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Summary

Almost a century ago Redfield discovered a relatively
constant ratio between carbon, nitrogen and phos-
phorus in particulate organic matter and nitrogen and
phosphorus of dissolved nutrients in seawater. Since
then, the riverine export of nitrogen to the ocean has
increased 20 fold. High abundance of resting stages
in sediment layers dated more than a century back
indicate that the common planktonic diatom Skeleto-
nema marinoi has endured this eutrophication. We
germinated unique genotypes from resting stages
originating from isotope-dated sediment layers
(15 and 80 years old) in a eutrophied fjord. Using sec-
ondary ion mass spectrometry (SIMS) combined with
stable isotopic tracers, we show that the cell-specific
carbon and nitrogen assimilation rates vary by an
order of magnitude on a single-cell level but are sig-
nificantly correlated during the exponential growth
phase, resulting in constant assimilation quota in
cells with identical genotypes. The assimilation quota
varies largely between different clones independent
of age. We hypothesize that the success of S. marinoi
in coastal waters may be explained by its high diver-
sity of nutrient demand not only at a clone-specific
level but also at the single-cell level, whereby the

population can sustain and adapt to dynamic nutrient
conditions in the environment.

Introduction

Picturing an ocean in homeostasis, Redfield made pio-
neering discoveries, which revealed a close relationship
between nutrient ratios in organic matter and seawater.
This relationship led to the theory of a fixed stoichiometric
ratio between carbon, nitrogen and phosphorus
(106:16:1) in phytoplankton based on the ratio at which
the nutrients are consumed by phytoplankton during
growth (Redfield, 1934; 1958). Throughout the last
decades, this concept has been reconsidered based on
culture studies indicating large variations in organic mat-
ter nutrient ratios, associated to nutrient availability, light
and temperature (Geider and LaRoche, 2002; Gruber
and Deutch, 2014; Garcia et al., 2018). Since the intro-
duction of fertilizers within the agroindustry during the last
century, concentrations of nitrate, particularly in coastal
areas, have increased. Riverine fluxes of nitrogen to the
ocean are estimated to have increased 2- to 20-fold since
preindustrial times (Howarth et al., 1996; Conley et al.,
2000; Clarke et al., 2006). These anthropogenic changes
are predicted to affect the global nitrogen budget in a
future ocean (Gruber and Deutch, 2014; Hutchins and
Fu, 2017) and may ultimately change the conceptual
carbon-to-nitrogen ratio of algal cells in the ocean.

Chain-forming diatoms are key organisms in the biolog-
ical fixation and sequestration of CO2 in the ocean
(Nelson et al., 1995; Bergkvist et al., 2018). In the eupho-
tic zone, they form fast-sinking aggregates, which trans-
port fixed inorganic carbon and nutrients to the deep sea
or shallow sediments (Fowler and Knauer, 1986; All-
dredge and Gotschalk, 1988). Shallow, coastal sedi-
ments receive large inputs of organic matter due to
eutrophication and increased primary production in sur-
face waters (Diaz and Rosenberg, 2008). The cosmopoli-
tan diatom genus Skeletonema is a key primary producer
during spring blooms in temperate seas, where it assimi-
lates nitrate at high rates compared to ammonium
(Godhe et al., 2016; Bergkvist et al., 2018). As a part of

Received 16 April, 2018; accepted 26 September, 2018. *For corre-
spondence. E-mail malin.olofsson@marine.gu.se; Tel. (+46) 31 786 2629;
Fax (+46) 31 786 2560.

© 2018 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or
adaptations are made.

Environmental Microbiology (2019) 21(1), 142–151 doi:10.1111/1462-2920.14434

https://orcid.org/0000-0003-4170-9975
https://orcid.org/0000-0002-1482-9165
mailto:malin.olofsson@marine.gu.se
http://creativecommons.org/licenses/by-nc-nd/4.0/


its life cycle, Skeletonema forms resting stages in the
sediment when growth conditions in the photic zone are
unfavourable. The high abundance of Skeletonema rest-
ing stages in coastal sediments (up to 50,000 g−1 sedi-
ment), and their presence in sediment layers dating more
than a 100 years back, demonstrates that these diatoms
have sustained their presence and durability in spite of
highly variable growth conditions (McQuoid et al., 2002).
These resting stages can survive for at least a century in
the sediment, and upon revival, we can study adaptations
to eutrophication within local Skeletonema populations
(McQuoid et al., 2002; Härnström et al., 2011; Ellegaard
et al., 2018). A recent study demonstrated higher variabil-
ity of diatoms in carbon, nitrogen and phosphorus quota
on a clone specific level compared to other phytoplankton
(Garcia et al., 2018). We hypothesized that a diversity of
nutrient demands occurs even at a single-cell level in dia-
toms including Skeletonema.

