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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 avail-

ability 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, fol-

lowed by amino acids (19–32%) and fatty acids (4–9%). The sum of carbon fixation into these three fractions

accounted for 81–116% of total carbon fixation. P- and N-limitation increased the biosynthesis of storage lip-

ids and storage carbohydrates while N-limitation decreased synthesis of amino acid proline with a concurrent

increase in glutamic acid 1 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.

Approximately half of the global net primary production

is performed in the ocean (Field et al. 1998) and phytoplank-

ton forms the basis of most food webs in the sea. Methods

to estimate primary production have been around for deca-

des 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 bio-

mass (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; Gal-

lon 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 pri-

mary 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 nutri-

ent 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 phospho-

rus (P), causing a shift in phytoplankton C:N:P ratios and a

decline in the nutritional value of phytoplankton to con-

sumers (Sterner et al. 1993; Plath and Boersma 2001).

The diversity in nutrient N:P ratios faced by marine phy-

toplankton led to the development of models to predict

changes in the growth strategy of phytoplankton (Klausme-

ier et al. 2004). 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 (e.g., ribosomal RNA [rRNA]) (Falkowski 2000). In con-

trast, to sustain growth under low resource availability, phy-

toplankton invests in resource acquisition machinery

(pigments and proteins), which is rich in N but mostly lacks

P, resulting in high N:P ratios (Geider and LaRoche 2002).

Confirming those strategies in natural phytoplankton com-

munities and changes between them caused by changes in*Correspondence: julia.grosse@nioz.nl
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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 compound

concentrations following the addition or reduction of

nutrients (Granum et al. 2002; Mock and Kroon 2002).

Detection of significant changes in the compound concen-

trations 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 Su�arez and Mara~n�on (2003) used the incorporation of
14C to quantify carbon allocation into different macromole-

cule groups (total lipids, proteins, and polysaccharides), but

due to for instance special regulations of handling radioac-

tive 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 com-

pounds directly from complex mixtures. This opens possibil-

ities 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 photosyn-

thetically fixed carbon into macromolecules such as individ-

ual fatty acids, amino acids, and carbohydrates.

Many studies are already available on the incorporation

of carbon into a particular fraction of fatty acids, the phos-

pholipid derived fatty acids (PLFA), to determine the activity

or composition of specific groups of phytoplankton or bacte-

ria (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. As only one extra carbon has to be added per

fatty acid, it makes corrections for natural abundance d13C

values straightforward. However, requirements of heavy deri-

vatization of carbohydrates and amino acids for separation

on a GC make determination of d13C 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). Cur-

rently, the majority of studies focus on the natural abun-

dance 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 incor-

poration was mainly determined for one macromolecule

group, for example, amino acids or PLFAs, and information

is lacking on how carbon is simultaneously distributed

between different pools of macromolecules. Combining

these methods to determine fatty acid, amino acid, and neu-

tral 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.

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 phyto-

plankton 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 cal-

culated. Overall, these three major macromolecule groups

can be examined in detail and be compared with bulk meas-

urements of primary production. This makes it possible to

provide an overview of the ability of phytoplankton to allo-

cate carbon fixed through photosynthesis into different

functional groups of macromolecules and to study how phy-

toplankton copes with differences in resource availability.

Materials and procedures

Field experiment

For the trial experiment, we chose three sites in the North

Sea (Fig. 2) with different physical and chemical features.

The Coastal Station is only four kilometers offshore with a

water depth of eight meters and, therefore, heavily influ-

enced by runoff from land, mainly through nutrient-rich dis-

charge 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.

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,

subsurface water (seven meters) was obtained with Niskin

bottles, transferred to 10 L carboys and enriched with 13C-

sodium bicarbonate (99% 13C). The final labeling concentra-

tion reached 1.5–2% 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 cre-

ated, 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
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interface to a Delta V advantage IRMS (all from Thermo

Fisher Scientific, Bremen, Germany) (Moodley et al. 2005).

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 termi-

nated by splitting the carboy content into five equal vol-

umes, which were filtered over precombusted GF/F filters

(Whatman, 47 mm 1, 0.45 lm pore-size, 4 h at 450�C). Ali-

quot samples were taken for particulate organic carbon

(POC), fatty acid, amino acid, and neutral carbohydrate anal-

ysis as well as an additional filter, which served as a backup.

