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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. 



ALGAL BIOMOLECULES UNDER N AND P LIMITATION  

 

 51 

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. 



CHAPTER 3!

 

 60 

 

T
able 3.1: Environm

ental data for all stations and cruises. <D
L = below

 detection lim
it; D

L for Si(O
H

)4  is at 0.03 µm
ol L

-1. 



ALGAL BIOMOLECULES UNDER N AND P LIMITATION  

 

 61 

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 
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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-



ALGAL BIOMOLECULES UNDER N AND P LIMITATION  

 

 67 

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 



CHAPTER 3!

 

 72 

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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