To test this hypothesis, we applied secondary ion mass
spectrometry (SIMS) in combination with stable isotopic
tracers to measure carbon and nitrate assimilations on
revived resting stages of Skeletonema marinoi, originat-
ing from a fjord with increased eutrophication (especially
of nitrate), during the last century (Ellegaard et al., 2006).
Hereby, we could analyse carbon and nitrate assimilation
rates and their ratios on a single-cell level across various
clones and across a time span encompassing 30,000
generations of this diatom in its natural environment.

Results and discussion

By reviving resting stages (80 and 15 years) of the com-
mon diatom S. marinoi from the Danish Mariager Fjord
and quantifying their assimilation rates of carbon and
nitrate, we revealed the dynamics of carbon-to-nitrate
assimilation ratio and nutrient demands at both the clonal
and single-cell level back to the time of Redfield. Current
winter nitrate concentrations in this fjord are at 90 μM prior
to the spring bloom (Sildever et al., 2016). The monoclonal
isolates, established from recently revived single resting
stages, were incubated under both nitrate-replete condi-
tions (nitrate was replete while phosphate and silicate con-
centrations were depleted in the stationary growth phase)
and nitrate-limited conditions (nitrate was nondetectable
while phosphate concentrations were replete in the station-
ary growth phase) (Supporting Information Fig. S1). Exper-
iments applying stable isotopic tracers were conducted
during exponential, stationary and late stationary growth
phases (Supporting Information Fig. S2).

An example of SIMS and isotope ratio images of Skele-
tonema cells is shown in Fig. 1. Cell-specific carbon and
nitrate assimilation rates were derived from the isotope
ratio images (Eqs. 1 and 2) and are shown in Fig. 2. The
cell-specific carbon and nitrate assimilation rates at single-

cell level varied up to one order of magnitude and were
significantly correlated resulting in stable carbon to nitrate
assimilation quota across the individual cells within the
same clone during the exponential growth phase
(Fig. 2A, B, D, E, G, and H). These correlations disap-
peared during the stationary growth phase when the
assimilation rates decreased and carbon-to-nitrate assimi-
lation ratios increased well above the Redfield ratio
(Fig. 2C, F and I and Fig. 3). Recently, a similar variation
of carbon and nitrate assimilation rates at a single-cell
level was reported in two field populations of chain-forming
diatoms (Skeletonema and Chaetoceros) during a spring
bloom (Bergkvist et al., 2018). In those field populations,
the individual cell-specific carbon and nitrate assimilation
rates varied even more than one order of magnitude while
the average carbon-to-nitrate assimilation ratio was close
to the Redfield ratio, and ammonium assimilation rates
were only 14% of nitrate assimilation rates. Hence, the
overall variations observed in field population of chain-
forming diatoms are presumably explained by variation on
both the clonal and single-cell levels.

The cell-specific carbon and nutrient demand and
assimilation rates depend on both cell size and growth
rates. In diatoms, the cell size varies over generations due
to their mitotic life cycle, with a decrease in cell diameter
following each cell division, until eventually sexual repro-
duction is needed to restore the original cell size (Godhe
et al., 2014). In the present study we observed a large vari-
ation in cell size across experiments and clones
(Supporting Information Fig. S3). The variability of carbon
and nitrate assimilation rates across the clones, however,
did not decrease when the rates were normalized to the
average cell volume measured within each clone (Fig. 2D
and E). Instead, different intrinsic growth rates and slightly
different growth phases may explain the large variation in
assimilation rates. We calculated the specific growth rates
of the carbon and nitrogen contents within single cells
directly from the excess isotope ratios measured by SIMS,
in order to normalize to variable cell size and biomass
(Eq. 3). The results show a relatively decreased variability
of, especially, carbon growth rates (Fig. 2G and H). Several
clones, however, showed significantly different carbon and
nitrogen growth rates during the exponential growth
phase, independent of initial nutrient conditions (Table 1
and Supporting Information Table S1).