A volume between 1.0 L and 2.0 L was filtered per aliquot,

depending on the phytoplankton density. All filters were

stored frozen at 280�C until analysis (POC) or extraction of

the macromolecules. All incubations were performed in

duplicate and initial, unlabeled samples for POC and all

macromolecule groups were taken at the beginning of each

of the incubations.

Chlorophyll a and nutrient concentrations

Samples for chlorophyll a (Chl a) and other pigments

were collected on GF/F filters (Whatman, 47 mm 1, 0.45

lm pore-size) and stored at 280�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 (AllsphereTM ODS-2, Thermo Fisher

Scientific). Gradient mixing pumps delivered three mobile

phase solvents: (1) methanol/ammonium acetate, (2) 90%

acetonitrile, and (3) 100% ethyl acetate (Rijstenbil 2003 and

references therein). Pigments were identified and quantified

using commercially available standards (Dijkman and Krom-

kamp 2006).

Dissolved nutrient samples were taken by filtering water

through a 0.2 lm Acrodisc filter (Pall Netherlands, Mij-

drecht, The Netherlands). The concentrations for ammo-

nium (NH1
4 ), nitrate (NO2

3 ), nitrite (NO2
2 ), phosphate

Fig. 2. Map of the sampling area in the North Sea.

Fig. 1. Flow chart with overview of methods used in the approach of 13C tracing into the macromolecules.
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(PO32
4 ), and silicate (Si(OH)4) were analyzed using a QuAAtro

autoanalyzer (SEAL Analytical) according to the manufac-

turers instruction.

Total particulate organic carbon

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 EA coupled via a Conflo III interface to a Delta V

advantage IRMS (all from Thermo Fisher Scientific) to obtain

organic carbon content and d13C values.

Liquid chromatography/isotope ratio mass spectrometry

As 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 separa-

tion 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 sub-

sequently 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 elu-

ents and analytical columns. 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 carbohy-

drates can be analyzed without prior derivatization and sub-

sequent corrections of d13C 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 ng C and 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 11 mol

L21 H2SO4 was added 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 1.1 mol L21,

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–

6.0 by adding SrCO3. The SrSO4 was removed by centrifuga-

tion and the supernatant was frozen overnight 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), 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, 2 mol L21 NaOH, 2 mol

L21 HCl, and MilliQ and was used to trap impurities such as

amino acids, which can interfere with the signal from neu-

tral carbohydrates. The anion exchange resin was trans-

formed from a chlorine form into a carbonate form by

washing with MilliQ, 0.1 mol L21 Na2CO3, and MilliQ before

use (Abaye et al. 2011). The samples were run over the

mixed-resin bed column and collected in glass vials. Uncon-

centrated samples can be filtered (0.2 lm 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 mea-

surement. Therefore, the samples were frozen again, lyophi-

lized to complete dryness, subsequently redissolved in 1 mL

MilliQ and filtered (0.2 lm PVDF filters) before analysis.

Neutral carbohydrate concentrations and d13C values were

measured on a LC/IRMS system, equipped with a Surveyor

system consisting of a high performance liquid chromatogra-

phy pump (MS Pump Plus) and an Autosampler Plus autoin-

jector and coupled to an Delta V advantage IRMS instrument

via a LC Isolink interface (all Thermo Fisher Scientific). Iso-

dat software 3.0 (Thermo Fisher Scientific) was used to con-

trol the LC/IRMS system and for data collection. Separation

of neutral carbohydrates was performed using an Aminex

HPX-87H column (300 3 7.8 mm, 9 lm particle size; Bio-

Rad) with 0.02% 12 mol L21 H2SO4 as mobile phase at a

flow rate of 0.4 mL min21 and the column was kept at a

temperature of 22�C. The run time was 50 min and a 50 lL

sample loop was used for injection. The injected sample vol-

umes ranged from 10 lL (partial loop injection) to 50 lL

(full loop injection), depending on neutral carbohydrate

concentrations. To obtain 50 ng of C per compound, we sug-

gest that an amount>70 lg POC should be extracted for

neutral carbohydrates when using the Aminex HPX-87H

column.

Commercially available neutral carbohydrates (Sigma-

Aldrich) were dissolved in MilliQ water and injected individ-

ually to identify elution order. The Aminex HPX-87H col-

umn baseline separates glucose (Glu) from all other

carbohydrates, while galactose (Gal), xylose (Xyl), mannose
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(Man), and fructose (Fru) co-elute in a second peak. A third

peak contains fucose (Fuc), arabinose (Ara), and ribose (Rib;

Fig. 3A, example from an environmental sample). Alterna-

tively, 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 lL 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 lg) 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 d13C 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 d13C values were

within the standard deviation of certified values.

