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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 '*C-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 fourfold in concentration and up to
eightfold in biosynthesis rates. Nutrient specific effects and the prevailing nutrient limitations were identified
by short-term (24-72 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 fivefold 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 slowet, 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.

Increases in riverine nutrient loadings, due to anthropo-
genic activities, led to eutrophication in coastal seas world-
wide resulting in increased phytoplankton biomass (Cadée
and Hegeman 2002), shifts in species composition (Philip-
part et al. 2000), formation of toxic algal blooms (Riegman
et al. 1992; Lancelot et al. 2007) as well as changes in tro-
phic food web structures (Van Beusekom and Diel-
Christiansen 2009). In order to reduce these effects much
effort was raised in recent decades to lower nutrient dis-
charges 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 and Kilham 1988; Howarth and Marino
2006) is now challenged by studies that show a prevalence
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of P-limitation (Philippart et al. 2007; Loebl et al. 2009; Bur-
son et al. 2016).

Different approaches are available to determine the limit-
ing nutrient for example by assessing available DIN and DIP
concentrations or resulting DIN : DIP ratios (Redfield et al.
1963; Tilman and Kilham 1976; Goldman and Glibert 1983).
The activity of the alkaline phosphatase enzyme can further-
more identify individual phytoplankton groups that are lim-
ited by DIP within a community (Dyhrman and Palenik
1997; Gonzalez-Gil et al. 1998). Increased C : N or C : P
ratios in phytoplankton indicate that DIN and DIP were the
limiting nutrient, respectively. C : N : P ratios reflect varia-
tions in the compound composition, because major cellular
biomolecules differ in their requirement for C, N, and P
(Klausmeier et al. 2004). For example, 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 com-
pounds, such as CH or triglycerides, are preferably accumu-
lated by microalgae (Granum et al. 2002; Borsheim et al.
2005). These changes in cellular composition may lead to a
decline in the nutritional value of phytoplankton and poten-
tially affect the structure and functioning of the entire food
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web (Sterner et al. 1993; Plath and Boersma 2001). Given the
substantial changes currently occurring in coastal nutrient
cycles, it is expected that the biomolecule composition of
coastal phytoplankton undergoes drastic changes as well.

Nutrient addition bioassays are also commonly used to
determine the limiting nutrients. In these experiments,
nutrients are added in different combinations and changes
in phytoplankton growth or biomass are compared. Changes
in fluorescence, chlorophyll content or primary production
are used as indicator but the required incubation periods to
detect reliable changes are 2 d or more (Mills et al. 2004;
Bonnet et al. 2008; Moisander et al. 2012). Bioassays have to
last even longer (weeks) when changes in the concentration
of biomolecule groups are investigated (Lynn et al. 2000;
Mock and Kroon 2002). The long-term incubations detect an
increase of primary production resulting from the increase in
necessary growth machinery but they have the disadvantage
that undesired changes in the phytoplankton community
composition can occur over these longer periods that lead to
not-field relevant results (Beardall et al. 2001).

However, the synthesis of the building blocks of the nec-
essary growth machinery should be expected to occur on
much shorter timescales and may be a much faster way to
investigate the effects of nutrient limitation on biomolecule
profiles. A few studies investigated the concurrent allocation
of 'C radioactive carbon into several biomolecule fractions
(polysaccharides, proteins, and lipids) in natural phytoplank-
ton communities (Lindqvist and Lignell 1997; Sudrez and
Maranén 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 sta-
ble isotope analysis make it now possible to measure concen-
trations 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
(Grosse et al. 2015). The individual compounds can also be
summed to biomolecule subgroups such as storage and struc-
tural CH or FA (Grosse et al. 2015) 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 study-
ing interactions between nutrients and biomolecule pools.

The present study investigates the simultaneous biosyn-
thesis of CH, AA, and FA by phytoplankton to provide
insight into the effects of nutrient limitation on the bio-
chemical fate of photosynthetically fixed C in coastal seas.
We hypothesize that seasonal and spatial shifts in nutrient
availability influence the biomolecule composition and syn-
thesis 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
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Fig. 1. Map of stations revisited during five cruises in 2011-2013.

thereafter, which covered a wide range of nutrient limita-
tions and phytoplankton communities. Furthermore, we
conducted short-term (24-72 h) nutrient addition experi-
ments in order to identify nutrient specific effects in phyto-
plankton biomolecule biosynthesis patterns.