The variation in nitrate assimilation was substantially
larger than the variation in carbon assimilation in all
clones (Fig. 2 and Supporting information Tables S1 and
S2). The carbon growth rate derived from SIMS measure-
ments in single cells was similar to the relative increase
in particulate organic carbon (POC) measured by
EAIRMS in the exponential growth phase. In contrast, the
nitrogen growth rates were highly variable within and
between clones, and the clone-specific average value
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was higher than the measured particulate organic nitro-
gen (PON) increase during the exponential growth phase
(Supporting Information Table S1). This may suggest that
a pool of organic nitrogen within the vacuole of diatoms
was growing fast but did not quantitatively dominate the
total particulate organic nitrogen (PON). Nitrate was
assimilated into biomass earlier relative to carbon prior to

the stationary phase in several clones across the various
ages (Supporting Information Figs S1, S4 and S6 and
Tables S3–S5). Skeletonema marinoi is able to store
nitrate intracellularly, exceeding extracellular concentra-
tions by orders of magnitude (Kamp et al., 2016), and the
assimilation rate may substantially increase when nitrate
concentrations are above 50–100 μM, suggesting an
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Fig. 1. SIMS images of Skeletonema marinoi cell chains. The biomass distribution is demonstrated by the 12C14N− image (A) where the unit rep-
resents counts per pixel. SIMS images of 13C:12C ratio (B) and 15N:14N ratio reflect carbon and nitrate assimilations respectively. The scale bar
represents 20 μm. [Color figure can be viewed at wileyonlinelibrary.com]

Fig. 2. Single-cell assimilation rates from SIMS analyses. The cell-specific carbon and nitrate assimilations in pmol cell−1 day−1 (A–C) and fmol
μm−3 day−1 (D–F) and carbon- and nitrogen-specific growth rates day−1 (G–I), during nitrate-replete conditions (A, D and G) and nitrate-limited
conditions (B, C, E, F, H and I), for all strains during exponential growth phase (A, B, D, E, G and H) and stationary growth phase (C, F and I).
Black lines indicate either Redfield ratio (A–F) or 1:1 ratio (G–I). [Color figure can be viewed at wileyonlinelibrary.com]
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active uptake system adapted to high concentrations
(Collos et al., 1992). Such luxury uptake may have
occurred prior to our measurements in the clones showing
low nitrogen growth relative to carbon growth under nitrate-
replete conditions. Using SIMS, we measured organic mat-
ter as carbon-nitrogen compounds, for example, urea,
rather than nitrate stored in the vacuole. Such reduction of

nitrate and assimilation into urea may also occur during
high nitrogen growth. Nitrate reductase combined with the
ornithine-urea cycle supports urea as nitrogen storage
product in diatoms and has been suggested to be key to
the evolutionary success of diatoms (Bowler et al., 2008;
Allen et al., 2011; McCarthy et al., 2017). This trait may
indeed be advantageous in environments with highly
dynamic nutrient sources and may also partly explain the
large variation of nitrate assimilation rates observed at both
clone-specific and cell-specific level.

The exponential, nutrient-replete phase in our experi-
ments lasted 2–3 days, only, while the nutrient-limited
growth early stationary phase was almost linear and lasted
1–2 weeks depending on the initial nutrient concentrations
(Supporting Information Fig. S2). The carbon doubling time
calculated from the carbon growth rates derived from
SIMS as well as from the observed increase in POC, and
the relative increase in fluorescence, was less than 1 day
during the exponential growth phase independent of initial
nutrient concentrations (Fig. 2 and Supporting Information
Fig. S2 and Table S5). During the stationary growth
phase, the carbon doubling time increased to 10–13 days
under nitrate-limited conditions. By comparison, a carbon
doubling time of 5 days in Skeletonema indicated its transi-
tion into the early stationary growth phase under low

Table 1. The ratio (column:row) of carbon- and nitrogen-specific growth rates day−1 under nitrate-replete and nitrate-limited conditions during
exponential growth phase between young (Y) and old (O) clones. [Color table can be viewed at wileyonlinelibrary.com]

Colours range from low values in dark green to high values in red. Bold numbers indicate significant differences between clones (p-value < 0.05).
The growth rates are derived from single-cell measurements (SIMS) with N = 57–265. Welch ANOVA and Games-Howell.