Amino acid extraction and analysis

To obtain hydrolyzable amino acids, we applied a modi-

fied 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 6 mol L21 HCl at 110�C for 20 h. There

was no need to apply an acid-washing step, as in the original

protocol, as the amount of inorganic carbon on the filter

was much lower than in sediment samples. After cooling,

the samples were diluted to a final concentration of 1 mol

L21 HCl by adding 10 mL MilliQ. The samples were sub-

jected to cation exchange chromatography with Dowex

50Wx8 resin (hydrogen form, Sigma-Aldrich), which was

activated as described above, filled into glass columns and

prerinsed 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 col-

umn with 12 mL of 2 mol L21 NH4OH, collected in glass

beakers and dried overnight on a heating plate (� 60�C).

Once dry, samples were redissolved in 1 mL of MilliQ, fil-

tered (0.2 lm PVDF filters) and measured on the same LC/

IRMS as described above. Separation of amino acids was per-

formed using a Primsep A column (250 3 3.2 mm, 5 lm par-

ticle size; SIELC) 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 min, fol-

lowed by a linear gradient to 100% mobile phase B (0.2%

12 mol L21 H2SO4) from 22 min to 75 min, and afterward

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 min21 and a 50 ll sample

loop was used for injection with sample volumes ranging

from 10 lL to 50 lL, depending on amino acid concentra-

tions. To obtain 50 ng of C per compound, we suggest that a

minimum amount of 200 lg POC should be extracted for

amino acids.

Amino acids were identified by individually injected

standards of commercially available amino acids (Sigma-

Aldrich, Fig. 3B, example from an environmental sample).

Amino acid concentrations were calculated using a calibra-

tion 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 follow-

ing the protocol of Bligh and Dyer (1959), and subsequently

separated into storage lipids, glycolipids, and phospholipids

by silicate column chromatography with 7 mL chloroform,

7 mL acetone, and 15 mL methanol. However, Boschker

(2004) only focus on the recovery of the phospholipid frac-

tion contained in the methanol and totally discards the

other two fractions. In this approach, we also collect the

storage lipid fraction in the 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 (1 mL 0.2 mol L21 sodium meth-

ylate, 15 min at 37�C) followed by a hexane extraction. This

resulted in the three FAME solutions containing (1) storage

Fig. 3. Example chromatographs for compound specific analysis of car-
bohydrates (A) and amino acids (B) at the Coastal Station. Carbohy-

drates 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-

1 asparagine (Asp), hydroxiproline (Hyp), serine (Ser), glutamic acid-
1 glutamine (Glu), 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.
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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 (IS). Concentrations and d13C of

individual FAMEs were measured by GC/C-IRMS (controlled

by Isodat 2.0 software); a HP G1530 GC (Hewlet Packard/Agi-

lent) was connected to a Delta-plus IRMS via a type III com-

bustion 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 lm film; Scientific

Glass Engineering) was used because it achieves better sepa-

ration 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,

M€ulheim a.d.). 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

min21. The following temperature program was applied: ini-

tial 60�C for 2 min, then to 120�C with 1 25�C min21, and

hold for 5 min, then to 220�C with 1 2�C min21, to 240�C

with 1 20�C min21, and hold 3 min resulting in a total run-

time of 55 min.

Fatty acids contribution to total biomass can be small (<

5% of total POC) and, therefore, a substantial amount of bio-

mass is required for extractions, especially if total fatty acids

will be further separated into several fractions. We, therefore,

suggest a minimum amount of 600 lg 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 IS FAMEs 12:0 and 19:0 as well as naturally occur-

ring 16:0 and compared them to a list of reference standards.

The concentrations of the identified fatty acids were calcu-

lated based on the known amounts of the FAME 19:0 IS

added to each sample. All three fractions were measured sep-

arately (Fig. 4A–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 fatty acid con-

tent. Fatty acids were notated A:BxC, 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-ori-

entation of the double bond (e.g., 18:2x6c).

