high 
degree of patchiness in the distribution, composition and activity of plankton 
communities has been monitored at multiple spatial and temporal scales (Abraham 
1998; Calbet et al. 2015). The resulting dietary variability at the base of aquatic 
food webs is a major factor determining growth rates and efficiencies of 
consumers and has large effects on nutrient recycling (Turner et al. 1998), the 
shape of food-web pyramids (Gasol et al. 1997) and top-consumers biomass 
(Frederiksen et al. 2006). Pelagic consumers have developed a high flexibility in 
their feeding behaviour and digestive physiology to successfully cope with 
alterations in the quality and quantity of their prey (Relyea & Auld 2004; Clissold 
et al. 2010; Suzuki-Ohno et al. 2012). The mechanisms that govern responses in 
consumers are, however, not fully understood, calling for systematic investigations 
of the drivers, the scope and the limits of consumers’ responses to specific nutrient 
limitations and their impact on trophic interactions.   

Major challenges for the investigations of adjustments in consumers to 
different food environments are related to difficulties in the assessment of food 
quality. Ultimately, food quality can be measured by comparing the growth of a 
consumer fed with different diets of the same quantity. To gain further insight, 
however, not only the digestibility of food particles (DeMott et al. 2010), but also 
the large diversity of dietary requirements need to be considered. Nutrients of high 
physiological importance include elements such as carbon (C), nitrogen (N) and 
phosphorus (P; Sterner et al. 1993) and a large variety of biomolecular nutrients 
(for a definition of terms see box 6.1; Wacker & Martin-Creuzburg 2012; Taipale 
et al. 2014), turning food quality into a multi-dimensional variable.     

A classical frame-work for the investigation of food quality is elemental 
stoichiometry (Sterner & Elser 2002), an approach focusing on C:N:P ratios. 
While elemental stoichiometry has proven to be a very useful concept to elucidate 
various ecological processes (Hessen et al. 2004; Elser et al. 2009), an often 
voiced critique is that it fails to respect the diversity of C and N compounds, like 
essential fatty acids (FA) and amino acids (AA), which need to be taken up with 
food particles (Raubenheimer et al. 2009). 
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FA can be separated into structural lipids, which are quantitatively dominated 
by phospholipids in cell-membranes (Mostofsky et al. 2001), and neutral lipids, 
mostly used for energy storage (Lee et al. 2006). Both, structural and storage lipids 
comprise essential FA, such as long-chained polyunsaturated fatty acids (PUFA) 
and non-essential FA, which can be produced in consumers. Limitations of PUFA 
like docosahexaenoic acid (DHA; 22:6ω3) and eicosapentaenoic acid (EPA; 
20:5ω3) belong to the most frequent FA deficiencies and are linked to detrimental 
consequences for survival and egg production in fish and zooplankton (Tocher 
2010; Taipale et al. 2014). Likewise, a low dietary concentration of essential AA 
also can have a strong negative effect on consumers’ growth (Guisande et al. 
2000). While at times the overall protein quantity can be limiting (Raubenheimer 
& Simpson 2004), single essential AA can also restrict growth if a mismatch 
between AA ratios of consumers and food particles exists (Lee 2007; Lin et al. 
2015). 
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Traditionally, the nutrient shortest in supply relative to demand is considered to 
limit consumers’ growth, following Liebig’s law of the minimum (Von Liebig 
1840). In contrast, nutrient-addition experiments have shown that growth rates of 
populations can also be simultaneously restricted by multiple nutrients, a status 
first described for primary producers and referred to as co-limitation (Arrigo 2005; 
Harpole et al. 2011). In aquatic consumers, co-limitation has been found for P and 
FA (Boersma 2000), P and energy (Plath & Boersma 2001) and for different 
combinations of molecular compounds like FA, AA and sterols (Sperfeld et al. 
2012; Wacker & Martin-Creuzburg 2012) suggesting that co-limitation is a wide-
spread phenomenon in aquatic communities and not just limited to primary 
producers (Arrigo 2005; Marleau et al. 2015; Sperfeld et al. 2016). 

The mechanisms causing co-limitation in consumers, however, are only partial 
understood. In consumers, the optimisation of feeding behaviour and digestive 
physiology to compensate deficiencies of a limiting nutrient could cause co-
limitation by a second nutrient. Accordingly, Plath and Boersma (2001) have 
suggested that P-limitation in Daphnia might trigger energy limitation due to 
increased filtration rates and higher associated energy costs. Moreover, nutrient 
absorption in the gut of consumers is related to the production of digestive 
enzymes (Briggs 1977; Clissold et al. 2010), structural requirements for 
peritrophic membranes (membranes around faeces; Hegedus et al. 2009) and fatty 
acid requirements for gut epithelia and digestive processes (Prahl et al. 1984). 
Depending on dietary deficiencies, investments in digestive processes can be up- 
or down-regulated (Caviedes-Vidal et al. 2000; Clissold et al. 2010). Increased 
enzyme production and surface areas of gut epithelia can increase absorption rates 
of a limiting nutrient, but are connected to higher structural costs. The down-
regulation of digestive processes could lead to lower structural requirements for 
scarce resources, but also lead to lower absorption rates of other nutrients. Both 
scenarios have the potential to trigger co-limitation. Consequently, co-limitation 
might not only emerge from the consumers’ response to changes in their food 
environment, but also may determine the limits of behavioural and physiological 
compensatory mechanisms.     

In this study, we investigated the nature and scope of behavioural and 
physiological adjustments to food-quality changes in Acartia tonsa, a model 
organism for marine copepods and a dominant herbivore in coastal waters. We fed 
copepods with 13C-labeled microalgae cultured under P-deficient (P-), N-deficient 
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(N-) and non-limiting (replete) conditions and related changes in the food 
environment to the biochemical composition of consumers, changes in growth 
rates and adjustments in physiology and feeding behaviour. Based on compound-
specific stable isotope measurements of FA and AA pools, we investigated 
whether a limitation of one nutrient would affect retention rates of other resources 
and result in physiological trade-offs that trigger co-limitation.  

 

Methods 

Culture conditions 

The aim in this study was to investigate the effect of biochemical food quality 
on consumer’s behaviour. We therefore chose the cryptomonad Rhodomonas 
salina as food alga, because nutrient limited cryptomonads show little changes in 
digestibility in contrast to many diatoms and green algae (Van Donk et al. 1997; 
Hutchins & Bruland 1998). Nutrient replete R. salina was cultured in full F-
medium (2.4 mg P L-1, 20.9 mg N L-1; Guillard & Ryther 1962) in 0.8 L 
chemostats with a dilution rate of 0.38 d-1 to ensure continuous and sufficient 
nutrient supply. For P and N limitation of algae, batch cultures were grown for 3 
and 4 days, respectively, with a starting concentration of 1.7 x 105 cells mL-1 and 
decreased concentrations of the limiting nutrient (P-: 0.55 mg P L-1; N-: 4.4 mg N 
L-1). Only a moderate level of P limitation was chosen, because developing 
copepods show high mortalities at higher C:P ratios (Breteler et al. 2005), 
complicating the production of sufficient adult biomass required for biochemical 
analyses. The copepod A. tonsa was cultured at densities < 300 copepods L-1 or < 
1000 nauplii L-1 and under dim light conditions (15 µmol m-2 s-1). All cultures 
were kept at 19°C, a salinity of 18 and a 13:11 hour day-night cycle. 

Growth, grazing and production measurements 

Triplicates of 3 L cultures of first-stage copepodites were fed with N-, P- or 
nutrient replete algae. Food was provided in excess, ensuring that food 
concentrations never decreased below the incipient limiting level of 1 mg C L-1 
(Kiorboe et al. 1985). We adjusted nutrient levels in copepod cultures to nutrient 
concentrations of algae growth media and transferred copepods daily to containers 
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with new food particles to prevent changes in the biochemical composition of food 
particles.  30 copepods from each culture were sampled every day to measure 
prosomen length and development stage. The approximately equal development 
time of copepodite stages in Acartia (Berggreen et al. 1988) allowed us to 
calculate average development times for each treatment.  

Egg production was measured in 6 replicates per treatment by placing one male 
and five female adult copepods in 250 mL containers with 140 µm sieves 1 cm 
above the bottom to prevent egg cannibalism. Copepods were fed excess of daily-
renewed algae cultured under respective nutrient treatments. After a four-day 
acclimatisation period, disposed eggs were counted daily for three consecutive 
days. Copepod mortality was checked daily. Egg production was not significantly 
different between days within treatments and data were pooled for statistical 
analysis. Specific female egg production (µg C µg C body mass-1 d-1), which 
represents due to the absence of somatic growth the biomass production of adult 
copepods, was calculated based on an egg mass of 46 ± 3 ng C (Kiorboe et al. 
1985). 

Grazing rates were determined by setting up 5 adult copepods in 12 ml 
containers in 6 replicates per treatment. Copepods fed for 24 h on algae densities 
above the incipient limiting level in order to assess maximum ingestion rates. Start 
and final concentrations of R. salina were measured by direct counts of at least 
400 cells with an inverted microscope (Nikon, Tokyo, Japan) following the 
Uthermöhl protocol (1958). Triplicates of control cultures without copepods were 
used to correct for algae growth during the experiment. Prosomen length of 
copepods were measured and grazing rates per copepod biomass were calculated 
after Frost (1972). 

Nutrient retention measurements 

Retention rates (for definition see box 6.1) of C and N as well as of individual 
AA and FA were measured based on incorporation of 13C and 15N labeled algae 
into copepods. In short, algae were incubated with 13C-sodium bicarbonate (99% 
13C) and Na15NO3 (99% 15N) under replete, P- and N- nutrient conditions for 24 h. 
Copepods were fed for 6 h on labeled algae in triplicates for each treatment and 
were subsequently exposed to non-labeled algae for 1 h to ensure gut transition of 
labeled material. Afterwards, copepods were sampled by sieving through a 40µm 
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net and frozen at -80 °C. As control, samples of unlabeled copepods were taken.  

True retention rates are methodologically difficult to measure. Too short 
incubations with labeled food items will lead to a composite measurement of 
absorption and retention (Chen et al. 2014; Lukas & Wacker 2014a; see Fig. S6.1) 
and high uncertainties of label-incorporation-based calculations, and too long 
incubations leads to loss of labeled biomass due to egg production. We conducted 
a trial experiment with variable label-incubation periods and determined that 6 h 
incubations provide an optimal trade-off for measuring nutrient retention in 
Acartia at 19°C (see Supplementary Information, Annex 1 for more details). 

Before biochemical analyses, copepods were lyophilized overnight and 
subsamples were taken for AA, FA and particulate organic C and N (POC/PON) 
measurements. POC and PON concentrations and 13C/15N labeling were measured 
using an elemental analyzer (EA) isotope ratio mass spectrometer (IRMS). 
Copepod sub-samples were packed into silver cups and acidified over fuming HCl 
to remove inorganic C. The analysis was performed on a Flash EA (1112 Series) 
coupled via a Conflo III interface to a Delta V advantage IRMS (all from Thermo 
Fisher Scientific, Bremen, Germany). AA and FA were extracted, purified and FA 
were fractionated into storage and structural FA following the protocol of Grosse 
et al (2015). Carbon isotopic ratios of single compounds were measured by a gas-
chromatography combustion IRMS for FA and liquid chromatography IRMS for 
AA (for details of compound specific isotope analysis see Supplementary 
Information, Annex 2).  