Study sites and methods

Field campaigns

Five cruises were conducted in the North Sea with the RV
Pelagia, spread over 3 yr covering a transect from the Dutch
coast toward the center of the North Sea (Fig. 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, 08-12 May 2012,
15-25 March 2013 and 24 April-04 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 nutri-
ent settings. The coastal zone station (CZ) is very shallow
(8 m) and therefore completely mixed and its close proximi-
ty 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
and Peperzak 1990). The Dogger Bank (DB) shows low nutri-
ent availability throughout the year and due to its shallow-
ness (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
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Table 1. Environmental data for all stations and cruises. < DL = below detection limit; DL for Si(OH), is at 0.03 umol L™,

Salinity NO3 NO; NH;r PO~ Si(OH)4
Station (#) [-] Temperature [°C] [umol L™'] [umol L™'] [umol L™'] [umolL™'] [umolL™'] DIN:DIP DIN:Si
Coastal Zone
March (1) 31.4 2.7 32.0 0.97 5.5 0.71 16.6 54 2
April (2) 31.2 6.8 15.5 0.43 0.34 0.05 0.13 325 125
Mid May (3) 31.8 11.5 7.5 0.26 1.8 0.05 0.37 191 26
End May (4) 34.6 12.1 3.1 0.24 2.3 0.09 1.1 63 5
August (5) 31.8 18.7 0.13 0.03 0.23 0.02 0.37 20 1
Oyster Ground
March (6) 34.7 4.2 9.7 0.11 0.16 0.54 6.3 18 2
April (7) 34.5 5.6 0.68 0.08 0.33 0.04 <DL 27 N/A
Mid May (8) 34.7 8.7 0.63 0.04 0.61 0.16 1.4 8 0.9
End May (9) 34.4 10.5 0.12 0.02 0.34 0.03 0.77 16 0.6
August (10) 34.7 16.6 0.01 0.01 0.10 0.13 2.2 1 0.1
Doggers Bank
March (11) 34.6 3.8 5.1 0.08 0.14 0.54 4.7 10 1
April (12) 34.8 6.1 0.04 0.02 0.21 0.14 0.03 2 9
Mid May (13) 35.0 9.3 0.02 0.01 0.18 0.06 0.09 4
End May (14) 34.9 11.6 0.01 0.01 0.08 0.09 0.44 1 0.2
Central North Sea
March (15) 35.1 5.1 6.2 0.17 0.14 0.53 2.5 12 3
April (16) 35.1 5.8 0.04 0.02 0.18 0.16 0.28 2 0.9
Mid May (17) 35.0 8.1 0.76 0.07 0.45 0.17 0.84 8 2
August (18) 34.9 14.6 0.01 0.01 0.08 0.02 0.76 5 0.1

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, U.S.A.).

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: (1) a control incubation with
no added nutrients, (2) addition of 80 ymol L™' NaNO3 (+N
treatment), (3) addition of 5 uymol L™' K,HPO, (+P treat-
ment) and (4) addition of 80 ymol L™! NaNOs, 5 ymol L !
K,HPO, and 80 ymol L™! Si(OH)4 (+NPSi treatment). All car-
boys were enriched with '*C-sodium bicarbonate (99% '3C)
to a concentration of 200 pmol L™!. Absolute *C-DIC
enrichment was measured in the laboratory (Grosse et al.
2015) and reached final labeling concentrations of 1.5-2% 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 reduced 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 four equal volumes and filtering these over pre-
combusted GF/F filters (Whatman, 47 mm, 0.45 pum pore-
size, 4 h at 450°C). Between 0.3 L and 2.0 L, 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 4'*C 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
longer-term changes in biomolecule synthesis differed from
shorter-term 24 h incubations. 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.
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Extraction and analysis of biomolecules

Detailed descriptions of extraction protocols for biomole-
cules (CH, AA, and FA), LC- and GC/C-IRMS systems as well
as compound separation protocols and conditions were pub-
lished in Grosse et al. (2015) 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
and Dyer (1959) and subsequently separated into storage lip-
ids, glycolipids, and phospholipids by silicate column chro-
matography. 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, membrane-derived lipids.
After derivatization to fatty acid methyl esters (FAMEs), they
were analyzed by GC/C-IRMS using the column BPX-70. Fat-
ty acids were notated A:BwC, where A is the number of car-
bon 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.