Calculation of 13C uptake rates

Carbon stable isotope ratios are expressed in the d13C

notation:

d13Csample &ð Þ ¼ Rsample=RVPDB

� �
21

� �
31000;

where Rsample and RVPDB denote the 13C/12C ratio in the sam-

ple and the international standard, Vienna Pee Dee Belemn-

ite (for carbon RVPDB 5 0.0111802 6 0.0000009), respectively.

To quantify bulk carbon fixation and synthesis rates of

the different compounds, the absolute amount of 13C incor-

porated into different carbon pools above background was

calculated. These values are expressed as excess 13C (nmol
13C L21) and calculated in Eq. 1:

Excess13Csample

� ðd13Csample=100011Þ3RVPDB

ðd13Csample=100011Þ3RVPDB11

 !

2
ðd13Cbackground=100011Þ3RVPDB

ðd13Cbackground=100011Þ3RVPDB11

 !�
3concentrationsample;

(1)

where d13C sample refers to the d13C value of bulk material

(POC) or the compound of interest at the end of the incuba-

tion, d13Cbackground denotes the d13C value of the unlabeled

POC or compounds before the addition of 13C-DIC, concen-

trationsample denotes the concentration of POC or compound

in nmol of carbon per liter (nmol C L21) at the end of the

incubation.

To determine total carbon incorporation, the enrichment

of the DIC pool with 13C has to be calculated (Eq. 2).

Fig. 4. Examples of chromatographs for analysis of different fatty acid
fractions—methanol (A), acetone (B), chloroform (C) at the Coastal Sta-
tion. All samples originate from the same total lipid extract. It should be

noted that the amounts of 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 chro-

matograms. REF, reference pulse; RT, retention time.
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Enrichment DIC ¼
ðd13CDICsample=100011Þ3RVPDB

ðd13CDICsample=100011Þ3RVPDB11

 !

2
ðd13CDICbackground=100011Þ3RVPDB

ðd13CDICbackground=100011Þ3RVPDB11

 ! (2)

where d13CDICsample refers d13C of DIC in carboys at the end

of the incubation and d13CDICbackground denotes d13C of DIC

before the addition of 13C-DIC.

Biosynthesis rates (nmol C (lmol POC)21 d21) are calcu-

lated as followed:

Biosynthesis rate ¼
Excess 13Csample

Enrichment DIC

 !" #
=

POCconcentration=Dt324

(3)

where, POCconcentration is the concentration of POC (lmol

L21) at the end of the incubation and Dt is the incubation

time in hours. A multiplication with 24 gives daily rates.

Rates normalized to biomass allow comparison between dif-

ferent 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 macromolecule groups (total fatty acids, amino

acids, and carbohydrates) were obtained by summing all

individual biosynthesis rates within that group per duplicate.

Afterward averages and standard deviations were calculated

(n 5 2).

Assessment

Station characterization

The nutrient availability differed at the three North Sea

stations during the trial experiment in May 2012 (Table 1).

Dissolved inorganic nitrogen concentration (NO2
3 1

NO2
2 1 NH1

4 ) declined from 9.6 lmol L21 to 1.3 lmol L21 to

0.2 lmol L21 at the Coastal Station, the Oyster Ground, and

the Dogger Bank, respectively. Phosphate concentrations

increased from 0.05 lmol L21 to 0.16 lmol L21 and went

back down to 0.06 lmol L21 at the Coastal Station, the Oys-

ter 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 Red-

field 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 NH1
4 , which suggests it was a

regenerative system. Silicate (Si(OH)4) concentrations were

below 2 lmol L21 at all stations, a threshold for allowing

diatoms to dominate the phytoplankton community (Peper-

zak, et al. 1998).

The POC concentration was highest at the Coastal Station

with 44.2 6 1.3 lmol L21, 12.7 6 1.6 lmol L21 at the Oyster

Ground and 17.8 6 1.1 lmol L21 at the Dogger Bank. The

Chl a concentration was highest at the Coastal Station

(3.1 6 0.03 lg Chl a L21), lowest at the Oyster Ground

(0.4 6 0.04 lg Chl a L21) and increase again at the Dogger

Bank (0.8 6 0.03 lg Chl a L21). The other pigments showed

the same pattern and are summarized in Table 2. Pigment

composition and pigment ratios did not give clear indica-

tions about the dominating phytoplankton groups. The pres-

ence of fucoxanthin at all stations suggests the presence of

diatoms, dinoflagellates, and haptophytes. Alongside

fucoxanthin, haptophytes usually contain 19-butanoyloxy-

focoxanthin 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 mem-

ber of the phytoplankton community during the cruise.