We followed the definition of essential and non-essential AA used in human 
nutrition (Young 1994; Furst & Stehle 2004), which treats arginine (Arg) as non-
essential and tyrosine (Tyr) as essential AA. Arg is essential for fish (Santiago & 
Lovell 1988) and probably also for decapods (Hird et al. 1986), but its status in 
copepods is not clarified. We, nevertheless, used the classification scheme for 
humans, because AA pathways in crustaceans are generally believed to be similar 
to those in mammals (Claybrook 1983).   

Specific retention rates (RR) were calculated by comparing the isotopic 
enrichment in copepods with the isotopic enrichment in algae. We used standard 
equation to calculate retention rates (Middelburg et al. 2000) but included growth 
of consumers into the calculation, because of its potential impact on retention rates 
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(Carleton & del Rio 2010), leading to the formula   

RR= 
(F13C Copepod T1 - F13C Copepod T0) 

* conc. cop * g * t-1   (1) 
(F13C Algae TL - F13C Algae TN) 

 

where F13C Copepod T0 and T1 represent the contribution [%] of 13C to total C in 
copepods before and after the label exposure, respectively, and F13C Algae TL and 
TN represent the contribution of 13C to total C in labeled and non-labeled algae. 
The copepod biomass production during the incubation period [µg POC µg POC-1] 
is expressed in the formula as g, the incubation time as t and relative compound 
concentration in copepods [ng C of compound per µg C POC] as conc. cop. Total 
RR of N was calculated according to formula 1, replacing F13C with F15N. 

Retention efficiencies (REff) were calculated by expressing retention rates as 
percentage of the product of grazing rates (GR) and the nutrient concentration in 
the food (conc. algae).  

REff = 
RR 

x 100  (2) GR x conc. algae 

  

Retention efficiencies of single compounds strongly depend on growth rates in 
the respective treatment. We, therefore, calculated also selective retention (see box 
6.1) by normalizing compound-specific retention efficiencies by bulk-carbon 
retention efficiencies to facilitate inter-treatment comparisons of single 
compounds. One-way ANOVAs followed by Tukey Post-hoc tests were used to 
test for significant differences between treatments. The homogeneity of variances 
was tested before the statistical analyses and data-transformations were applied 
whenever necessary. All statistical test were performed with the software-package 
R version 3.1.2 (R Development Core Team 2014). 
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Results  
Biochemical conditions in algae 

Elemental stoichiometry in algae strongly reflected nutrient ratios in growth 
media, with C:P and C:N ratios being significantly higher in the P- and N- 
treatments, respectively (ANOVA, p < 0.001; Tab. 6.1). Algal AA concentrations 
were not significantly different between P-limited and replete treatments, but 
showed a substantial decrease under N-limitation (nested ANOVA, p < 0.001; Fig. 
6.1A). The relative concentrations of AA expressed as percent of total AA, 
however, only showed slight deviations between treatments. Algae FA 
concentration were similar under replete and P-limited conditions (Fig. 6.2A), 
whereas total FA in N-limited algae were more than 3 times higher than in the 
other treatments (one-way ANOVA, p < 0.001). Also, the relative concentration of 
different FA-groups changed substantially under N limitation, with saturated 
(SFA), mono-unsaturated (MUFA) and di-unsaturated (DUFA) FA increasing and 
PUFA (> 2 unsaturated carbon bonds) decreasing significantly in percentages 
(ANOVA, p < 0.001; Fig. 6.2A). The total increase of lipids and the decrease in 
relative concentration of PUFA led to contrasting pattern in absolute concentration 
of individual C20 PUFA. Whereas absolute EPA concentrations increased by 50% 
from replete to N- conditions, DHA concentrations stayed constant in N- algae 
when compared to other treatments (-6 %; ANOVA, p > 0.3). 

 
Figure 6.1: Absolute concentrations of AAs in phytoplankton (A) and copepods 
(B), and copepod retention efficiencies (C) and nutrient recycling rates (D) under 
replete, P deficient (P-) and N deficient (N-) nutrient conditions. Recycled 
nutrients represent the sum of egested AA and as ammonia excrete AA. 
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Table 6.1: Algal and copepod stoichiometry and retention rates and efficiencies 
for C and N of copepods fed with algae of different stoichiometry. 
Algae    C:P ratio  C:N ratio 
Replete 52 ±  9.8 5.1 ±  0.7 
P- 102 ±  3.4 4.5 ±  0.1 
N- 45 ±  7.5 10.9 ±  0.7 
Copepods       
Replete 95 ±  7.6 4.1 ±  0.1 
P- 87 ±  12.4 4.3 ±  0.1 
N- 91 ±  23.2 4.5 ±  0.4 

     
Carbon Retention rate 

 [µg C µg POC-1d-1] 
Retention 

efficiency [%] 
Replete 0.46 ±  0.03 51.7 ±  9.9 
P- 0.27 ±  0.04 18.6 ±  6.3 
N- 0.28 ±  0.05 25.1 ±  10.0 

     
Nitrogen Retention rate  

[µg N µg PON-1d-1] 
Retention 

efficiency [%] 
Replete 0.34 ±  0.02 47.6 ±  6.8 
P- 0.21 ±  0.03 17.1 ±  4.7 
N- 0.21 ±  0.05 59.0 ±  23.3 
 

Production, feeding and stoichiometry in copepods 

Copepod egg production was generally high, but varied between 20 and 44% of 
female body mass d-1 between treatments with replete food supporting 
significantly higher production than nutrient limited treatments (nested ANOVA, p 
< 0.05, Fig. 6.3A). Development of juvenile copepods took significantly longer 
under N-limitation and the average duration between two molts was 0.95 d 

compared to 0.67 – 0.70 d in replete and P-limited treatments (ANOVA, p < 0.01; 
Fig. 6.3C). The highest maximum ingestion rates of copepods were found under P-
limitation, with ingestion rates (145% of BM d-1) being significantly higher than in 
the replete treatment (85% of BM d-1; ANOVA, p = 0.039; Fig. 6.3B). Under N-
limitation, copepods ingested 109% of their own body mass d-1, but differences to 
other treatments were not significant (p > 0.19). 
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Elemental stoichiometry was relatively constant in copepods reared under 
different food environments and no significant changes in C:N:P ratios were found 
between treatments (ANOVA, p > 0.16, Tab. 6.1). C and N retention rates in 
copepods mirrored growth rates, with significantly higher values measured in the 
replete treatment than in nutrient limited treatments (ANOVA, p < 0.01, Tab. 6.1). 
Likewise, retention efficiencies for C were highest when replete food was 
provided. Retention efficiencies for N, however, were highest during N-limitation, 
indicating a more efficient utilization of N as a consequence of the scarcity of this 
resource.  

 
Figure 6.2: Absolute concentrations of FA in phytoplankton (A) and copepods (B) 
and relative concentrations of structural FA (C) and storage FA (D) in copepods 
cultured under different nutrient conditions. Error bars in A and B represent 
standard deviations of total FA. 
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FA and AA metabolism  

AA concentrations in copepods were relatively homeostatic, although absolute 
concentrations were slightly but significantly lower under P limitation (Fig. 6.1B; 
nested ANOVA, p < 0.01). We calculated the difference between the relative 
concentrations of AA in copepods and algae and found that non-essential AAs 
showed a higher percentage in algae whereas essential AA were in relative surplus 
in copepods (Supplementary Information, Tab. S6.2). AA retention rates were 
lowest under P-limitation (nested ANOVA, p < 0.01; Fig. S6.2), but no significant 
differences were found between replete and N-limited treatments. Equal retention 
but lower growth rates in the N-limited treatment inferred higher AA turn-over 
rates in somatic tissues of copepods feeding N-deficient algae (Fig. S6.2). AA 
retention efficiencies showed large differences between treatments and were 
significantly higher for essential AA in copepods in the N- treatment (nested 
ANOVA, p < 0.001). We did not test for significant differences in retention 
efficiencies of non-essential AA, because the retention efficiencies of arginine and 
proline exceeded 100% under N-limitation (Fig. 6.1C). Such high retention 
efficiencies are an indicator of bioconversion of highly-labeled compounds to 
arginine and proline, which were the only two non-essential AA that were 
relatively depleted when comparing algae with copepods (Tab. S6.2). However, 
bioconversion makes calculations of retention efficiencies unreliable. AA 
recycling rates, which represent the sum of egested and excreted AA, showed 
highly significant differences between treatments (nested ANOVA, p < 0.001; Fig. 
6.1D). Whereas P-limitation induced high recycling rates, elevated retention 
efficiencies in copepods and low AA concentrations in food algae led to very low 
recycling rates in the N- treatment. 

Total FA concentrations in copepods followed absolute concentrations of FA in 
algae and were inversely related to copepod growth (Fig. 6.2B and Fig. 6.3B). 
Under N-limitation, total FA in copepods increased by 230% of total FA in the 
replete treatment. This increase was driven by higher concentrations of storage 
FA, but also structural FA increased significantly from 13 to 22 µg FA mg POC-1 
(ANOVA, p < 0.001). The relative contributions of different FA groups to 
structural lipids, however, remained constant across treatments (Fig. 6.2C), 
indicating nearly to a doubling of structural FA requirements for essential and 
potentially limiting C20 PUFAs under N-limitation.  
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Figure 6.3: Specific grazing (A), growth (B) and juvenile development (C) rates 
of copepods feeding on algae cultivated under replete, P deficient (P-) and N 
deficient (N-) nutrient conditions. Letters indicate statistically significant 
differences between treatments. 

 

These higher structural requirements influenced the relative contribution of FA 
to storage lipids in N-limited copepods. Whereas C20 PUFA were available in 
surplus under replete and P-limited conditions and contributed with >10% to 
storage lipids, N-limitation caused a significant drop of C20 PUFA concentrations 
in storage lipids and a decline of DHA contributions to below 1% (ANOVA, p < 
0.001; Fig. 6.2D). 

A scarcity of EPA and especially DHA in copepods fed with N- algae was also 
revealed by the isotopic labeling experiment. The retention efficiencies of FA 
were in general lower than the retention efficiencies of bulk carbon in all 
treatments (Fig. 6.4). An exception to this trend were DHA and EPA under N-
limitation, which showed a positive and significantly higher selective retention 
than other FAs, indicating a more efficient utilization of these resources. 
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Figure 6.4: Selective retention of (A) FA (SFA = saturated fatty acids, MUFA = 
monounsaturated fatty acids, DUFA = di-unsaturated fatty acids, C18 PUFA = 
fatty acids with 18 C-atoms and > 2 double bounds, 20:5ω3 = EPA, 22:6ω3 = 
DHA) and (B) essential AA in copepods grown on different algae treatments. 
Selective retention is expressed as the retention efficiency of a FA relative to the 
retention efficiency of bulk carbon. Values above 100% indicate positive selection 
and values below 100% negative selection in the retention of a given compound. 