Fig. 3. Single-cell assimilation rates from SIMS analyses. The cell-
specific carbon and nitrate assimilations in pmol cell−1 day−1 during
nitrate-limited conditions for all strains during stationary growth
phase. Black line indicate Redfield ratio. [Color figure can be viewed
at wileyonlinelibrary.com]
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(< 0.3 μM) nitrate concentrations during a spring bloom in
the Baltic Sea (Bergkvist et al., 2018).
During stationary growth under nitrate-limited conditions,

the variation in specific growth rates within each clone was
similar to the overall variation of specific growth rates for
pooled clones (Supporting Information Table S2). Interest-
ingly, a few cells assimilated carbon and nitrogen at relatively
high rates when the majority of cells had entered the station-
ary growth phase (Fig. 3). Such cells show high fitness to
low nutrient concentrations and may sustain growth into the
summer when nutrient concentrations and diatom abun-
dances are low in the field. SIMS studies of phytoplankton
communities during early summer have shown that carbon
doubling times can be relatively high (ca. 3 days) in another
chain-forming diatom (Chaetoceros sp.) even when dis-
solved inorganic nitrogen concentrations were ~ 0.5 μM
(Adam et al., 2016).
During the present study, the cells chain−1 decreased sig-

nificantly from up to 14 cells chain−1 down to three cells
chain−1 during the transition from the exponential to the sta-
tionary growth phase (Supporting Information Fig. S5). Ion
transporters limit the nutrient uptake across the cell mem-
brane (reaction limitation) under nutrient-replete conditions
and exponential growth, whereas diffusion and turbulent
shear can limit transport of nutrients to the cell membrane
under nutrient-limiting conditions. Skeletonema forms long
cell-chains both in cultures and in the field (up to 22 cells
chain−1) (Bergkvist et al., 2012; 2018; Sildever et al., 2016).
Such long cell chains are beneficial for growth in a turbulent
environment, and carbon assimilation rate in Skeletonema
increased by about 30% at a turbulence level equal to that
occurring in the wave breaking zone when nitrate concentra-
tions were < 0.3 μM (Bergkvist et al., 2018). Turbulence was
absent during the present study. Hence, Skeletonema may
reduce its chain length to increase its surface to volume ratio
and alleviate diffusion limitation when nutrient concentra-
tions are low and turbulence is absent, as was the case in
the present study.
Previous studies have described large phenotypic and

genetic variation among Skeletonema clones (Kremp
et al., 2012; Sjöqvist and Kremp, 2016; Gross, 2017). In
the present study, we have further magnified the analytical
resolution by identifying the diversity of thousands of indi-
vidual cells within and across clones spanning almost a
century in time using novel approaches. Examining Red-
field’s concept of relative fixed stoichiometric ratios
(Redfield, 1934; 1958) we have demonstrated that the
carbon-to-nitrate assimilation ratios at the single cell level
is highly variable and often far from Redfield. However,
carbon-to-nitrogen ratios in biomass at the clonal level
averaged for thousands of cells were much closer to the
actual Redfield ratio (Supporting Information Table S3).
Interestingly, this diversity at a single-cell level was age
independent suggesting a large diversity in carbon-to-

nitrate assimilation ratios also 80 years ago. The cell-
specific assimilation rates varied more between clones of
the same age than across clones from different time
periods. This observation further inflates the already docu-
mented enormous genetic standing stock of diatom bloom
populations (Rynearson and Armbrust, 2005; Chen and
Rynearson, 2016). Such diversity on cellular level can pro-
vide resilience to variations in the environment, for exam-
ple nutrient availability, and contributes to the success of
diatom populations in diverse environments. We hypothe-
size that this large diversity and variation in nutrient
demands among single cells within clones is the key for
the success of the diatoms to be resilient during eutrophi-
cation and when dispersing into new areas.