Table 1. Overview of physical parameters, nutrients, nutrient
ratios, and concentrations of particulate organic carbon (POC,
averages 6 SD [n 5 2]).

Coastal

Station

Oyster

Ground

Dogger

Bank

Temperature (�C) 11.76 8.70 9.27

Salinity (PSU) 31.76 34.70 35.03

NO2
3 (lmol L21) 7.51 0.63 0.02

NO2
2 (lmol L21) 0.26 0.04 0.01

NH1
4 (lmol L21) 1.81 0.61 0.18

PO32
4 (lmol L21) 0.05 0.16 0.06

N: P (mol mol21) 191.6 8.0 3.5

Si(OH)4 (lmol L21) 0.37 1.39 0.09

POC (lmol L21) 44.1761.26 12.7261.58 17.8361.06

Table 2. Pigment concentrations and ratios of selected pig-
ments. Averages 6 SD (n 5 2), nd, not detected.

Coastal

Station

Oyster

Ground

Dogger

Bank

Alloxanthin (lg L21) nd 0.0260.01 nd

Chl a (lg L21) 3.0860.03 0.4260.04 0.7760.03

Chl b (lg L21) 0.0160.00 0.0860.00 0.0260.00

Chl c 1 1 2 (lg L21) 0.5560.02 0.0560.01 0.1160.01

Diadinoxanthin (lg L21) 0.1660.03 0.0260.01 0.1260.01

Diatoxanthin (lg L21) 0.0260.01 nd nd

Fucoxanthin (lg L21) 1.8960.05 0.1260.02 0.3460.03

Zeaxanthin (lg L21) nd 0.0160.01 0.0160.01

Chl a: Fucoxanthin 1.660.1 3.560.1 2.360.1

Chl a: Chlc 5.660.2 8.160.1 7.360.2
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Biochemical composition of POC

A total of 56% 6 1% to 82% 6 17% of total POC could be

explained by carbohydrates, fatty acids, and amino acids

(Fig. 5A). The main contributor to POC were the amino

acids, which contributed 46% 6 11% (Coastal Station),

36% 6 8% (Dogger Bank), and 28% 6 4% (Oyster Ground).

The second largest group contributing to POC were the neu-

tral carbohydrates with 33% 6 6% (Coastal Station),

18% 6 5% (Oyster Ground), and 24% 6 6% (Dogger Bank).

Fatty acids accounted for the lowest fraction of POC and

contributed 3% 6 0.3% (Coastal Station), 2% 6 0.7% (Oyster

Ground), and 5% 6 0.7% (Dogger Bank). All these values are

in agreement with other publications that have investigated

the biochemical composition of marine phytoplankton com-

munities (Mock and Kroon 2002; Su�arez and Mara~n�on

2003).

A substantial amount of POC (18% 6 17% to 44% 6 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 con-

tribute to total POC in a minor fraction as well. Further-

more, the effect of detrital carbon, either locally produced or

derived from allochthonous inputs (especially at the Coastal

Station), should be taken into account, which can possibly

skew the carbon contribution to different macromolecules

with respect to total living biomass. To access the current

state of a phytoplankton community, it is, therefore, better

to look at carbon fixation patterns instead of POC

composition.

Carbon fixation rates within different macromolecule

pools

Enrichment in d13C was detected in all bulk and macro-

molecule samples analyzed. Lowest Dd13C values (d13Csample–

d13Cbackground) were detected in the amino acid arginine at

the Oyster Ground (35.7& 6 17.0&, n 5 2). Highest Dd13C

reached 978.2& 6 25.1& (n 5 2) for glucose, also at the Oys-

ter Ground. Bulk Dd13C were moderate and ranged between

121.8& 6 31.6& (n 5 2) and 261.4& 6 10.9& (n 5 2).