 

Discussion 
Large mismatches between the biochemical composition of primary producers 

and herbivores turn food quality into an important factor defining species 
interactions at the plant-animal interface (Hessen et al. 2004; Lukas et al. 2011). 
Herbivorous zooplankton shows a relatively strict biochemical homeostasis (Frost 
et al. 2005), which creates the need to mitigate dietary deficiencies with behavioral 
and physiological adjustments (Mitra & Flynn 2007; Clissold et al. 2010). In this 
study, we experimentally verified a high flexibility in ingestion and nutrient 
utilization of copepods and revealed strongly diverging responses of consumers to 
different forms of nutrient limitation. Consequently, ecological determinants like 
nutrient recycling rates and predation pressure that shape predator-prey 
interactions are largely dependent on the type of nutrient limitation at the base of 
the food web. 

The response to N limitation 

The major response of copepods feeding on N-limited algae was to facilitate a 
more efficient resource utilization and high retention efficiencies for AA and total 
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N. Deficiencies in food particles were compensated by minimizing recycling rates 
and increasing the selective retention of AA in copepods (Fig. 6.4B). Further, 
dietary imbalances between relative concentrations of AA in algae and consumers 
were balanced by the biosynthesis of deficient non-essential AA. However, such 
investments in biosynthesis and the increase of utilisation efficiencies by 
improving digestion and absorption of food particles are connected to substantial 
metabolic costs (Secor 2009; Perhar et al. 2013).  

 Metabolic costs of compensatory mechanisms to outbalance low dietary AA 
concentration were reflected by the doubling of structural FA concentrations in 
copepods. This increase of structural lipids could either be driven by higher 
cellular requirements or by an increase of the gut surface area in copepods. 
Increases in the size and/or surface area of consumers facilitate higher absorption 
efficiencies and thus a more efficient utilization of dietary resources (Cant et al. 
1996). Although, evolutionary history and the predation pressure on populations 
also affect the gut-size of consumers, food quality is a major determinant of 
structural investments in prey digestion (Relyea & Auld 2004; Sullam et al. 2015). 
Hence, changes in gut morphology may explain increased structural FA and higher 
retention efficiencies of AA in N-limited copepods (Fig. 6.1D). 

Alternatively, changes in cell metabolism could have caused higher structural 
requirements. Our compound-specific stable isotope analysis indicated that N-
limited copepods synthesized arginine and proline, the only two non-essential AA 
that showed lower relative concentration in algae than in copepods. Further, turn-
over rates of AA in body tissues were highest in N-limited copepods (Fig. S6.2), 
an observation also made for fish feeding on low protein-quality diets (de la 
Higuera et al. 1999; Martin et al. 2003) and that partially could be explained by 
increased production of digestive enzymes in gut epithelium cells (Cant et al. 
1996; Kreibich et al. 2011). AA bioconversion and higher protein turn-over may 
have led together to higher densities of cell organelles and thereby raised structural 
FA requirements.  

Regardless of the identity of physiological drivers, the higher structural 
requirements for FA triggered a co-limitation of essential C20 PUFA and AA. The 
limitation of DHA and EPA was supported by two independent lines of evidence: 
First, the isotope labeling experiment demonstrated a positive selective retention 
and thus a more efficient utilization of DHA and EPA under N-limitation (Fig. 
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6.4A). Moreover, C20 PUFA decreased strongly in storage lipids and DHA nearly 
disappeared despite the necessity of maintaining PUFA in FA storage to guarantee 
the accessibility of stored lipids (Reuss & Chamberlain 2010). Consequently, the 
supply of EPA and especially DHA determined the scope of the physiological 
response to N-limitation. The fact that co-limitation of essential FA and AA 
emerged despite high concentrations of essential FAs in food algae demonstrates 
that nutrient deficiencies not only depend on dietary resources but also may result 
from metabolic and physiological adjustments in consumers.  

The response to P limitation 

The main physiological adjustment of copepods in the P- treatment was the 
adjustment in feeding rates. Although food algae were only moderately P-limited 
to avoid too high copepod mortalities in experiments (Berteler et al. 2005), the 
maximum ingestion rates in copepods increased from 89 to 145% of BM d-1, a 
behavior referred to as surplus feeding. A mechanism driving surplus feeding at 
low food qualities is the ability of copepods to selectively increase the uptake of 
single nutrients or nutrient groups in their gut (Cowie & Hedges 1996; Clissold et 
al. 2010). Increased feeding activities generally lead to a trade-off between 
ingestion rates and absorption efficiencies as high ingestion rates are automatically 
linked to lower gut transition times (GTT, Mitra & Flynn 2007) and thereby to a 
less efficient utilization of dietary resources (Schindler 1968). Accordingly, 
DeMott et al. (1998) showed that with increasing P limitation in food algae, 
carbon assimilation efficiencies in Daphnia decreased from 90 to 50%. The 
increased ingestion rates had, however, no negative impact on P assimilation 
efficiencies, indicating post-ingestive regulation such as adjustments in the 
production of digestive enzymes (Mayzaud et al. 1992; Clissold et al. 2010) and 
nutrient transporters in the gut epithelia (Cant et al. 1996), leading to more 
favorable C:P ratio of assimilated resources (DeMott et al. 1998).  

Whereas increased feeding rates at low dietary P concentrations are a common 
response (Plath & Boersma 2001; Suzuki-Ohno et al. 2012), it has not fully been 
resolved what limits the scope of physiological regulation to P-limitation. There 
are two alternative hypotheses suggesting either a co-limitation between energy 
and P or the digestive time necessary to break up algae cell-walls in consumers’ 
guts to limit the increase of maximum ingestion rates.  
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 DeMott (DeMott et al. 2010) demonstrated in juvenile daphnids that 
absorption rates drop substantially when the GTT falls below a critical level. This 
can be explained by describing the uptake of ingested nutrients as a 2-step process 
(Briggs 1977; Secor 2009) including (i) the chemical break-up of algae cells in the 
midgut and (ii) the absorption of nutrients via the gut epithelium in the hindgut. If 
ingestion rates increase above a certain threshold, the GTT declines below the 
cell-decomposition time, which is required to break up algae cells, and absorption 
drops close to 0 (Fig. 6.5A). The cell decomposition time consequently defines a 
minimal GTT and because of the close coupling between GTT and ingestion rates, 
the maximum ingestion is not further increased (Fig. 6.5B).  

 

 

 
Figure 6.5: A: Change of resource assimilation from one food package over time 
in the gut of a consumer. Assimilation rates are close to 0 until algae cell walls are 
digested (cell decomposition time). After a concomitant peak, the uptake of 
nutrients decreases with the depletion of nutrients in the food. B: Gut transition 
time (GTT) of food packages in the consumer decrease logarithmically with 
increased ingestion rates. Assimilation rates drop close to 0 once the GTT declines 
below the cell composition time (point M), limiting the regulation of maximum 
ingestion rates in consumers. C: Mechanism of co-limitation of energy and 
phosphorus (P) in P limited consumers, modified after Plath and Boersma (2001). 
Up-regulation of feeding rates and assimilation efforts can facilitate a behavioral 
substitution of the normally non-substitutable element P until energy becomes a 
scarce resource. 
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Alternatively, a co-limitation between energy (availability of C-rich 
compounds) and P could restrict a further increase in maximum ingestion rates 
(Plath & Boersma 2001). There are two processes potentially leading to energy 
scarcity during high P-limitation. First, lower GTT during can lead to lower C 
uptake rates because of lower absorption efficiencies for C-rich compounds during 
P-limitation (DeMott et al. 1998) turning energy uptake into a bottle-neck for 
growth. Alternatively, increased investments in enzyme production for selective 
retention of nutrients and higher filtration rates lead to higher energy costs 
(Svetlichny & Hubareva 2005; Hessen & Anderson 2008), especially when an 
exponential relationship between filtration rates and kinetic energy requirements is 
assumed (Lehman 1976; Plath & Boersma 2001). Consequently, the net energy 
uptake decreases and higher ingestion rates will eventually lead to a scarcity of 
energy and a co-limitation of C and P (Fig. 6.5C).  

In our study, however, a co-limitation between energy and P can be excluded 
because of increased storage lipids in P-limited copepods (Fig. 6.2B). Thus, the 
cell decomposition time was likely limiting maximum ingestion rates and thereby 
the scope of behavioral adaptations to P-limitation. However, evidence from other 
studies suggests that energy can become a co-limiting factor during P-limitation. 
Contrarily to our results, DeMott and Van Donk (DeMott & Van Donk 2013) 
showed a depletion of lipid reserves in Daphnia fed with strongly P-limited green-
algae and growth-essays with P-limited Daphnia field-populations revealed that 
the digestibility and not P concentrations in food particles had the greatest impact 
on consumers’ growth (DeMott & Tessier 2002). These diverging results may be 
explained by difference in the digestibility of algae used to feed consumers. In 
contrast to the cryptophytes used in our study, green algae and diatoms show a 
strongly increased digestion resistance in response to elemental limitations (Van 
Donk et al. 1997; Hutchins & Bruland 1998; Hamm et al. 2003). A much lower 
digestibility of algae leads to generally decreased nutrient uptake in consumers 
and, therefore, might make energy-intensive adjustments to P-limitation more 
likely to cause C and P co-limitation at higher trophic levels. Thus, the good 
digestibility of cryptomonads used in our experiments seems to have prevented 
energy limitation. Moreover, good digestibility might also allow higher flexibility 
in feeding rates and could explain the higher relative increase of maximum 
ingestion rates in our study compared to experiments using P-limited green-algae 
as food (e. g. Plath & Boersma 2001). Hence, the digestibility of prey items seems 
to be a key-factor defining not only the scope of behavioral adjustments to P-
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limitation, but also determining whether a co-limitation between energy and P 
emerges in consumers. 

Strength of homeostasis in consumers 

The high constancy of C:N:P ratios and of absolute and relative AA 
concentrations in copepods fed with algae cultured under different nutrient 
conditions confirms the relative strength of homeostasis in metazoan consumers 
compared to unicellular autotrophic and heterotrophic plankton (Golz et al. 2015). 
However, the finding that zooplankton FA profiles match closely the FA profiles 
of their food (Brett et al. 2006), a prerequisite for the application of FA biomarkers 
as tracers in food-web ecology, was only partly confirmed. While total FA profiles 
in copepods mirrored fatty acid concentrations in algae, the relative concentrations 
in structural FA were relatively homeostatic and indicated selective transfer of 
PUFA (Persson & Vrede 2006; Strandberg et al. 2015). Therefore, FA will only be 
reliable quantitative biomarkers when storage FA dominate over structural FA in 
consumers and interpretations of trophic interactions based on FA profiles from 
environments with a large potential for food limitation should be handled with 
care. 

 

Conclusion 

We demonstrated the large behavioral and physiological flexibility of an 
aquatic herbivore in its response to different food qualities. A result of 
physiological adjustments in N-limited copepods was the emergence of co-
limitation driven by the use of originally in surplus available FA to compensate 
dietary deficiencies of AA. On the contrary, the extent of surplus feeding in P-
limited copepods was determined by the cell decomposition time of algae rather 
than the availability of a second resource. Thus, compensatory mechanisms 
minimizing nutritional deficiencies had the potential to trigger co-limitation in 
consumers, but the emergence of co-limitation could be prevented by other 
physiological restrictions. 