Calculation of '3C uptake rates

Carbon stable isotope ratios are expressed in the §'3C
notation: 6"*C (%,) = ((Rsample/Ryppp)-1) X 1000, where Rgam.
ple and Ryppp denote the '*C/'?C ratio in the sample and the
international standard, Vienna Pee Dee Belemnite
(Rvppp = 0.0111802), respectively.

Incorporation of '*C into bulk carbon as well as individu-
al compounds is reflected as excess (above background) '*C
and was expressed as specific uptake after correction for
enrichment of the DIC-pool (difference 513CD1Csamp1e at end
of incubation and ¢"*Cpichackgrouna Defore addition of '*C-
DIC), POC concentration and incubation time in (nmol C
(umol 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, stor-
age and structural FA, and storage (glucose) and structural
CH). Afterwards averages and standard deviations were calcu-
lated (n=2). Biomolecule concentrations and C-fixation
rates throughout the text were reported relative to cumula-
tive  POC  concentrations and  C-fixation  rates
(AA + FA + CH = 100%), respectively. Unidentified contribu-
tions were only included into total POC concentrations and
bulk C-fixation rates.
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Other analyses

Pigments were extracted in 90% acetone, separated by
high pressure liquid chromatography and identified and
quantified using commercially available standards (Dijkman
and Kromkamp 2006). Samples for dissolved nutrients were
filtered through 0.2 um polycarbonate filters and concentra-
tions of nitrate (NOj), nitrite (NO,), ammonium (NHy),
phosphate (PO?{), and silicate [Si(OH)4] were analyzed using
a QuAAtro autoanalyzer (SEAL Analytical) according to man-
ufacturer’s instructions. Total dissolved inorganic nitrogen
(DIN) was calculated as the sum of NO;, NO,, and NH;.
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 HCI before being packed into tin cups. The analysis
for organic carbon content and §'3C values was performed
using the same EA-IRMS system described elsewhere (Grosse
et al. 2015).

Statistical analysis

To explore differences in phytoplankton community
structure, principle component analysis (PCA) was performed
with the relative contribution (%) of (1) individual structural
FA concentrations to total structural FA concentrations
(nmol C (umol POC)™ ) and (2) individual pigment concen-
trations to total pigment concentrations (ug L™'). The pack-
age CRAN:factoMineR in the open source software R was
used for the PCA analysis using a correlation matrix. Only
FA found in eukaryotic algae and cyanobacteria were used,
while FA commonly found in heterotrophic bacteria were
omitted from the PCA (cf. Dijkman and Kromkamp 2006).
The PCA matrix for pigments included all quantified pig-
ments, while all chlorophyll degradation products were
excluded, e.g., pheophytin and pheophorbide.

Results and discussion

Seasonal succession

Inorganic nutrients concentrations were highest at the CZ
and generally decreased farther offshore as well as through-
out the year (Fig. 2a-d). The Redfield N : P : Si ratio of
16 : 1 : 16 can be used to coarsely identify if phytoplankton
growth is limited by either DIN, DIP, or Si. According to this
ratio, the CZ was P-limited during all cruises and co-limited
by Si until End May. 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, Table 1). However, ambient DIN, DIP, and Si concen-
trations in March were high enough that they were not lim-
iting phytoplankton growth at all stations.

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. 2e-h). To
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establish differences in phytoplankton community composi-
tion PCAs were performed using biomarker molecules (Fig.
3). The composition of individual FA differs greatly between
phytoplankton groups, especially in the structural FA frac-
tion. For example, diatoms are enriched in 16:1w7 and
20:503 and they contain diatom specific FA 16:3w4 and
16:4w1 (Dalsgaard et al. 2003; Dijkman and Kromkamp
2006). In contrast flagellates, including dinoflagellates, the
Prymnesopphyceae  Phaeocystis  and  nano-flagellates,