The analytical error of the IRMS analysis is low. The

method precision ranges between 0.2& (EA/IRMS) and 0.4&

for certain individual compounds (LC/IRMS) (McCullagh

et al. 2006; Boschker et al. 2008) and the aforementioned

Dd13C imply that the final labeling concentration of 2% 13C-

DIC was sufficient to achieve Dd13C higher than the analytic

error even for compounds that incorporate 13C slowly (e.g.,

arginine). However, to achieve the precise detection of d13C

values of individual compounds a minimum concentration

of 36–150 ng carbon is required per compound in the sam-

ple volume injected onto the LC and GC columns (Boschker

et al. 2008). We aimed for an average minimum concentra-

tion of 50 ng C per compound and sample injection. This

required minimum concentration, the number of com-

pounds that can be separated on the column of choice and

the expected relative contribution of each macromolecule to

total POC have to be considered during sampling to assure

collection of sufficient material for extractions (see recom-

mendations in Material and procedures section).

The standard deviations detected in this study were much

higher than the analytical error and describe the experimen-

tal error, which derives from the natural variability in the

community response to, for instance, small differences in

incubation conditions of replicate carboys, for example,

shading due to carboy position in incubator.

Fig. 5. Composition of POC (A) and biosynthesis rates of bulk carbon
vs. biosynthesis rates of different macromolecule groups (B) for all three
stations. The upper panel (A) expresses concentrations of POC and car-

bon within the different macromolecules in lmol C L21. Rates in panel
(B) are in nmol C (lmol POC)21 d21. Shown are averages 6 SD, n 5 2.
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Bulk carbon fixation rates after 24 h incubations were

highest at the Coastal Station with 168.5 6 9.3 nmol C

(lmol POC)21 d21 and declined to 119.0 6 16.2 nmol C

(lmol POC)21 d21 and 82.4 6 17.5 nmol C (lmol POC)21

d21 at the Oyster Ground and Dogger Bank, respectively

(Fig. 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 Station, carbohy-

drates contributed a relative amount of 70% 6 0.4%, amino

acids 24% 6 2%, and fatty acids 6% 6 2%. At the Dogger

Bank, 64% 6 0.6% of carbon was allocated into carbohy-

drates, 32% 6 1% into amino acids and 4% 6 0.0% into fatty

acids. Distribution at the Oyster Ground was 71% 6 10%,

19% 6 8%, and 9% 6 2% for carbohydrates, amino acids, and

fatty acids, respectively (Fig. 5B).

Bulk vs. compound specific carbon fixation

The sum of carbon fixation within the different macromo-

lecules is highest at the Coastal Station with 195.4 6 39.8

nmol C (lmol POC21) d21 and declines to 126.5 6 29.1

nmol C (lmol POC21) d21 and 67.4 6 16.6 nmol C (lmol

POC21) d21 at the Oyster Ground and Dogger Bank, respec-

tively (Fig. 5B). The sum of macromolecule carbon fixation

was higher than the bulk carbon fixation at the Coastal Sta-

tion and the Oyster Ground, accounting for 116% 6 29%

and 104% 6 10%, respectively. At the Dogger Bank, the sum

of biomolecule carbon fixation explained 82% 6 26% of bulk

carbon fixation. Bulk carbon fixation was within the cumula-

tive standard deviations of carbon fixation of macromolecule

groups at all three stations, indicating no significant differ-

ences in the two approaches. Su�arez and Mara~n�on (2003)

reported similar numbers in their study (95–104%) 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 macromole-

cule group to bulk carbon fixation without investigating all

macromolecule groups. Our results suggest that phytoplank-

ton shuffle the majority of photosynthetically fixed carbon

into the three macromolecule groups within 24 h, especially

at the Coastal Station and the Oyster Ground, while phyto-

plankton at the Dogger Bank has at least one more impor-

tant 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% 6 10% and

64% 6 12% while Xyl/Man/Gal/Fru contributed 28% 6 6%

and 28% 6 10% at both stations, and Ara/Fuc/Rib contrib-

uted 11% 6 2% and 8% 6 5%. At the Dogger Bank, glucose

contributed only 53% 6 7% while Xyl/Man/Gal/Fru contrib-

uted 35% 6 10%, and Ara/Fuc/Rib 11% 6 6%. This resulted in

ratios between glucose concentration to the other neutral

carbohydrate of 1.6, 1.8, and 1.2 (Fig. 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% 6 14% to

total synthesized carbohydrates, while Xyl/Man/Gal/Fru con-

tributed 10% 6 3% and Ara/Fuc/Rib 3% 6 2% (numbers iden-

tical at both stations) resulting in ratios of 6.4 and 6.6. At

the Dogger Bank, glucose contributed 66% 6 12%, Xyl/Man/

Gal/Fru 28% 6 7%, and Ara/Fuc/Rib 6% 6 3%, a ratio of 1.9

(Fig. 6B). Possible explanations for such differences in ratios

among stations can be threefold. First, the phytoplankton

community at the Coastal Station and the Oyster Ground

may have synthesized high amounts of internal storage poly-

saccharide, such as glucan or chysolaminaram (both made

from glucose subunits), as a response to resource limitation

causing increased detection of glucose synthesis. However,

the approach shown here cannot distinguish between glu-

cose derived from storage and nonstorage carbohydrates.