Depending on the form of nutrient limitation, changes in food quality triggered 
a >50% increase in maximum feeding rates, the bioconversion of AAs, a doubling 
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of the structural FA pool and improved utilization efficiency of limited resources. 
The largely different response of consumers to N and P-limitation at the base of 
the food web can not only affect top-down control of primary producers and 
nutrient recycling rates but may also result in systematic differences between 
primarily P-limited freshwater and often N-limited marine ecosystems. Therefore, 
the flexible reaction of consumers to changes in their food environment is an 
essential aspect of predator-prey interactions and is one of the factors determining 
the structure and temporal dynamics in aquatic food webs.  
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Supplementary Information 
Annex 1: Trial experiment on incubation times for biomass retention 
experiments 

In labeling experiments, the length of exposure of consumers to labeled food is 
defining which physiological rate is measured. Short incubations of several 
minutes are used to measure absorption rates (Lukas & Wacker 2014b). The 
longer the incubation period, the more of the absorbed nutrients will be respired to 
cover metabolic needs for feeding, maintenance and growth and the remaining 
isotopic label will represent prey components that have been structurally 
incorporated into consumer’s biomass. Chen et al. (2014) and Lukas and Wacker 
(2014a, see Fig. S6.1) showed that during good feeding conditions most 
respirational needs are covered from prey-biomass that has been absorbed within 
one hour and that after 2-3 h isotopic label in zooplankton mainly represents 
structurally retained material.  

We conducted a trial experiment to test the effect of incubation time on 13C 
label retention in copepods. 10 adult individuals of A. tonsa were kept in 50 mL 
containers and exposed to labeled R. salina cultured under nutrient replete 
conditions. Duplicates were exposed to labeled food for 0, 6, 12, 16, 20, 24, 28 
and 36 h. After incubations with labeled food, copepods were allowed to excrete 
labeled food for 30 minutes before being flushed with distilled water, freeze-dried 
and stored until isotopic measurements. The results are displayed in Fig. S6.1 and 
show a strong label increase within the first 12 h. After that isotopic enrichment 
increased further, but at lower rates. We interpreted this break-point in 13C 
enrichment rates as the time when highly labeled eggs start to be released, leading 
to lower apparent biomass retention rates. Consequently an incubation time of 6 h 
seemed to represent a good trade-off between incorporation of sufficient label and 
preventing the loss of incorporated material. 
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Figure S6.1: Isotopic enrichment in 13C in copepods incubated with isotopically 
labeled R. salina. 

 

Annex 2: Detailed set-up of nutrient retention experiments and analytical 
procedures 

We measured nutrient retention in copepods by measuring the compound 
specific incorporation of 13C and 15N labeled algae in consumers. Replete, N and 
P-limited algae were each incubated for 24 h in two sets of triplicate batch cultures 
enriched with 13C-sodium bicarbonate (99% 13C) and Na15NO3 (99% 15N). The 
growth status of algae batch cultures was chosen in a way that C:N:P ratios and 
cell densities after incubations were similar to those of non-labeled algae used for 
feeding copepods in different treatments. Two incubations with different 13C 
concentrations were necessary for technical reasons: Highly labeled algae 
incubated under 13C concentrations of close to 20% of the ambient dissolved 
inorganic carbon (DIC) were used as food to reach sufficient isotopic labeling in 
copepods. However, those high 13C concentrations in algae would have caused 
problems with the analysis by compound specific IRMS techniques and, therefore, 
algae batch cultures incubated under 4-times lower 13C concentrations were used 
to determine macromolecule composition and biosynthesis rates in algae. Algal 
Samples were obtained by filtering cultures onto pre-combusted GF/F filters 
(Whatman, 4 h at 450°C). 

Copepods were reared in 8 L containers under the same protocol as for growth 
and grazing experiments. We used chemostats for culturing of non-labeled replete 
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algae to ensure constant growth conditions. Nutrient limited algae chemostats 
would have resulted in much lower yield and a set of batch cultures as described in 
the main manuscript was technically much more feasible. Experiments started 2-4 
days after the majority of copepods reached adulthood. Before copepods were 
exposed to labeled algae, copepod cultures were split in two. One half was sieved 
through a 100 µm net, washed with distilled water and stored at -80 °C for further 
biochemical analyses as controls for baseline isotopic values. The other half was 
allowed to graze on non-limiting concentrations of labeled R. salina for 6 h. 
Thereafter, the labeled copepods were transferred to food suspension of non-
labeled algae to facilitate the removal of labeled algae in the gut. After one hour of 
feeding ensuring egestion of labeled algae, copepods were sieved, washed with 
distilled water and stored at -80 °C. Labeled copepods contained therefore a full 
gut of non-labeled, which was corrected for in retention rate calculations by 
assuming that gut volume represented 10% of body volume of copepods 
(Stemberger 1986; Billones et al. 1999). We let copepods feed on non-labeled 
algae and did not let them clear their gut in particle free medium, because low 
food concentrations or starvation conditions can lead to gut transition times of 
several hours (Besiktepe & Dam 2002) and remaining labeled material in the gut 
would have caused much higher proportional calculation errors.  

Frozen algae POC/PON filters were lyophilized overnight, and a section of the 
filter (1/4 or less, depending on the amount of material on the filter) was acidified 
over fuming HCl to remove inorganic carbon, and subsequently packed into tin 
cups and analyzed at the same EA-IRMS system as copepods. Detailed 
descriptions of extraction protocols for AA and FA, the LC- and GC/C-IRMS 
systems as well as compound separation protocols and conditions were published 
by (Grosse, et al. 2015) and references therein. Briefly, AA samples were acid 
hydrolyzed and after an ion-exchange clean-up step analyzed by LC-IRMS using a 
Primsep A column, which separated a total of 17 individual AA  (McCullagh, et 
al. 2006). Due to the analytical procedures glutamate and glutamine (Glu) as well 
as aspartate/asparagine (Asp) co-elute and formed one peak, respectively.  

FA samples were extracted following the protocol of Bligh and Dyer (1959) 
and subsequently separated into storage lipids, glycolipids and phospholipids by 
silicate column chromatography. All three fractions were dried down and the 
glycolipid- and phospholipid fraction were combined and are further referred to as 
structural lipids. After derivatization to fatty acid methyl esters (FAMEs), FAME 
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from both storage and structural lipids were separated by GC/C-IRMS using the 
polar BPX-70 column. Fatty acids were notated A:BωC, where A is the number of 
carbon molecules in the fatty acid, B the number of double bonds and C the 
position of the first double bond relative to the aliphatic end.  

 

 

Figure S6.2: Retention rates (A) and turn-over rates (B) of single AA in copepods 
fed with R. salina cultured under replete, P deficient (P-) and N deficient (N-) 
nutrient conditions. Turn-over rates need to be handled with care, because values 
of the P- treatment are partly negative. Turn-over rates were calculated by 
subtracting growth rates from retention rates and a combination of multiple 
measurements (retention rates are based on isotopic measurements and compound 
concentrations in consumers; growth rates) increases the uncertainty of individual 
values. Consequently only relative differences between treatments and not 
individual values should be used for interpretations.  
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Table S6.1: Relative contribution of individual AA to total AA in copepods fed 
with algae cultured under replete, N- and P- conditions. 
  AA Identity Replete [%] P- [%] N- [%] 

N
on

 e
ss

en
tia

l 

Alanine  6.22 6.09 6.45 
Arginine 4.68 4.76 4.31 
Asparagine 1.59 1.69 1.69 
Glutamine 5.46 5.85 5.87 
Glycine  5.11 4.21 4.09 
Proline 5.98 5.81 5.86 
Serine 2.02 1.84 1.89 

Es
se

nt
ia

l 

Histedine 2.01 1.97 2.00 
Isoleucine 8.30 7.46 6.11 
Leucine 18.78 19.53 20.77 
Lysine 9.38 8.96 9.22 
Methionine  1.23 1.83 1.76 
Phenylalanine 9.25 9.53 9.30 
Threonine 3.25 3.41 3.51 
Tyrosine 8.86 9.39 9.18 
Valine 7.88 7.68 7.99 
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Table S6.2: Difference in percent contribution to total AA in copepods and algae 
for respective AA. Positive values marked with blue fields indicate a surplus in 
relative concentration in food, negative values and red fields indicate a relative 
deficiency in the food. 

 
AA Identity Replete [%] P- [%] N- [%] 

N
on

 e
ss

en
tia

l 

Alanine  3.60 2.85 2.55 
Arginine -2.45 -1.46 -0.86 
Asparagine 3.31 1.75 0.80 
Glutamine 4.23 1.50 0.38 
Glycine  0.82 0.29 1.43 
Proline -0.97 -0.82 -0.35 
Serine 2.42 4.01 1.82 

Es
se

nt
ia

l 

Histedine -1.29 -0.89 -0.82 
Isoleucine -1.34 -1.15 0.46 
Leucine -2.73 -4.02 -4.53 
Lysine -4.38 -2.66 -3.29 
Methionine  0.04 -0.20 -0.62 
Phenylalanine -1.76 0.07 1.11 
Threonine 2.04 0.87 1.69 
Tyrosine -2.59 -0.73 -0.10 
Valine 1.05 0.60 0.32 

  Sum Non ess 10.97 8.11 5.77 
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Chapter 7 

General Discussion 

Coastal marine systems are usually characterized by high productivity both at 
the base of the food web (primary production) and at higher trophic levels. But 
long-term perturbations of nutrient deliveries from land have led to drastic 
changes in nutrient availabilities, in terms of overall concentrations as well as in 
terms of the relative ratios of DIN, P and Si. Marine systems that were once 
thought to be nitrogen limited (Hecky & Kilham 1988; Howarth & Marino 2006) 
are now becoming more and more affected by P-limitation (Loebl et al. 2009; Ly 
et al. 2014).  

Effects of changing DIN:P ratios cause changes at the phytoplankton 
community level (Philippart et al. 2000; Cadée & Hegeman 2002) but also affect 
the cellular composition of phytoplankton (Klausmeier et al. 2004a). For instance, 
under N- and/or P-deficiency C-rich storage compounds, such as carbohydrates or 
triglycerides, are preferably accumulated by microalgae (Granum et al. 2002; 
Borsheim et al. 2005). Consequently, C:N and C:P ratios of phytoplankton 
increase, which lead to a decline in its nutritional value and thereby alters food 
web interactions (Sterner et al. 1993). Further shifts in cellular composition are 
also expected when nutrient N:P ratios change as some components like proteins 
only need N whereas DNA and RNA contain both N and P. 

The aim of this thesis was to advance knowledge about adaptation of the 
cellular composition in coastal primary phytoplankton under different resource 
scarcities and to gain a better understanding of how higher levels within the food 
web may be dealing with changes in prey quality. As a result, the following four 
questions were targeted. 