Experimental procedures

Experimental design

We conducted the following three separate experiments
using f/8-media (Guillard, 1975) with modified nitrate con-
ditions to test the sensitivity to nitrate availability in
S. marinoi: (i) nitrate-replete conditions (200 μM), (ii) ni-
trate-limited conditions (50 μM) and (iii) nitrate-limited
conditions (60 μM) at higher time resolution to evaluate
luxury uptake in the exponential growth phase under
nitrate limitation. In the first two experiments, eight
recently revived clones germinated from resting stages of
the diatom S. marinoi from the Danish Mariager Fjord
were used. Four clones originated from young (15 years)
and four clones originated from old (80 years) isotope
dated sediment layers (Härnström et al., 2011). In a third
experiment, seven additional clones were included, origi-
nating from germinated resting stages of the two sedi-
ment layers (15 and 80 years). All resting stages were
revived in f/8 media, prepared from water collected via
deep-water intake (prefiltered 0.45 μm, followed by
0.2 μm) at Sven Lovén Centre for Marine Sciences, Kris-
tineberg (58�250N, 11�440E) in March 2016. The salinity
of the water was adjusted to 26 with MilliQ. To establish
unique genotypes, one cell-chain from each well was iso-
lated by micropipetting and grown as a separate clone
(details in Härnström et al., 2011). Prior to the inoculation
to the experiments, the clones had 1 week of acclimation
in the modified media, at experimental temperature and
light conditions. At day 0 of the first two experiments, five
replicates of each clone and, in the nitrate-limited high-
resolution condition, three replicates of each clone were
inoculated into 650 ml culture bottles (~ 3000 cells ml−1)
and kept at 11/13�C (night/day) in a 12:12 h light:dark
(9 am to 9 pm) cycle (75 μmol photons m−2 s−1, PAR,
measured with a LiCOR irradiance sensor).

With no bioturbation in anoxic sediments due to
increased eutrophication during the last century, the
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Mariager Fjord is suited to reveal possible effects on the
diatom population (Ellegaard et al., 2006). The present
day winter nutrient concentrations in the fjord are 47 μM
silicate, 90 μM nitrate and 3 μM ortho-phosphate, result-
ing in a dissolved inorganic nitrogen-to-phosphorus ratio
of 30 (Sildever et al., 2016). In all three experiments, the
initial nitrate-to-silicate ratio of approx. 1.8 and nitrate-to-
phosphate ratio of approx. 10–12, meant that according
to Redfield, nitrate was slightly in excess of silicate and
phosphate in excess of nitrate.

Growth and microscopy analysis

Growth curves were established by daily sampling of 700 μl
for measurements of relative fluorescence unit (RFU) on
multi-well plates using a Varioscan™ Flash Multimode
Reader (ThermoScientific) with fluorescence settings at
425 nm excitation and 680 nm emission detection wave-
lengths. These measurements provide relative estimates of
in vivo chlorophyll a concentrations (method further described
in Gross et al., 2018). Cell abundance and size were analysed
by microscopy (Olenina et al., 2006). Additional samples of
4 ml were fixed with Lugol’s solution at day 0, and prior to the
incubations during nitrate-replete and nitrate-limited condi-
tions, as well as on days 4 and 6 of the third experiment. The
number of cells chain−1 was counted using microscopy, con-
tinuing until a stable mean value and standard deviation were
reached (approx. 60–80 chains). The microscopy analyses
were performed at exponential and stationary growth phases
under nitrate-limited conditions in samples fixed with parafor-
maldehyde and filtered onto TTTP filters.

Dissolved inorganic nutrients

On day 0, preceding the incubations with isotopic tracers,
7 ml were collected from each bottle using a syringe filter
(0.2 μm) and immediately stored frozen (−20�C) until further
analysis. Concentrations of dissolved inorganic nutrients
(ammonium, nitrite + nitrate, silicate and phosphate) were
analysed according to Grasshoff and colleagues (1999) at
Sven Lovén Centre for Marine Sciences, Kristineberg. Dur-
ing the high time resolution experiment with nitrate limitation,
the nitrate concentration was analysed daily spectrophoto-
metrically (Schnetger and Lehners, 2014).