Second, the phytoplankton community at the Dogger Bank

used the glucose to either synthesize proteins and other

macromolecules 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 poly-

meric 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 phytoplank-

ton 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. 6C). At the Coastal Station and the Oyster Ground, leu-

cine (Leu) was the most important amino acids, followed by

proline (Pro) and threonine (Thr). At the Dogger Bank, glu-

tamic acid 1 glutamine (Glu) showed highest abundances

followed by Leu and Thr (Fig. 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 investigated stations. The above listed

amino acids also showed highest biosynthesis rates with an

identical distribution pattern (Fig. 6D).

Within the amino acid pool, an indicator for N-limitation

is the accumulation of Glu in the cells and a consequent

reduction of Pro. Proline is directly synthesized from gluta-

mate and this synthesis is dependent on nitrogen
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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: Glu 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: Glu ratios for concentrations and

biosynthesis rates were 10.1 6 6.1 and 9.7 6 5.3, respectively,

suggesting that Glu could be rapidly synthesized into Pro

and N-availability was not limiting. At the Oyster Ground,

Pro: Glu ratios decreased to 4.2 6 2.6 and 3.9 6 2.6, for con-

centrations 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 Glu in the cells, while Pro was of very low importance

which resulted in very low Pro: Glu ratios of 0.3 6 0.01 for

concentrations and 0.1 6 0.02 for biosynthesis rates.

The amino acids Leu, Val, Thr, Phe, and Lys, are all essen-

tial 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% 6 1%, 64% 6 1%, and 57% 6 1%

of total amino acids at the Coastal Station, Oyster Ground,

Fig. 6. Contribution of individual compounds within the different macromolecule groups. Total neutral carbohydrate composition (A) and biosynthe-

sis (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 Glu (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 glyco-
lipids (GLFA) and phospholipids (PLFA). Shown are averages 6 SD, n 5 2.
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and Dogger Bank, respectively. From an amino acid perspec-

tive, the phytoplankton at the Coastal Station had the high-

est 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% 6 0.3%210% 6 0.2% of total fatty

acids in both concentration and biosynthesis (Fig. 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 frac-

tion. However, both glyco- and phospholipids are structural

(membrane) lipids in contrast to the neutral storage lipids in

the chloroform fraction, and therefore, the data for these

two membrane fractions was combined in this study.

There was considerable variation in the fatty acid compo-

sition between stations. Phytoplankton from the Coastal Sta-

tion contained more storage lipids than structural lipids

(ratio 1.5 6 0.01), whereas phytoplankton at the Oyster

Ground and the Dogger Bank contained similar concentra-

tions of storage lipids and structural lipids with ratios of

0.7 6 0.3 and 0.9 6 0.2, respectively (Fig. 6E). A similar order

was found in the biosynthesis of fatty acids. However, the

contribution of storage lipids was increased at all three sta-

tions, which resulted in ratios of 3.6 6 0.1, 1.1 6 0.3, and

1.4 6 0.4, respectively. An accumulation of storage fatty acids

compared with 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 with the

other two stations.

The composition of individual fatty acids in the PLFA

fraction can be used to identify the dominating phytoplank-

ton groups within a community. Diatoms are enriched in

16:1x7 and 20:5x3, and contain the biomarker PLFAs

16:3x4 and 16:4x1, while dinoflagellates and haptohytes

show increased concentrations in 18:4x3 and 22:6x3, and

have the biomarker PLFAs 18:5x3 and 18:5x5 (Dijkman and

Kromkamp 2006). The lack of diatom biomarkers 16:3x4

and 16:4x1 at all three stations confirm that diatoms were

not major part of the phytoplankton community. The pres-

ence of PUFAs with 18 carbons indicates that dinoflagellates

and haptophytes (including P. globosa) were dominating the

phytoplankton community (Table 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 favor-

able 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 and Rut-

tenberg 2006).