1. Do we have the methodology to assemble a carbon budget of major 
biomolecules in phytoplankton? 

2. What are the effects of different nutrient limitations on biomolecule 
concentration and synthesis in phytoplankton? 

3. How does that affect phytoplankton food quality?
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4. In which ways and to what extend does zooplankton adapt to “bad” 
food i.e. when there is a mismatch between the composition of 
phytoplankton and the requirements of zooplankton? 

 

Tracing C-flow through biomolecule pools 

Uptake studies with 13C-enriched compounds are ideal to investigate in-situ 
processes (Boschker and Middelburg 2002). Bulk measurements of 13C uptake are 
a great tool to determine system productivity but they lack information about the 
intracellular fate of the fixed carbon. And although the tools to investigate major 
biomolecules have been used for years (e.g. Van Den Meersche et al. 2004; 
Veuger et al. 2005) available studies primarily focus on specific biomolecule 
(groups) and lack a simultaneous study of all major biomolecule groups.  

In this thesis I show how combining established and novel methods can be used 
to identify the composition and biosynthesis of individual amino acid (AA), fatty 
acid (FA) and carbohydrate (CH) pools in marine phytoplankton communities. All 
major biomolecules can be examined in detail and provide an overview of the 
ability of phytoplankton to allocate carbon into different functional groups of 
biomolecules. Earlier studies investigating multiple biomolecule groups 
simultaneously displayed several disadvantages. In order to trace carbon uptake 
earlier studies utilized radioactive 14C carbon. This required following stricter 
regulations regarding safety and obtaining special working permissions. The 
approach used in these studies (Marañón et al. 1995; Suárez & Marañón 2003) 
was only capable of separating entire biomolecule groups but not individual 
compounds. Both CH and FA are found as part of structural and storage 
compounds and if no distinction can be made between structural and storage 
compounds than a lot of information is lost regarding physiological responses to 
nutrient availability. Therefore, 13C is the isotope of choice and the addition of a 
recently newly available method that measures DNA and RNA nucleotides 
(Moerdijk-Poortvliet et al. 2014) allow the assembly of a carbon budget with all 
major biomolecule groups found in algae.  

The distribution of individual compounds in the total carbon pool reveals 
community specific differences in biomolecule composition and relate to the long-
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term history of nutrient limitation experienced by the cell over several days 
(biomass turnover time 3 − 12 days). Overall, the contributions of different 
biomolecule classes found by using LC- and GC/C-IRMS methods agreed well 
with previous findings (Becker 1994; Lynn et al. 2000; Mock & Kroon 2002b). 
However, substantial amounts of total POC concentrations could not be identified 
(18 ± 17% to 44 ± 1%), suggesting other biomolecules, such as pigments, phyto-
sterols, amino sugars or acidic sugars may also be important. The contribution of 
detrital C can be substantial too (Andersson & Rudehall 1993). In order to access 
the current state of a phytoplankton community it is better to look at carbon 
fixation patterns instead of POC composition. 

Biosynthesis patterns reflected a community specific response to the imminent 
nutrient limitation, especially when combined with bioassays where different 
nutrients were added. Bulk carbon fixation rates and cumulative carbon fixation 
rates of AA, FA and CH were mostly similar and indicating no differences 
between the two approaches, suggesting that C-incorporation into these three 
biomolecule groups is dominant. When investigating biosynthesis patterns, the 
incubation periods can be kept short (≤ 24 h). Hence, this approach presents an 
alternative to classical long-term bioassays (Beardall et al. 2001). It can guarantee 
field relevant results because changes in community composition and activity will 
be negligible. Albeit the requirements for large water volumes to meet biomass 
requirements and the extend lab work necessary the combination of methods 
provides a highly detailed and so far unique view into the fate of carbon fixed 
through photosynthesis.  

Phytoplankton biomolecule synthesis 

The work in this thesis revealed that clear relationships between biomolecule 
concentration and synthesis exist for most biomolecule groups and that minimum 
concentrations of structural FA and especially AA are required to maintain growth 
(Chapter 3 & 5) showing that clear nutrient depended regulating mechanisms are 
in place. 

Phytoplankton growth was severely limited by P at near-shore stations, 
followed by a transitional zone that displayed P-limitation in early spring and N-
limitation in late spring and summer. Farther offshore, N-limitation was persistent 
demonstrating an offshore gradient from P to N-limitation. Persisting efforts to 
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decrease riverine P inputs will continue to increase the imbalance between DIN 
and P. Additionally, P stocks are diminishing at an alarming rate to satisfy needs 
for manufacturing fertilizers, and this unfolding P-crisis may lead to even lower P 
inputs into the coastal ocean and hence increased P-limitation of coastal 
phytoplankton (Abelson 1999; Gilbert 2009; Vaccari 2009). 

Amino acid synthesis was most affected by nitrogen availability, because it is a 
main component of this compound (Chapter 3 - 5; Tapia et al. 1996). N 
availability regulated AA synthesis at two different levels. Firstly, total AA 
synthesis rates decrease with decreasing DIN availability as shown in lab cultures 
(Chapter 5) and a sudden lack of N resulted in an immediate decrease in AA 
production. The opposite occurs as soon as the N-limitation is relieved; synthesis 
rates increase drastically up to 8-fold within 24 h even though total carbon fixation 
did not change. Secondly, the synthesis of essential AA from non-essential AA 
precursors is slowed down under N limitation. The synthesis of essential AA 
requires multiple steps and relies on numerous additional enzymes, proteins 
themselves, and it may be beneficial to decrease the production of these enzymes 
under N scarcity.  

P-limitation affected AA synthesis as well, however, rates did not decrease to 
an extent found under N-limitation. Responses to P resupply took much longer and 
were therefore delayed compared to N-limited communities. Synthesis of RNA, 
especially ribosomal RNA, is a major sink for P in phytoplankton and accounts for 
up to half of the P uptake (Van Mooy & Devol 2008; Hessen et al. 2010). P-
limited phytoplankton typically down-regulates ribosome synthesis and its overall 
intracellular content, causing protein synthesis to be limited by the availability of 
P for RNA synthesis (Elser et al. 2000; Wang et al. 2014). When P is resupplied, 
the content of RNA and ribosomes need to increase first thereby delaying enzyme 
and protein synthesis compared to N-limited phytoplankton causing an 
asymmetric response in AA synthesis between N- and P-limited incubations. The 
relative distribution of individual AA was not affected under P-limitation, further 
indicating P-limitation regulated the assembly of proteins from AA, contrary N-
limitation where protein synthesis is regulated by a low supply of individual AA.  

And although, RNA and DNA pools were not investigated, the increased 
deficit between bulk C-fixation and cumulative C-fixation revealed that an 
additional biomolecule pool was present after N-resupply to N-limited 
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phytoplankton. This was most likely ribosomal RNA that was being produced in 
response to increased availability of N for protein synthesis. It may even be so that 
much of the increase in AA synthesis was actually used for ribosomes. At the 
same time this C-pool was negligible in P-limited phytoplankton after P was 
resupplied (within the first 24 h), supporting the conclusions drawn above. 

A lack of N or P is known to result in the build-up in storage CH (glucose) and 
storage lipids (Granum et al. 2002; Borsheim et al. 2005). Nutrient dependent 
shifts in glucose synthesis were tightly and, as expected, inversely coupled to 
shifts in AA synthesis. At the same time, storage FA synthesis was phytoplankton 
community specific and relationships with N-limitation were mainly detected in 
flagellate dominated summer phytoplankton in my field studies. Nutrient specific 
responses in overall FA synthesis were revealed after 72 h, demonstrating that 
they occur slower than responses in AA. The effects of N and P limitation were 
identical and the resupply of nutrients caused a shift from storage FA to structural 
FA. The profiles of individual FA were also affected and nutrient shortage resulted 
in an accumulation of saturated and mono-unsaturated FA, because desaturases 
and elongases cannot be synthesized in required amounts, causing a deficiency in 
polyunsaturated FA, especially in the structural FA fraction (Flynn et al. 1992). 

Most structural (phospho-lipid derived) FA contain P and consequently the 
effects of P-limitation should be more pronounced. But several phytoplankton 
species are capable of substituting P- for N- or sulfur- containing polar head 
groups, guaranteeing synthesis of structural FA also under P- limitation (Van 
Mooy, et al. 2006). However, under high DIN:P ratios found in coastal areas and 
the prospect of increasing imbalance between DIN and P these mechanisms will 
not be capable to overcome long-term P-deficiencies. This may increase storage 
FA contributions in the future and lead to a loss of polyunsaturated FA for higher 
trophic levels. In addition, optimal DIN:P requirements differ between groups of 
phytoplankton, with optimum ratios ranging between 5 and 50 (Geider & LaRoche 
2002; Quigg et al. 2003), suggesting that phytoplankton community composition 
will be affected as well (Tilman 1977; Tilman 1985). 
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Effect on food quality for higher trophic levels 

According to the theory of ecological stoichiometry, nutrient limitation leads to 
a specific response in the C:N:P ratios, which primarily reflects changes in the 
biomolecule composition (Sterner & Elser 2002). These nutrient specific 
responses have been studied mainly in freshwater systems and demonstrate that P-
limitation in phytoplankton can lead to P-deficiencies in zooplankton causing 
lower performance (Boersma 2000; Elser et al. 2001). But growth and fitness of 
consumers respond strongly to specific molecules as well (e.g. individual AA and 
FA; Claybrook 1983; Müller-Navarra 1995). Results presented here indicate that 
P-availability also affects AA synthesis, which is usually N-dependent, 
demonstrating complex causalities. In order to evaluate phytoplankton food 
quality in more detail, knowledge of individual biomolecules, biomolecule groups 
(including DNA and RNA) and their dynamics would be a preferred predictor to 
the simple element composition. 

Both low AA quality and quantity negatively affect consumer’s growth 
(Guisande et al. 2000) and a lack of individual essential AA was found to restrict 
the reproduction of Daphnia and lead to changes in their life cycles (Fink et al. 
2011; Koch et al. 2011). In the North Sea, flagellates were of low food quality due 
to their strong limitation by N. But the quick increase in AA synthesis after N-
resupply make the AA pool dynamic. Subsequent effects on zooplankton may 
therefore be observed on short time scales as well. Particularly the micro- and 
meso-fraction maybe affected because of their short generation times, which are 
for example 30 and 17 days for Calnus helgolandiucus and C. typicus, respectively 
(Halsband-Lenk et al. 2002; Bonnet et al. 2005).  

Polyunsaturated FA are crucial for zooplankton survival and the maintenance 
of high growth and reproductive rates (Weers et al. 1997; Burns et al. 2011). 
Especially, the highly unsaturated FA 20:5ω3 and 22:6ω3 are known to affect 
trophic transfer efficiency and food web structure (Brett & Müller-Navarra 1997), 
and are considered to be an indicator for food quality (Park et al. 2002). Poly-
unsaturated FA are decreased under both P and N-limitation. Consequently, food 
quality of N-limited phytoplankton is substantially lowered in terms of AA and 
FA concentration and composition. Food quality of P-limited phytoplankton is 
primarily lowered by a lack of poly-unsaturated FA and only to a lesser extend by 
AA. Due to shifts in nutrient availability and phytoplankton productivity, food 



GENERAL DISCUSSION 

 

 161 

quality of North Sea phytoplankton was negatively affected on both seasonal and 
spatial scales. 