Stable isotope incubations

The 24-h incubations with stable isotope tracers were
carried out to measure cell- and clone-specific carbon
and nitrate assimilation rates. Initiation of the incubations
was decided based on the RFU data, where the expo-
nential (nutrient replete), early stationary (nutrient limited)
and late stationary (decaying growth) phases were identi-
fied. The cells were still growing during stationary growth

phase (Supporting Information Fig. S2c and d). The bot-
tles with the individual clones were labelled with 13Car-
bon bicarbonate (Sigma-Aldrich) (6.7%–8.5% excess
labeling) and 15N nitrate (Sigma-Aldrich) (0.8%–12.6%
excess labeling) and experiments and analysis were con-
ducted according to Montoya and colleagues (1996) and
Füssel and colleagues (2012). Incubations with stable
isotope tracers were performed in 160 ml gas tight serum
bottles (15�C, 100 μmol photons m−2 s−1, 24 h from
9 am). 15N nitrate labeling % was determined by compar-
ing the concentration of 15N nitrate to total (14N + 15N)
nitrate concentrations. The concentration of 15N nitrate
was analysed by GC-IRMS coupled to an IsoPrime100
(Manchester, UK) according to Füssel and colleagues
(2012) in Bremen, Germany. The 13C labeling % of dis-
solved inorganic carbon (DIC) was analysed by Picarro
(Cavity ring down Spectrometer G2201-I coupled to an
Isotopic CO2/CH4 IRMS, Liaison A0301) according to
Torres and colleagues (2005) in Bremen, Germany.

Clone-specific analyses

The stable isotope incubations were terminated by filtering
samples onto precombusted (450�C) GF/F filters (Montoya
et al., 1996). The filters were first dried (60�C, overnight) and
then decalcified by exposure to HCl fumes overnight in a
glass desiccator, before being packed into tin cups. The sam-
ples were analysed for the incorporation of 15N nitrate into
PON and 13C bicarbonate into POC by Elemental Analysis
Isotope ratio mass spectrometry (EA-IRMS) at the Depart-
ment of Geology, University of Gothenburg. Samples for par-
ticulate organic phosphorus were collected on GF/F filters
during the last incubations of nitrate-replete and nitrate-limited
conditions and analysed using ICP Emission spectroscopy
on an iCAP 6500 (Thermo Scientific) at the Royal Nether-
lands Institute for Sea Research, the Netherlands. One-way
ANOVA was used (SPSS Statistics Version 20) to compare
old against young clones when pooled together (N = 20,
p < 0.05). Levene’s test was used to check for homogeneity,
and Welch ANOVA was used when the variations were het-
erogeneous. EA-IRMS analysis was completed before SIMS
analysis was initiated. The replicates of cell-specific carbon
and nitrogen assimilation rates subsequently measured by
SIMS were selected from the bottles with community nitrate
assimilation rates closest to the mean value of the nitrate
assimilation measured by EAIRMS.