Overall, the increased synthesis of carbohydrate and fatty

acid storage products indicates that conditions for phyto-

plankton 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 suboptimal conditions, the increased

synthesis of storage products did not require N or P. Addi-

tionally, there might have been indirect effects, as P is also

required for ATP and N is required for gene-expression/rRNA

synthesis as well as for enzymes to catalyze reactions within

the cell. Furthermore, the lack of Si(OH)4 affects diatom

growth in a negative way.

Discussion

The presented approach is a combination of established

and new CSIA methods (Fig. 1). All methods utilize stable

carbon isotopes as tracer (13C) instead of radioactive 14C iso-

topes. 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 lg and 600 lg of POC, depending

on the macromolecules of interest). So far, studies using a
14C approach to identify carbon-fixation into macromole-

cules only investigated different groups of macromolecules

but not individual compounds within those groups

(Mara~n�on et al. 1995; Su�arez and Mara~n�on 2003). Separation

of the building blocks of these macromolecule groups is pos-

sible 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

Table 3. Fatty acid concentrations found in the PLFA fraction
at each station. Concentrations are given in nmol C (lmol
POC)21. nd, not detected. Averages 6 SD are shown (n 5 2).

Coastal Station Oyster Ground Dogger Bank

14:0 0.8260.13 0.5860.39 2.5660.51

16:0 0.9560.12 2.1261.05 3.0860.77

18:0 0.4760.22 0.4660.14 0.3960.09

16:1x7c 0.7760.14 1.9761.00 4.1860.84

18:1x9c 0.1860.06 0.3260.14 0.6460.13

18:1x7c 0.5960.16 1.0860.41 0.8460.27

16:2x4 0.0560.06 0.0560.02 0.2860.04

16:3x3 0.0960.05 0.0860.02 0.0960.02

16:3x4 nd nd nd

16:4x1 nd nd nd

18:2x6c 0.1460.10 0.3860.13 0.3560.06

18:3x3 0.1360.05 0.2760.11 0.5060.09

18:4x3 0.2660.09 0.8360.41 0.9060.18

18:5x3 0.0760.04 0.2260.10 0.5260.41

18:5x5 0.1060.02 0.2460.11 0.7260.02

20:5x3 1.8560.68 1.3960.69 3.8261.16

22:6x3 1.8660.54 2.2061.05 6.4562.10
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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 mass spectrometer 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 and Handa 1992). In our approach, 13C

enrichment can be kept at 2% 13C or less to achieve well

detectable changes in Dd13C 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. Although 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 mac-

romolecule (sub-) groups, hence cannot be used to deduce

prevailing resource limitation. However, differences in car-

bon 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. SLFAs contrib-

ute 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: Glu ratio, caused by the accumulation of Glu,

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: Glu 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 macromolecule 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 species-specific

adaptations to nutrient limitations. The approach may be

used to prove model predictions on the effects of nutrient

limitations (Klausmeier et al. 2004) directly in the field and

improve our understanding of differences in stoichiometric

composition of phytoplankton (Geider and LaRoche 2002),

to obtain information on physiological states of phytoplank-

ton, and to evaluate its quality as food for higher trophic

levels (Sterner et al. 1993; Plath and Boersma 2001). The

incubation time for nutrient addition experiments can be

kept short (� 24 h) 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 physiologi-

cal responses to different light levels, growth rates, or nutri-

ent sources. All or selected methods can be applied to study

effects of viral infection or trace consumption of phyto-

plankton through the food web.

Our study was performed in a temperate coastal sea with

moderate to high phytoplankton densities and we used filtra-

tion volumes between 1.0 L and 2.0 L to obtain sufficient

material for macromolecule extractions. As long as adequate

amounts of biomass are collected for extraction (e.g., by

adapting the filtration volume), the presented suite of meth-

ods 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 ques-

tions. For example, we obtained a high resolution in our fatty

acids by separating samples into subfractions 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 carbohy-

drates 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 sam-

ple volume to be injected into the column, which only slowly

eluted 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 and Middel-

burg 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 for

example, allochthonous detritus (as at our Coastal Station)

are minimized as only biosynthesis rates are considered.

Recently, Moerdijk-Poortvliet et al. (2014) developed a

method to measure DNA and RNA nucleotide concentrations

and d13C values by LC/IRMS. Adding their method to our

approach makes it possible to assemble a carbon budget
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including all four major macromolecules 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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