Although the majority of research has been conducted on the freshwater 
inhabiting cladocera Daphnia (Boersma 2000; Plath & Boersma 2001), and lakes 
are mostly considered P-limited opposite to N-limited marine waters (Hecky & 
Kilham 1988; Howarth & Marino 2006), anthropogenically induced changes in 
nutrient inputs from land push coastal seas more and more from N-limited into P-
limited systems. With continuing alterations in riverine DIN and P supply it is 
likely that smaller zooplankton species may replace larger ones (Fransz et al. 
1992) and thereby redirecting primary production to species with rapid turnover, 
such as protozooplankton and rotifers (Viitasalo 1992) and generate changes in the 
structure of the entire food web in coastal systems.  

Adaptation to low food quality by higher trophic levels 

Large mismatches between the biochemical composition of primary producers 
and herbivores turn food quality into an important factor defining species 
interactions at the plant-animal interface (Hessen et al. 2004; Lukas et al. 2011). 
Phytoplankton is flexible in its biochemical composition, while herbivorous 
zooplankton often shows a strict biochemical homeostasis (Frost et al. 2005), 
which creates the need to mitigate dietary deficiencies with behavioural and 
physiological adjustments (Mitra & Flynn 2007; Clissold et al. 2010). Results in 
this thesis show that copepods as important grazers of marine phytoplankton use 
different strategies to maintain homeostasis and retain essential biomolecules from 
N- and P-limited primary producers (Chapter 6).  

The main response of copepods feeding on N-limited algae was to increase 
retention efficiencies for AA and total N and to assure that resources were more 
efficiently used. Minimising recycling rates and increasing the selective retention 
of AA in copepods compensated for the lack of N in food particles. Furthermore, 
dietary imbalances between relative concentrations of AA in algae and consumers 
were balanced by the synthesis of deficient non-essential AA. However, 
modification of AA structure and an increase in utilisation efficiencies of 
biomolecules, for example by improving digestion and absorption of food particles 
(Secor 2009; Perhar et al. 2013) are associated with substantial metabolic cost. An 
increase in structural FA requirements was observed as well and caused a co-
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limitation of essential AA, 20:5ω3 and 22:6ω3. This increase of structural lipids 
could have been driven by either higher cellular requirements or by an increase of 
the gut surface area in copepods. Increases in the size and/or surface area of the 
gut facilitate higher absorption efficiencies and thus a more efficient utilisation of 
dietary resources (Cant et al. 1996). The fact that co-limitation of essential FA and 
AA emerged despite high concentrations of essential FA in food algae 
demonstrates that biomolecule deficiencies not only depend on dietary resources 
but also may arise from metabolic and physiological adjustments in consumers.  

The main physiological adjustment of copepods fed with P-limited food algae 
was the adjustment in the feeding rate. A mechanism behind surplus feeding at a 
low food quality is the ability of copepods to selectively increase the uptake of 
single biomolecule or biomolecule groups in the gut (Cowie & Hedges 1996; 
Clissold et al. 2010). However, increased feeding rates generally lead to a 
decreased absorption efficiencies as high ingestion rates are automatically linked 
to lower gut transition times (Mitra & Flynn 2007) and result in a less efficient 
utilisation of dietary resources (Schindler 1968). Increased feeding rates at low 
dietary P concentrations are a common response (Plath & Boersma 2001; Suzuki-
Ohno et al. 2012) and in turn are probably controlled by minimum gut transition 
times. A lower gut transition time can prevent a complete chemical break-up of 
algal cells and thereby decrease the subsequent absorption of biomolecules via the 
gut epithelium (Briggs 1977; Secor 2009).  

This thesis gives a first glance at the multi-layered, direct and indirect 
consequences of poor food quality. Changes in predator-prey interactions most 
likely have an effect on species dynamics across trophic levels and are important 
contributing factor in shaping aquatic food webs. 

 

Conclusions and outlook 

Nitrogen and phosphorus limitation lead to substantial changes in the 
biomolecule composition within different groups of phytoplankton. Both the 
distribution of individual compounds and that of total biomolecule groups were 
affected (Chapter 3, 4). Nutrient specific responses were found in AA synthesis, 
while a lack of N or P had a similar effect on FA synthesis (Chapter 4).  
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Even though the controlling factors were alike in different phytoplankton 
communities, phytoplankton group specific or even species-specific differences 
occurred. For example, diatoms seem to be most flexible in their biochemical 
composition and can maintain higher growth rates under low nutrient 
availabilities, giving them an advantage under a wide range of nutrient poor 
conditions. Other groups are better adapted to extremely low availabilities of N 
(cyanobacteria) or are less competitive and only thrive under nutrient replete 
conditions (green algae). Additional monoculture experiments are needed to 
determine the range at which individual species can adapt to changing nutrient and 
light availabilities thereby enhancing our understanding of phytoplankton 
community dynamics. The continuation or worsening of the imbalance between 
DIN and P availability in coastal waters (Burson et al. 2016) will continue to 
negatively influence primary producers, food quantity and quality in the future. 

The dynamic changes in biomolecule synthesis translate into equally dynamic 
changes in food quality. But so far only a few studies have focused on the effect of 
C:N:P ratios in marine food webs (Walve & Larsson 1999; Malzahn et al. 2010; 
Schoo et al. 2010). This thesis gives first insights into the possible controlling 
factors that zooplankton applies in order to cope with their changing nutrient 
environments at the biomolecule level, opening the path for future studies 
investigating compound specific effects on higher trophic levels. 

The presented suite of methods can be applied to other ecosystems such as 
estuaries, the oligotrophic ocean or sediments as well, but also to terrestrial 
ecosystems and other consumer organisms. Investigations into other parts of the 
food web should also be pursued. For example, C flow through the microbial loop 
has not been included in this study, even though bacterial and viral activity are 
tightly coupled to phytoplankton activities. 
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Summary 

Over the past few decades nutrient inputs into the North Sea have changed 
substantially. Anthropogenic activities altered riverine nutrient loads, which 
consequently caused shifts in the available nutrient ratios of nitrogen to 
phosphorus (N:P). Phytoplankton at the base of the food web is first and foremost 
affected by these changes and responds by altering its biomolecule composition. 
The main biomolecules in phytoplankton like carbohydrates, amino acids, fatty 
acids and RNA/DNA bases have different C:N:P requirements for the synthesis, 
and phytoplankton is generally flexible in adjusting its metabolism leading for 
instance to the synthesis of more only C-containing storage compounds when 
nutrients are limiting. In this thesis I aimed to study the effects of different nutrient 
limitations on the dynamics of biomolecule synthesis and composition in North 
Sea phytoplankton. Furthermore, the consequences for phytoplankton food quality 
were evaluated and a first study was conducted to determine how herbivorous 
zooplankton copes with low food quality. Stable isotopes were used as deliberately 
added tracer (13C) and bulk and compound specific isotope analysis present the 
foundation of this work. 

Incorporation of 13C into biomass is frequently used to estimate primary 
production. Although these bulk measurements offer valuable information, they 
lack information about the intracellular fate of this fixed carbon. The methods to 
determine 13C incorporation into different compounds (amino acids, fatty acids, 
carbohydrates) were already available but had not been combined to evaluate their 
potential as a tool to assemble a biomolecule based carbon budget. In Chapter 2, 
established methods in gas chromatography/isotope ratio mass spectrometry 
(GC/C-IRMS) and recently developed methods in liquid chromatography/IRMS 
(LC/IRMS) were therefore combined to trace 13C into carbohydrates, amino acids 
and fatty acids in phytoplankton, and compare their production to total carbon 
fixation rates. It was found that the carbon fixation into those three fractions 
accounted for the majority of bulk carbon fixation and offers a way to investigate 
effects of nutrient limitation on the physiological state of a phytoplankton 
community.
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Both N- and P-limitation affect phytoplankton communities in the North Sea 
and translate into dynamic changes in biomolecule pools. In order to understand 
the effects of different resource limitations on field populations, seasonal and 
spatial dynamics of amino acids, fatty acids and carbohydrates (Chapter 3) were 
investigated. Nutrient limitation and season had large effects on composition and 
biosynthesis rates of all biomolecule classes, but could not be used alone to 
determine the prevalent limiting nutrient. However, short-term nutrient addition 
experiments were capable of identifying the limiting nutrients. The addition of the 
growth-limiting nutrient increased amino acid synthesis while storage compound 
synthesis decreased. This response was much slower in P-limited than in N-limited 
communities, likely because of the necessary preceding synthesis of ribosomes, 
suggesting that despite similar responses the regulatory mechanisms differed. 
Regulation of individual amino acids under N- and P-limitation differed also 
further supporting the existence of different regulatory mechanisms. (Chapter 4). 
Under N-limitation the synthesis of essential amino acids was substantially slower 
than that of non-essential amino acids, a trend that was reversed immediately after 
N-addition. On the other hand, P-limited communities decreased the synthesis of 
all amino acids evenly. For fatty acid groups responses to N- and P-limitation were 
alike, showing a shift from structural to storage fatty acids, with a concurrent 
decrease in the synthesis of poly-unsaturated fatty acids. Reversed effects in fatty 
acid synthesis after N or P addition were delayed and only apparent after 72 h. By 
then they had also translated into fatty acid concentrations in the phytoplankton 
biomass. This emphasizes the different qualitative and quantitative regulations of 
amino acids and fatty acids synthesis under nutrient scarcity and also demonstrates 
the far-reaching consequences for the phytoplankton’s nutritional value and food 
web structure as mainly essential amino acids and fatty acids for higher trophic 
levels were affected by nutrient limitation.  

Nutrient availability limits phytoplankton growth, either because N or P 
concentrations are too low, or because the resulting N:P ratios are outside the 
optimal range. Phytoplankton communities from the North Sea were cultured in 
chemostats under different nutrient loads and N:P ratios in order to verify field 
findings and get a better picture of the N:P ratio dependency of biomolecule 
synthesis (Chapter 5). Simple communities containing green algae, diatoms and 
cyanobacteria developed in the cultures. While green algae provided highest 
biomass under light and P-limitation, diatoms dominated under both N- and P-
limitation. Cyanobacteria had the biggest advantage under low N-concentrations. 
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Synthesis patterns of biomolecules agreed well with field findings. Amino acid 
contribution was lowest under N-limitation, higher under P-limitation and highest 
when light was the limiting factor. The contribution of individual amino acids to 
total amino acid concentrations was well conserved over the wide range of N:P 
ratios and between different phytoplankton communities. The decreased 
transformation of essential from non-essential amino acids under low N:P ratios 
was also apparent in the cultures. Furthermore, this chapter shows that different 
phytoplankton groups are capable of adapting their biomolecule composition to 
different extends when experiencing shifts in nutrient availability, which will help 
to explain competitive advantages in mixed phytoplankton communities.  