Cell-specific analyses

Before and at the end of the incubations with stable isotopic
tracers, 5 ml of sub-samples were preserved with 1% parafor-
maldehyde and stored in the dark (4�C, 24 h). The samples
were thereafter filtered onto TTTP filters (pore size 2.0 μm),
washed with phosphate-buffered saline [PBS (10×), pH 7.4]
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and stored at room temperature until analysis. 13C and 15N
incorporation into single cells of S. marinoi was analysed
using SIMS on a large-geometry CAMECA (Gennevilliers,
France) IMS 1280 instrument at the Swedish Museum of Nat-
ural History Museum in Stockholm, Sweden. The TTTP filters
were cut into 4 mm × 4 mm pieces and glued onto glass
slides and, thereafter, coated with a thin (ca. 10 nm) layer of
gold. Areas of interest (80 μm × 80 μm) on the filters were
pre-sputtered with a caesium (133Cs+) primary ion beam
(10 nA) to remove the silicate frustule. A 12C14N− signal in the
frustule is hardly detectable, and the presputtering was con-
tinued until the 12C14N− signal was maximal which occurred
after 300 s. Thereafter, we used a nominal 50 pA analytical
beam with a spatial resolution of ca. 1 μm to analyse the cell
interior with its high carbon and nitrogen content. The
dynamic transfer optical system applied a synchronized ras-
ter in the secondary beam to retain high-mass resolution
capability. Following secondary beam optimization (centering
in the field aperture, energy and mass calibration adjustment
using the abundant 12C14N species), image analysis com-
prised 80 cycles through the species 12C14N (1 s. integration),
13C14N (5 s) and 12C15N (2 s), with a total analytical time of
ca. 800 s. The use of carbon–nitrogen isotopomers have the
advantage that they represent organic matter, they are bright,
and two isotope ratios can be determined from measure-
ments of three isotopomers. A mass resolution of 12,000 (M/
ΔM) was used to ensure adequate resolution of 13C14N from
potentially interfering 11B16O (Zinner et al., 1989) from the dia-
tom frustule (Mejía et al., 2013). Secondary ion images
(256 × 256 pixels) were recorded for each species, with
image data processing done using the WinImage2 software
(CAMECA). Individual cells were defined as regions of inter-
est (ROIs) on the 12C14N images (Fig. 1), from which the cell-
specific isotope ratios 13C/12C and 15N/14N were derived. In
total approx. A total of 2400 individual cells were analysed by
SIMS. One-way ANOVA and post hoc tests (Tukey or
Games-Howell) were used to reveal differences in cell-
specific assimilation rates (SPSS Statistics Version 20).

Carbon and nitrate assimilation rates

The clone-specific carbon assimilation rates (nM day−1)
were calculated from the 13C-atom% excess of DIC in the
ambient water and the change in excess isotopic compo-
sition of organic matter during the incubation time, t mea-
sured by EAIRMS (Montoya et al., 1996):

Carbon assimilation rate¼Δ13C−atom%excess POCð Þ ×POC

13C−atom%excess DICð Þ ×Δt

ð1Þ

The cell-specific carbon assimilation rates were calcu-
lated analogously from the average POC per cell derived

from the measured POC concentration divided by cell
abundance and the change in 13C-atom% excess isoto-
pic composition of single cells during the incubation time,
t, measured by SIMS (Bergkvist et al., 2018).

The clone-specific nitrate assimilation rates (nM day−1)
were calculated from the 15N-atom% excess of nitrate in
the ambient water and the change in excess isotopic
composition of organic matter during the incubation time,
t, measured by EAIRMS (Montoya et al., 1996):

Nitrate assimilation rate¼Δ15N−atom%excess PONð Þ ×PON

15N−atom%excess nitrateð Þ ×Δt

ð2Þ

The cell-specific nitrate assimilation rates were calcu-
lated analogously from the average PON per cell derived
from the measured PON concentration divided by cell
abundance and the change in 15N-atom% excess isoto-
pic composition of single cells during the incubation time,
t, measured by SIMS (Bergkvist et al., 2018).

The carbon growth rates (day−1) and the nitrogen
growth rates (day−1) of the cell biomass were calculated
from SIMS measurements of excess isotope ratios of
13C:12C and 15N:14N assuming an even distribution of the
isotope in the biomass during cell division:

C- or N-based growth rate day−1� �¼ IRexcess=IRexcess-labelð Þ
× 2× 1=t

ð3Þ

where IRxcess represents the excess isotope ratio of
organic matter with respect to 13C or 15N, IRxcess-label
represents the excess isotope ratio of DIC or nitrate during
the incubation and t is the incubation time. The factor of
2 describes the dilution of the heavy isotope during assimi-
lation into organic matter with an original isotope composi-
tion equal to the natural background during cell division.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Text S1. Additional results including clone-specific mea-
surements by EA-IRMS, the third experiment, chain lengths,
nutrient conditions and stoichiometry.
Fig. S1. Dissolved inorganic nitrate (a and b), ammonium
(c and d), silicate (e and f ) and phosphate (g and h) concen-
trations (μM) under nitrate-replete (a, c, e and g) and nitrate-
limited conditions (b, d, f and h) for all clones.
N = 5, error bars indicate standard deviation.
Fig. S2. Growth demonstrated by relative fluorescence unit
(RFU) at log2 scale (a and b) and linear scale (c and d), and
cells ml−1 × 103 (e and f ), under nitrate-replete (a, c and e)