synthesize higher amounts of 22:6w3 and contain the flagel-
late specific FA 18:5w3 and 18:5w5, while increase amounts
of 16:4w3 and 18:4w3 indicate the presence of green algae
(Dijkman and Kromkamp 2006). Natural communities con-
sist of multiple phytoplankton groups (Barnard et al. 2004),
however one of them can dominate being the main contrib-
utor to total biomass (McQuatters-Gollop et al. 2007a). PCA
of structural FA concentrations revealed three different com-
munities (Fig. 3a). Communities dominated by diatoms
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(“diatom-dominated,” based on high amounts of 16:1w7 and
20:5w3) were found at the CZ during all cruises as well as at
the OG in April. Communities that were dominated by flag-
ellates (“flagellate-dominated,” based on high amounts of
18:5w3, 18:5w5, and 22:6w3) appeared farther offshore and
later during the season, e.g., DB/End May and CNS/August
(Stns. #14, 18). Several stations could not clearly be classified
as either diatom- or flagellates-dominated and were referred
to as “Mixed.” These communities contained either high
amounts of green algae biomarker FA (16:4w3, 18:4w3; OG
and DB in March (Stns. #6, 11]) or identification was uncer-
tain 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]).
Pigments are also widely used to describe phytoplankton
communities. Fucoxanthin and chlorophyll c; 4, are usually
associated with diatoms, while alloxanthin, chlorophyll cs,
19-Hexanoyloxyfucoxanthin and peridinin are characteristic
for flagellates (including dinoflagellates, Phaeocystis spp. and
nanoflagellates). Several other pigments can identify the
contribution of cyanobacteria (zeaxanthin) or green algae
(chlorophyll b, lutein and violxanthin) (Wright and Jeffrey
2006). The PCA of pigment concentrations clearly separates
the diatom-dominated communities from all others, agree-
ing with findings in the PCA of structural FA (Fig. 3). Howev-
er, flagellate and mixed communities did not separate in the
pigment data PCA (Fig. 3b). Overall, structural FA and

pigment data agreed well with cell count data obtained on
the same cruises (Burson et al. 2016). Phytoplankton com-
munities showed the shift from diatom-dominated commu-
nities to into flagellate-dominated communities, which is
typical for the North Sea (McQuatters-Gollop et al. 2007a)
and developed earlier in the year with increasing distance to
the coast.

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. 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 syn-
thesis increased in all three treatments relative to the con-
trol. An example for N/Si co-limitation would be the OG in
End May (Stn. #9), where AA synthesis in the +N treatment
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increased only slightly (8% = 1%), while the increase in the
+NPSi treatment was 27% = 2%, but no increase was detect-
able 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 macro-
nutrient limitation, which mainly occurred in March, but also

in April at the CZ and in Mid May at the CZ and OG. Howev-
er, 72 h incubations did show clear responses at the CZ in
April and Mid May (Stns. #2, 3) identifying them as P/Si co-
limited (Fig. 5a,c). These responses were also clearly seen in
the actual rate data, showing increases in the +P and +NPSi
treatments in Mid May (see Supporting Information). This sug-
gests that the response to the addition of the limiting nutrient
was slower in P- than in N-limited phytoplankton. At several
stations during selected cruises, Burson et al. (2016) conducted
classical bioassays using changes in chlorophyll a (Chl a) con-
centrations in parallel to compound specific bioassays. In gen-
eral, both approaches identified the same limiting nutrients.
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
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transitioned into N-limited flagellate communities, which
were also co-limitation by P at several locations. At one sta-
tion (OG/Mid May, Stn. #13) the mixed community did not
show a response to nutrient addition, suggesting a commu-
nity that was transitioning into a flagellate dominated com-
munity after diatoms ran out of required nutrients, most
likely silicate. Flagellate communities were only found at
DIN concentrations lower than 0.6 umol L~! DIN. N-
limitation in diatom and mixed communities started at con-
centrations between 1.3 and 5.4 ymol L™! DIN and P co-
limitation begun between 0.09 and 0.16 umol L™' PO3~ (Fig.
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.