The high variability in biomolecule composition of phytoplankton and the 
subsequent lower food quality of nutrient limited phytoplankton will affect higher 
trophic levels, which are less flexible in adapting their biomolecule composition. 
The adaptation mechanisms of herbivorous zooplankton (copepods) to low quality 
food of N- and P-limited food algae were investigated in Chapter 6. Interestingly, 
the physiological adaptation as well as the limiting biomolecules differed between 
treatments fed with N- or P-limited food algae. Copepods responded to P-limited 
food by increasing their grazing rate, which in turn was regulated by the 
digestibility of food particles. However, little regulation of the metabolism of 
biomolecules was apparent during P-limitation. When exposed to N-limited food 
particles copepod grazing rates increased only slightly. But higher retention of 
amino acids and nitrogen in general were observed, which apparently also led to 
an increased need for structural poly-unsaturated fatty acids. Consequently, these 
copepods were co-limited by two essential biomolecule groups, namely essential 
amino acids and fatty acids. Therefore, the different forms of nutrient limitation 
led to similar negative impacts on growth but triggered contrasting physiological 
responses and potentially affect species dynamics and trophic transfer efficiencies.  

In conclusion, phytoplankton communities are flexible in adapting their 
biomolecule composition and biosynthesis to prevailing nutrient availabilities. 
Species and nutrient specific mechanisms are contributing factors and quick 
adaptations occur when nutrient situations change. The consequent lack of 
essential compounds translates up the food chain forcing consumer organisms to 
adjust their feeding patterns and physiological processes. 
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Samenvatting 

In de afgelopen decennia zijn de hoeveelheden nutriënten in  de Noordzee 
aanzienlijk veranderd. Antropogene activiteiten veranderden de 
nutriëntenbelasting van de rivieren, waardoor er verschuivingen plaatsvonden in 
de nutriëntenverhouding van beschikbaar stikstof en fosfor (N:P). Fytoplankton, 
wat aan de basis staat van de voedselketen, ondervindt daar als eerste de gevolgen 
van en reageert door de biomolecuul samenstelling aan te passen. De belangrijkste 
biomoleculen in fytoplankton, namelijk de koolhydraten, aminozuren, vetzuren en 
RNA/DNA basen, hebben een verschillende C:N:P behoefte voor hun synthese en 
het fytoplankton past daarom over het algemeen zijn metabolisme aan, wat 
bijvoorbeeld leidt tot meer C-bevattende opslagproducten wanneer andere 
nutriënten beperkt beschikbaar zijn. In dit proefschrift heb ik de effecten van 
verschillende nutriëntenbeperkingen op de dynamiek van de synthese van 
biomoleculen en de samenstelling van fytoplankton in de Noordzee bestudeerd. 
Bovendien zijn de consequenties van de voedselkwaliteit van het fytoplankton 
geëvalueerd. Een eerste studie werd uitgevoerd om te bepalen hoe herbivoor 
zoöplankton omgaat met voedsel van lage kwaliteit. Stabiele isotopen werden 
gebruikt als toegevoegde tracer (13C) waarbij bulk en component-specifieke 
isotoop analyse de basis is van dit werk.     

Inbouw van 13C in biomassa wordt vaak gebruikt om de primaire productie te 
schatten. Alhoewel er doormiddel van deze bulk metingen waardevolle gegevens 
verkregen worden, ontbreekt de informatie over de uiteindelijke intracellulaire 
bestemming van dit gefixeerde koolstof. De methoden om 13C inbouw in 
verschillende componenten (aminozuren, vetzuren en koolhydraten) te bepalen 
waren reeds beschikbaar, maar waren nog niet tegelijkertijd toegepast om als een 
potentiële methode te kunnen dienen voor het opstellen van een koolstofbudget op 
basis van bepaalde biomoleculen. In hoofdstuk 2 worden daarom de beschikbare 
methoden voor gaschromatografie/isotoop ratio massaspectrometrie (GC/C-IRMS) 
en de recentelijk ontwikkelde methoden voor vloeistofchromatografie/IRMS 
(LC/IRMS) gecombineerd om 13C in koolhydraten, aminozuren en vetzuren te 
traceren in fytoplankton, en de productie van deze biomoleculen met de totale 
koolstoffixatiesnelheden te vergelijken. Het is gebleken dat de koolstoffixatie in 
deze drie fracties van biomoleculen het overgrote deel van de bulk koolstoffixatie 
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verklaart en dat deze gegevens gebruikt konden worden om de effecten van de 
nutriëntenbeperking op de fysiologie van het fytoplankton te onderzoeken. 

Zowel N- als P-beperking waren van invloed op het fytoplankton in de 
Noordzee, wat zichtbaar werd in de dynamische veranderingen in de biomolecuul 
samenstelling. Om inzicht te krijgen in de effecten van licht- en 
nutriëntenbeperking op veldpopulaties onderzochten we de seizoeneffecten en de 
dynamiek van aminozuren, vetzuren en koolhydraten (Hoofdstuk 3). 
Nutriëntenbeperking en de invloed van de seizoenen hadden grote gevolgen voor 
de samenstelling en de biosynthese snelheden van alle soorten biomoleculen. De 
samenstelling van de biomoleculen en hun synthesesnelheden konden echter niet 
de aanwezigheid van nutriëntenbeperking voorspellen. De nutriëntenadditie 
experimenten konden echter wel de beperkende nutriënten identificeren. De 
toevoeging van de groei beperkende nutriënten verhoogde de aminozuur synthese, 
terwijl de synthese van opslagproducten afnam. Deze respons was veel minder 
sterk in P-beperkte dan in N-beperkte fytoplankton gemeenschappen, 
waarschijnlijk vanwege de noodzakelijke synthese van ribosomen. Dit suggereert 
dat ondanks de vergelijkbare respons het mechanisme van regulatie anders is. 
Regulering van de synthese van afzonderlijke aminozuren onder N- en P-
beperking was ook anders en ondersteunde de hypothese voor het bestaan van 
verschillende regulatie mechanismen (Hoofdstuk 4). Onder N-beperking was de 
synthese van essentiële aminozuren aanzienlijk lager dan die van niet-essentiële 
aminozuren. Deze trend keerde om direct na de toevoeging van N. P-beperkte 
fytoplankton gemeenschappen verminderden de synthese van alle aminozuren 
gelijkmatig. Bij de synthese van vetzuren was de respons op N- en P-beperking 
identiek. Er werd een shift van structurele naar opslagvetten waargenomen terwijl 
tegelijkertijd de synthese van meervoudig onverzadigde vetzuren afnam. Het 
omgekeerde effect in vetzuursynthese na de additie van N of P trad vertraagd op 
en werd pas zichtbaar na 72 uur. Dit vertaalde zich ook in de vetzuurgehaltes van 
de fytoplankton biomassa. Dit benadrukt het verschil in kwalitatieve en 
kwantitatieve regulatie van aminozuur- en vetzuursynthese als nutriënten schaars 
zijn en toont ook de verstrekkende gevolgen aan die het heeft voor de 
voedingswaarde van het fytoplankton en voor de structuur van het voedsel web 
omdat voornamelijk de voor de hogere trofische niveaus essentiële aminozuren en 
vetzuren door nutriënten limitatie beïnvloed worden.   



SAMMENVATTING 

 

 191 

De beschikbaarheid van nutriënten beperkt de groei van fytoplankton, hetzij 
omdat de N- of P-concentraties te laag zijn, of omdat de resulterende N:P 
verhoudingen buiten het optimale bereik liggen. Om de bevindingen uit het 
veldonderzoek te verifiëren en een beter inzicht te verkrijgen in de N:P 
afhankelijkheid van de biomolecuul synthese, werden uit de Noordzee afkomstige 
eenvoudige fytoplankton gemeenschappen met groenalgen, diatomeeën en 
cyanobacteriën in de chemostaat onder verschillende nutriëntenbelasting en N:P 
verhoudingen gekweekt (Hoofdstuk 5). Terwijl bij licht- en P-beperking de 
groenalgen de hoogste biomassa hadden, domineerden diatomeeën bij zowel N- en 
P-beperking. Cyanobacteriën waren in het voordeel wanneer de N-concentraties 
laag waren. De synthese van de biomoleculen kwam overeen met de bevindingen 
uit het veldonderzoek. Het aandeel van aminozuren was het laagste onder N-
beperking, hoog onder P-beperking en  het hoogste wanneer licht de beperkende 
factor was. De bijdrage van afzonderlijke aminozuren aan de totale aminozuur 
hoeveelheid bij uiteenlopende N:P bleef onveranderd in de verschillende 
fytoplankton gemeenschappen. De verminderde omzetting van essentiële naar 
niet-essentiële aminozuren onder lage N:P was ook zichtbaar in de fytoplankton 
kweken. Bovendien laat dit hoofdstuk 5 zien dat de verschillende fytoplankton 
groepen in staat zijn om hun biomolecuul samenstelling aan te passen als ze 
veranderingen in de beschikbaarheid van voedingsstoffen ondervinden, hetgeen 
bijdraagt om de competitie in gemengde fytoplankton gemeenschappen te 
verklaren. 

De sterke variabiliteit in de samenstelling van de biomoleculen van het 
fytoplankton en de resulterende lage kwaliteit van het nutriënten beperkte 
fytoplankton zal invloed hebben op de hogere trofische niveaus die minder 
flexibel zijn in het aanpassen van hun biomolecuul samenstelling. In hoofdstuk 6 
werden de adaptatie mechanismen van herbivoor zoöplankton (copepoden) onder 
invloed van het consumeren N- en P-beperkte algen met een lage voedselkwaliteit 
onderzocht. Interessant was dat de fysiologische adaptatie en ook de beperkende 
biomoleculen anders waren bij het consumeren van N- of P-beperkte algen. 
Copepoden reageerden op P-beperkt voedsel door een toename van de 
begrazingssnelheid die vervolgens gereguleerd werd door de verteerbaarheid van 
de voedseldeeltjes. Het bleek echter dat tijdens P-beperking weinig regulatie van 
het metabolisme van biomoleculen plaatsvond. Bij blootstelling aan N-beperkte 
voedseldeeltjes verhoogden de copepoden hun begrazingssnelheid slechts in 
beperkte mate. Over het algemeen werd een toename in de retentie van 
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aminozuren en stikstof waargenomen hetgeen blijkbaar ook leidde tot een 
verhoogde behoefte aan structurele poly-onverzadigde vetzuren. Derhalve zijn 
deze copepoden ook beperkt door twee essentiële biomolecuul groepen, namelijk 
essentiële aminozuren en vetzuren. Daarom leidden de verschillende vormen van 
nutriëntenbeperking tot vergelijkbare negatieve effecten op de groei, maar 
veroorzaakten contrasterende fysiologische reacties, die mogelijk van invloed 
kunnen zijn op de dynamiek van de fytoplankton soorten alsmede de  efficiëntie 
van de trofische overdracht. 