and nitrate-limited (b, d and f ) conditions for all clones,
where dotted rectangles mark the 24-h isotope incubations,
at exponential (Expo), stationary (Stat) and late stationary
(Late) growth phases.
N = 3–5, error bars indicate standard deviation.
Fig. S3. Cellular biovolumes.
Average biovolumes (μm3 cell−1) of Skeletonema marinoi
from microscopy analyses under nitrate-replete and nitrate-
limited conditions for old and young clones.
N = 5 and the data are shown as box-whisker plots where
median values are shown, with the lower and upper box
limits showing the 25th and 75th percentiles, respectively,
and whiskers showing the range between minimum and
maximum values.
Fig. S4. The clone-specific carbon and nitrate assimilation
rates day−1 under nitrate-replete (a and c) and nitrate-limited
(b and d) conditions during exponential, early stationary and
late stationary growth phases, measured by EA-IRMS.
N = 5 and error bars indicate standard deviation. Asterisks
mark significant differences (*p < 0.05, **p < 0.01,
***p < 0.001) between young and old clones when pooled
together, whereby N = 20 for all except under nitrate-limited
conditions during the exponential growth phase when N = 15
for old clones and carbon assimilation and N = 16 for young
clones for both carbon and nitrate assimilations, due to tech-
nical constraints.
Fig. S5. Chain length of Skeletonema marinoi. Chain length
(cells chain−1) from microscopy analyses of old and young
clones of S. marinoi under nitrate-limited conditions, during
exponential and stationary growth phases.
N = 5, error bars indicate standard deviation.
Fig. S6. Dissolved inorganic nitrate concentrations (μM)
under nitrate-limited conditions at a high time-resolution for
all clones until the nitrate concentration was close to nonde-
tectable after 5 days.
N = 3, error bars indicate standard deviation.
Table S1. Growth rates of particulate organic carbon (POC)
and nitrogen (PON) at a clone-specific level measured by
EAIRMS and C- and N-growth rates at cell-specific levels
during the exponential growth phase measured by SIMS.
Rates are shown for old (O) and young (Y) clones under
nitrate replete and limited conditions.
Table S2. Carbon (C)- and nitrogen (N)-specific growth rate
under nitrate-replete conditions at exponential growth phase
and nitrate-limited conditions at exponential and stationary
growth phase, based on individual cell measurements by
SIMS (mean � SD). N = 56–265 cells per strain.
Table S3. Clone-specific particulate organic matter (POM)
ratios for carbon (C), nitrogen (N) and phosphorus (P) and
clone-specific carbon-to-nitrate assimilation ratios (mol). If
available, ratios are included for nitrate-replete and nitrate-
limited conditions for the exponential (Expo), stationary
(Stat) and late stationary (Late) growth phases. Bold num-
bers with asterisks mark significantly higher ratios in old
(O) or young (Y) clones pooled, where N = 20 for all except
for numbers marked with plus (N = 15) or minus (N = 16)
due to technical constraints.
Table S4. Particulate organic carbon (POC), nitrogen
(PON) and phosphorus (POP) concentrations in μM for all
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clones under nitrate-replete and nitrate-limited conditions. If
available, concentrations are included for the exponential
(Expo), stationary (Stat) and late stationary (Late) growth
phases. Bold numbers with asterisks mark significantly
higher concentrations in young (Y) or old (O) clones when
pooled, where N = 20 for all except for numbers marked with
a plus (N = 15) or minus (N = 16) symbol due to technical
constraints.

Table S5. Dissolved inorganic nitrate concentrations (μM) for
days (D) 0, 4 and 6 under nitrate-limited conditions at a high
time resolution. The particulate organic nitrogen (PON) concen-
tration at day 4 (D4) and day 6 (D6) (μM) and the % increase
PON concentration between the days. The particulate organic
carbon (POC) concentration at D4 and D6 (μM) and the %
increase between the days, as well as POC:PON ratios (mol:
mol) for D4 and D6 for young (Y) and old (O) clones (N = 3).
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