Nutrient limitation identified by the compound specific
isotope approach agreed mostly with nutrient limitations
indicated by the Redfield ratio (DIN : DIP : Si=16 : 1 : 16;
Table 1; Fig. 2). However, absolute nutrient concentrations
and community specific nutrient requirements have to be
considered when discrepancies occur. For example, we found
no limitation at the OG/Mid May (Stn. #8), where DIN : DIP
ratios of 8 : 1 indicated a potential N-limitation, or at the
CZ/August (Stn. # 5) where DIN : DIP ratios of 20 : 1 would
have suggested nearly balanced growth, but we actually
found strong N-limitation due to a low availability of DIN.
Indeed, optimal N : P ratios for phytoplankton have been
found to be species dependent and can range between 5 and
50, for species with low N and low P-requirements, respec-
tively (Geider and LaRoche 2002; Quigg et al. 2003;
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Klausmeier et al. 2004). Evidently, using the response of AA
biosynthesis after nutrient addition seems to be a more reli-
ant identifier of the limiting nutrient than using DIN : DIP
ratios.

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. 6¢). Under nutrient limited conditions stor-
age Glu was the highest C-sink, which was immediately proc-
essed into other biomolecules when resources became
available. Diatom and mixed communities primarily used Glu
as C-storage, while flagellates also used storage FA (Fig. 6c¢,d).
Changes in the synthesis of structural FA and structural CH
changed between stations and seasons without a clear pattern
emerging and may have been community specific responses
rather than a response to resource limitation.

Changes in bulk C-fixation rates could not be used to
determine the limiting nutrient because no systematic
increase or decrease was observed after 24 h (Fig. 7), and
only led to interpretable results after 72 h (Fig. 5). Cumula-
tive carbon fixation rates (24 h) of CH, AA, and FA were
mostly close to the total carbon fixation rates (bulk C-fixa-
tion), as determined from '*C-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 stan-
dard deviations, probably due to experimental errors for
instance during sample handling on board. At the other sta-
tions and seasons the cumulative C-fixation was clearly
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 cumula-
tive 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. 5)]. This discrepancy indi-
cates that, when the limiting nutrient was added, C was allo-
cated into a biomolecule pool that we did not investigate
such as DNA and RNA. The increase in AA synthesis and
consequently growth rates most likely requires higher syn-
thesis of ribosomes and RNA (Dortch et al. 1983; Elser et al.
2000; Falkowski 2000).

Fig. 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 cumula-
tive 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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AA synthesis responded to the relief of both N- and P-
limitation, but was typically higher and faster in N-limited
than in P-limited communities within the first 24 h (Figs. 4,
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 and Devol 2008; Hessen et al.
2010). P-limited phytoplankton typically down-regulates
ribosome synthesis and its overall intracellular content, caus-
ing 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 asymmet-
ric response in AA synthesis between N- and P-limited incu-
bations. However, the molecular structure of RNA requires N
as well. It has to be assumed that eventually N-limitation
can affect RNA synthesis in a similar way, resulting in a
delayed response in AA synthesis after N-addition because
RNA synthesis has to precede AA synthesis. 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. 5b,d). However, in un-amended control
incubations, the good agreement between bulk C-fixation
and cumulative C-fixation of AA, FA, and CH suggests that
RNA/DNA formed a relatively minor C-pool and may have
only become temporarily important during changes in nutri-
ent status. In conclusion, the down-regulation of AA synthe-
sis and the up regulation of storage compounds under
nutrient limitation seem to be a general response of phyto-
plankton and result in decreased growth.

Relationship between POC composition and biomolecule
synthesis

Biochemical composition of POC (Fig. 8) and biomolecule
synthesis in the un-amended control incubations (Fig. 4)
both showed substantial seasonal variations. Trends were
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very similar vyielding remarkably strong relationships
between biomolecule composition and synthesis (Fig. 9) and
indicated that detrital contribution to POC concentration
was probably relatively minor and that our biosynthesis data
are field relevant. Generally, AA concentrations and synthe-
sis were low in March. They decreased even further in April,
ranging between 18% * 5% and 32% = 5% of POC concen-
tration and 4% = 2% and 10% * 1% of biosynthesis, coincid-
ing with strong nutrient limitation during the spring bloom.
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 at all stations.

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% vs. 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 (Alder-
kamp et al. 2007).