Ten slotte, fytoplankton gemeenschappen zijn flexibel in het aanpassen van 
hun biomolecuul samenstelling en de biosynthese bij heersende nutriënten 
beschikbaarheid. Fytoplankton soorten en nutriënten specifieke mechanismen zijn 
factoren die bijdragen aan een snelle adaptatie wanneer de nutriënten 
omstandigheden veranderen. Het daaruit voortvloeiende gebrek aan essentiële 
verbindingen vertaalt zich in het dwingen van de voedselketen om 
voedingspatronen en fysiologische processen aan te passen. 
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Zusammenfassung 

In den letzten Jahrzehnten haben sich die Nährstoffeinträge in die Nordsee 
erheblich verändert. Erhöhte Nährstoffeinträge durch Flüsse, verursacht durch 
menschliche Aktivitäten, führten zu einer Verschiebung in den 
Nährstoffverhältnissen von Stickstoff und Phosphor (N:P). 
Phytoplanktongemeinschaften, welche an der Basis des Nahrungsnetzes stehen, 
sind somit als Erstes von diesen Veränderungen betroffen. Sie reagieren indem sie 
die Zusammensetzung ihrer Biomoleküle verändern. Dies geschieht, weil die 
wichtigen Biomoleküle wie Kohlenhydrate, Aminosäuren, Fettsäuren und 
RNA/DNA - Basen unterschiedliche C:N:P Anforderungen für die Synthese 
haben. Phytoplankton ist im allgemeinen flexibel bei der Anpassung seines 
Stoffwechsels, beispielsweise werden bei Nährstoffmangel erhöht Speicherstoffe 
synthetisiert, welche nur Kohlenstoff beinhalten, aber weder N noch P. In dieser 
Doktorarbeit habe ich die verschiedenen Auswirkungen von Nährstofflimitationen 
auf die Dynamik von Biomolekülsynthese und - zusammensetzung im 
Phytoplankton der Nordsee untersucht. Des Weiteren wurde die Nahrungsqualität 
des Phytoplanktons bewertet und eine erste Studie durchgeführt, um zu bestimmen 
wie pflanzenfressendes Zooplankton mit einer verschlechterten Nahrungsqualität 
umgeht. Stabile Isotope wurden als 13C Tracer zugesetzt und die darauf 
basierenden Isotopenanalyse einzelner organischer Moleküle sowie des 
organischen Gesamtkohlenstoffs bilden die Grundlage dieser Arbeit. 

Der Aufnahme von 13C in Phytoplankton wird häufig verwendet um 
Primärproduktionsraten zu bestimmen. Obwohl die Messung dieser 
Gesamtkohlenstoffaufnahme wertvolle Informationen bieten, liefern sie keine 
Auskunft darüber, was intrazellulär mit dem Kohlenstoff passiert. Die Methoden 
um die Aufnahme von 13C in verschiedene Biomoleküle (Aminosäuren, 
Fettsäuren, Kohlenhydrate) zu bestimmen sind seit längerem vorhanden, allerdings 
sind diese Methoden bisher noch nie kombiniert worden, um ein 
Kohlenstoffbudget auf der Grundlage von Biomolekülen zu erstellen. In Kapitel 2, 
wurden deshalb etablierte Methoden aus der Gaschromatographie/ 
Isotopenverhältnis-Massenspektrometrie (GC/C-IRMS) und neu entwickelte 
Methoden aus der Flüssigkeitschromatographie/ IRMS (LC/IRMS) kombiniert um 
die Aufnahme von 13 C in Kohlenhydrate, Aminosäuren und Fettsäuren zu 
verfolgen. Die so gewonnenen Ergebnisse wurden mit den Gesamtkohlenstoff- 
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aufnahmeraten ins Phytoplankton verglichen. Es wurde festgestellt, dass die 
Kohlenstoffaufnahme in diesen drei Fraktionen die Mehrheit der 
Gesamtkohlenstoffaufnahme darstellt und die Kombination dieser Methoden somit 
die Möglichkeit bietet, die Zusammenhänge von Nährstofflimitierung und dem 
physiologischen Zustand einer Phytoplanktongemeinschaft zu untersuchen.  

Sowohl N - als auch P - Mangel wirken sich auf die 
Phytoplanktongemeinschaften in der Nordsee aus und bewirken dynamische 
Veränderungen in deren Biomolekülzusammensetzung. Um die Auswirkungen der 
variierenden Ressourcenknappheit in Feldpopulationen zu verstehen, wurden in 
Kapitel 3 saisonale und räumliche Dynamiken von Aminosäuren, Fettsäuren und 
Kohlenhydraten untersucht. Dabei hatten Nährstoffmangel und Jahreszeit große 
Auswirkungen auf die Biomolekülzusammensetzung und deren Syntheseraten. Die 
spezifische Nährstofflimitation konnte aber erst in Kurzzeitexperimenten nach der 
Zugabe des limitierenden Nährstoffes identifiziert werden. Die Zugabe des 
wachstumslimitierenden Nährstoffes erhöhte die Aminosäuresynthese, während 
sich gleichzeitig die Synthese von Speicherstoffen verringerte. Die Erhöhung der 
Aminosäuresynthese erfolgte viel langsamer in P - limitierten Gemeinschaften als 
in N - limitierten, wahrscheinlich aufgrund der notwendigen, vorhergehenden 
Synthese von Ribosomen. Dies deutet unterschiedliche Regulationsmechanismen 
auch wenn die Reaktionen auf Nährstoffzugabe ähnlich sind. Die Auswirkungen 
auf einzelne Aminosäuren unterschied sich ebenfalls zwischen den N - und P -
Limitation, was auf unterschiedliche Regulationsmechanismen hinweist (Kapitel 
4). Bei N - Mangel war die Synthese von essentiellen Aminosäuren wesentlich 
langsamer als die von nicht-essentiellen Aminosäuren, ein Trend der sich 
unmittelbar nach der Zugabe von N umgekehrte. Dem gegenüber verringerte sich 
die Synthese aller Aminosäuren gleichmäßig bei P - Mangel. Die Reaktionen auf 
N - und P - Mangel in verschiedenen Gruppen von Fettsäuren waren identisch, und 
es erfolgte eine Verschiebung der Synthese von strukturellen Fettsäuren zu 
Fettsäuren mit Speicherfunktion, bei einer gleichzeitigen Abnahme von mehrfach 
ungesättigten Fettsäuren. Ein umgekehrter, jedoch um 72h verzögerter Effekt 
wurde sichtbar nach der Zugabe von N oder P. Zu diesem Zeitpunkt wurden diese 
Veränderungen auch in den Fettsäurekonzentrationen im Phytoplankton 
wiedergespiegelt. Dies unterstreicht die verschiedenen qualitativen und 
quantitativen Regulierungen der Aminosäure - und Fettsäure - Synthese unter 
Nährstoffmangel und demonstriert die weitreichende Auswirkungen auf die 
Nahrungsqualität des Phytoplanktons, da hauptsächlich essentielle Aminosäuren 
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und Fettsäuren für höhere trophische Ebenen durch den Nährstoffmangel betroffen 
sind. 

Das Wachstum von Phytoplankton ist durch die Nährstoffverfügbarkeit 
begrenzt, weil entweder N - oder P - Konzentrationen zu niedrig sind, oder weil 
die daraus abgeleiteten N:P - Verhältnisse außerhalb des optimalen Bereichs 
liegen. Phytoplanktongemeinschaften aus der Nordsee wurden in Chemostat - 
Kulturen verschiedenen Nährstoffkonzentrationen und N:P - Verhältnissen 
ausgesetzt. Durch diese Versuche sollten die im Feld gewonnenen Erkenntnisse 
überprüft werden und das bis dahin gewonnene Bild über den Einfluss der N und P 
Verhältnisse auf die Synthese von Biomolekülen vervollständigt werden (Kapitel 
5). In allen Chemostat - Kulturen entwickelten sich Phytoplanktongemeinschaften, 
welche Grünalgen, Kieselalgen und Cyanobakterien enthielten. Während 
Grünalgen die höchste Biomasse unter Licht - und P - Mangel entwickelten, 
dominieren die Kieselalgen unter N - und P - Mangelbedingungen. 
Cyanobakterien hatten den größten Vorteil unter extrem geringen N - 
Konzentrationen. Die gefundene Verteilung der Biomoleküle stimmten gut mit im 
Feld gefundenen Ergebnissen überein. Der Aminosäure - Anteil war am 
niedrigsten unter N -Mangel, höher unter P - Mangel und am höchsten, wenn die 
Lichtintensität der begrenzende Faktor war. Der Anteil der einzelnen Aminosäuren 
zur Gesamtaminosäurekonzentrationen war weitgehend konstant über das 
getestete Spektrum an N:P Verhältnissen und Konzentrationen. Die geringere 
Umwandlung von nicht - essentiellen in essentiellen Aminosäuren bei niedrigen 
N:P Verhältnissen zeigte sich aber auch hier. Darüber hinaus wurde gezeigt, dass 
verschiedene Phytoplanktongruppen unterschiedlich flexibel sind in ihrer 
Biomolekül-Zusammensetzung. Die Ergebnisse werden dazu beitragen 
Wettbewerbsvorteile einzelner Arten in gemischten Phytoplanktongemeinschaften 
zu erklären. 

Die hohe Variabilität in der Biomolekül - Zusammensetzung des 
Phytoplanktons und die damit verbundenen Senkung der Nährstoffqualität hat 
Einflüsse auf höhere trophische Ebenen, welche ihrer Biomolekül 
Zusammensetzung weniger flexibel anzupassen können. Die 
Anpassungsmechanismen von herbivorem Zooplankton (Copepoden) an die 
geringere Futterqualität von N - und P - limitierten Algen wurde in Kapitel 6 
untersucht. Interessanterweise unterscheiden sich sowohl limitierenden 
Biomoleküle als auch die physiologischen Anpassungen zwischen Copepoden die 
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mit N - bzw. P - limitierten Algen gefüttert wurden. Copepoden reagierten auf P - 
limitierte Algen indem sie ihre Futteraufnahmeraten erhöhten. Gleichzeitig waren 
nur wenige Veränderungen im Biomolekül - Stoffwechsel zu erkennen. Die 
Verfütterung von N - limitierten Algen verursachte nur eine geringe Erhöhung der 
Futteraufnahmeraten. Im Allgemeinen erhöhte sich der Verbleib von Aminosäuren 
und Gesamtstickstoff in den Copepoden welches gleichzeitig zu einem erhöhten 
Bedarf an mehrfach - ungesättigten Fettsäuren führte. Folglich wurden diese 
Copepoden von zwei Biomolekülgruppen limitiert, nämlich den essentiellen 
Aminosäuren und essentiellen Fettsäuren. Beide Nährstofflimitierungen hatten 
ähnliche negative Auswirkungen auf das Wachstum der Copepoden. Sie lösten 
aber gegensätzliche physiologischen Reaktionen aus, welche möglicherweise 
Einfluss haben auf artspezifischen Wechselwirkungen oder den Energiefluss 
zwischen unterschiedlichen trophischen Ebenen.  

Phytoplanktongemeinschaften passen ihre Biomolekül - Zusammensetzung 
flexibel an die Nährstoffverfügbarkeiten an. Art- und Nährstoffspezifische 
Mechanismen erlauben ihnen sich schnell an veränderte Nährstoffsituationen 
anzupassen. Der daraus resultierenden Mangel an essentiellen Verbindungen 
überträgt sich in die Nahrungskette und zwingt Konsumenten sich ebenfalls 
anzupassen, indem sie Verhaltensmuster oder physiologischen Prozessen ändern. 
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