Over the course of the year, FA concentrations increased,
at the CZ and the OG all the way until August. At the DB
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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 sta-
tions. 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. 9), although phytoplank-
ton species can differ widely in their biomolecule composi-
tion (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 con-
tent between 14% and 18% of POC concentration, sugges-
ting a minimal AA content was needed to sustain algal
cellular functions (Fig. 9a). Similar relationships between
composition and synthesis were also observed for structural
FA (Fig. 9b). However, the synthesis of structural CH differed
between communities. While flagellates showed a close rela-
tionship between structural CH in POC concentration and
their synthesis, the synthesis rates of structural CH in
diatom-dominated communities were very low, even when
concentrations were high (Fig. 9¢). A possible explanation
for this discrepancy may be the production of transparent
exopolymer particles (TEP) in diatom-dominated communi-
ties. Due to the presence of a silicate shell, diatoms require
no substantial amount of structural CH for cell-wall con-
struction and may therefore release large amounts of dis-
solved 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, TEP would have contributed as extracellular POC
to total POC pools. Previous research showed that '3C-
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 incuba-
tion times of 24 h may have been too short for the excretion
of '3C-labeled CH, the subsequent aggregation of TEP, and
the consequent entrapment on the GF/F filters. To conclude,
considering that diatoms possess an inorganic silicate shell
and that structural CH synthesis rates were low, the high
concentrations of structural CH detected in the C concentra-
tions may have been predominantly derived from TEP.

General discussion

This study aimed to identify seasonal and spatial differ-
ences in phytoplankton responses to nutrient limitation pat-
terns in the North Sea by looking at the incorporation of
photosynthetically fixed '>C 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
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AA biosynthesis was a general response after the relief of
nutrient limitation, both N- and P-limitation. However, the
magnitude of response in P-limited communities was typical-
ly lower and seemed to be delayed compared to N-limited
communities (Figs. 4, 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 and Devol 2008; Hessen et al. 2010). A new method
was recently developed to trace '*C 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 quantifying AA bio-
synthesis in a classical bioassay set-up can be used on its
own to identify the limiting nutrient in natural phytoplank-
ton on shorter time-scales (within 24-72 h). Advantages over
traditional bioassays are that these short incubation times
limit bottle effects and avoid undesired changes within the
phytoplankton community (Beardall et al. 2001). We com-
pared the composition of structural FA in the different nutri-
ent treatments after 24 h and 72 h, and found that most
stations (CZ/March, CZ and DB Mid May [Stns. #1, 3, 13)
showed relatively 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 incu-
bations and the +P/+NPSi and +N/+NPSi treatments,
respectively, indicating changes in their community struc-
ture (data not shown). While the community at the CZ (Stn.
#2) shifted from diatom-dominated towards a mixed com-
munity, 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 clearly
identify co-limitation and differentiate between 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 oth-
er 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 (Burson et al. 2016). A transi-
tional 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 km, driven by weather conditions (Peeters and
Peperzak 1990). During summer a shift to N-limitation can
be observed in the CZ (Peeters and Peperzak 1990; 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.


https://www.researchgate.net/publication/257118491_Contribution_of_combined_carbohydrates_to_dissolved_and_particulate_organic_carbon_after_the_spring_bloom_in_the_northern_Bay_of_Biscay_North-Eastern_Atlantic_Ocean?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/273000749_Unbalanced_reduction_of_nutrient_loads_has_created_an_offshore_gradient_from_phosphorus_to_nitrogen_limitation_in_the_North_Sea?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/273000749_Unbalanced_reduction_of_nutrient_loads_has_created_an_offshore_gradient_from_phosphorus_to_nitrogen_limitation_in_the_North_Sea?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/51486115_Nutrient_co-limitation_of_primary_producer_communities?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/26863237_Genome_streamlining_and_the_elemental_costs_of_growth?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/248452371_Recent_patterns_in_potential_phytoplankton_limitation_along_the_Northwest_European_continental_coast?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/248452371_Recent_patterns_in_potential_phytoplankton_limitation_along_the_Northwest_European_continental_coast?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/230869051_Release_of_dissolved_carbohydrates_by_Emiliania_huxleyi_and_formation_of_transparent_exopolymer_particles_depend_on_algal_life_cycle_and_bacterial_activity?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/259991603_Phosphorus_limitation_during_a_phytoplankton_spring_bloom_in_the_western_Dutch_Wadden_Sea?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/259991603_Phosphorus_limitation_during_a_phytoplankton_spring_bloom_in_the_western_Dutch_Wadden_Sea?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/262056894_A_versatile_method_for_simultaneous_stable_carbon_isotope_analysis_of_DNA_and_RNA_nucleotides_by_liquid_chromatographyisotope_ratio_mass_spectrometry?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==
https://www.researchgate.net/publication/225546822_Dissolved_Organic_Carbon_from_Phytoplankton?el=1_x_8&enrichId=rgreq-fc3e161801344e0e6b4e95be152e68f8-XXX&enrichSource=Y292ZXJQYWdlOzMxMTQ0ODk2NDtBUzo0MzY1OTY1NzE5Mzg4MjFAMTQ4MTEwNDE0MjkyMw==

Grosse et al.

1995; Radach and Patsch 2007), demonstrating the direct
effect of changing nutrient loads in river water.

We found major variations in the biochemical composi-
tion in phytoplankton throughout the year (Fig. 8). The con-
tribution of biomolecules to POC concentration and their
biosynthesis in control incubations did not show clear
enough patterns to identify the prevailing nutrient limita-
tion (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 lev-
els may have been below optimum. The accumulation of
Glu and concurrent low levels of AA concentration and bio-
synthesis were identical to the response to nutrient limita-
tion, concluding that it demonstrates a general stress
response rather than a nutrient specific one (Figs. 6, 8). The
synthesis of structural FA and Glu was not related (data not
shown). Structural FA can derive from both phospho- and gly-
colipids. Although P is required in the synthesis of phospholi-
pids, several phytoplankton are capable of substituting P- for
N- or sulfur-containing polar head groups, guaranteeing syn-
thesis of structural FA under P-limitation (Van Mooy et al.
2006). Furthermore, the concentrations of total FA encoun-
tered 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 and Kroon 2002).

Increased nutrient inputs into coastal seas like the North
Sea led to eutrophication and increased biomass of primary
producers. Based on the results of our bioassay, these prima-
ry producers should show increased biosynthesis rates of AA
and probably structural FA, structural CH and RNA in order
to keep growth rates high (Klausmeier et al. 2004; Arrigo
2005). As a consequence they would represented a high qual-
ity food source. Since the 1980s efforts have been taken
throughout Europe to reduce riverine DIN and DIP inputs
into coastal seas and decrease the effects of eutrophication
(OSPAR 1988). However, efforts to decrease DIP were more
successful than those for DIN, causing coastal DIN : DIP
ratios to increase and led to an expansion of P-limited areas
(Soetaert et al. 2006; Lenhart et al. 2010; Passy et al. 2013).
At the same time Chl a and POC biomass did not decrease
as expected (McQuatters-Gollop et al. 2007b; Burson et al.
2016). But under increasing nutrient limiting conditions pri-
mary producers must have shifted towards the synthesis of
C-rich storage biomolecules, which would have a negative
impact on in their nutritional value.

According to the theory of ecological stoichiometry, the
shifts between structural and storage compounds due to
nutrient limitation leads to a specific response in the
C : N : P ratios in primary producers (Sterner and Elser
2002). These nutrient specific responses have been studied
mainly in freshwater systems and demonstrate for instance
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
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synthesis is generally affected by nutrient limitation and 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;
Muller-Navarra 1995). Only a few studies have focused on
the effect of C : N : P ratios in marine food webs (Walve and
Larsson 1999; Malzahn et al. 2010; Schoo et al. 2010) and
our study is one of the first in a coastal ecosystem to demon-
strate the consequences of changing nutrient ratios to bio-
molecule composition of primary producers.

Our results could also be the foundation of explaining differ-
ences in trophic transfer efficiency and food chain length in
other ecosystems. For example, oligotrophic parts of the ocean,
which are primarily N-limited (Moore et al. 2013), will have
decreased synthesis of N-containing biomolecules such as AA
and RNA. At the same time storage compound contribution are
probably high, providing limited essential AA and FA per unit
biomass that may cause the low trophic transfer efficiencies
encountered in these areas (Stibor and Sommer 2009). In con-
trast, nutrient enriched regions like upwelling areas where tro-
phic transfer efficiencies and the availability of N and P are
higher (Stibor and Sommer 2009) should show sufficient
amounts of essential AA and FA in phytoplankton biomass.
Increasing 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.
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