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INTRODUCTION

Of the manifold possible consequences of the
ongoing CO2 increase in surface seawater, one of the
most intriguing is that of increased primary produc-
tion at elevated CO2 levels. Such an effect could
result in a negative feedback if it augmented the effi-
ciency of the biological CO2 pump. An increase in
ambient CO2 may be expected to alleviate the mate-
rial and energetic demand of the carbon-concentrat-
ing mechanism of phytoplankton and result in faster
growth rates, as has been reported in some studies
(Rost et al. 2003, Tortell et al. 2008a, Hopkinson et al.
2011). A higher carbon fixation or growth rate at high

CO2 has indeed been seen in some, though not all,
field and laboratory experiments (Riebesell et al.
1993, Hein & Sand-Jensen 1997). But, by themselves,
changes in growth rate do not affect the storage of
CO2 in deep seawater that results from the photosyn-
thetic production and subsequent export of organic
matter from the surface. In the large regions of the
oceans that are limited by nitrogen (N), the export of
organic carbon is effectively determined by the sup-
ply of new nitrogen to the surface and the C:N ratio
of the sinking biomass. If nitrogen inputs to such
regions remain the same, a change in CO2 storage is
only possible if the C:N ratio of the biomass changes.
This could provide negative feedback to the ongoing

© Inter-Research 2012 · www.int-res.com*Email: jlosh@princeton.edu

Modest increase in the C:N ratio of N-limited
phytoplankton in the California Current in

response to high CO2

Jenna L. Losh1,*, Francois M. M. Morel1, Brian M. Hopkinson1,2

1Department of Geosciences, Princeton University, Princeton, New Jersey 08544, USA

2Present address: Department of Marine Sciences, University of Georgia, Athens, Georgia 30602, USA

ABSTRACT: In a fall 2008 cruise off the coast of California, on-deck incubations with surface sea-
water were conducted to compare the effect of increasing carbon dioxide (CO2) on nitrogen (N)-
limited versus N-replete (+ NO3

−) phytoplankton. Based on previous laboratory studies, we
expected that under N-limitation C:N ratios would be more sensitive to CO2 availability. In partic-
ular, we wanted to test whether down-regulation of RuBisCO at high CO2 leads to an increased
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 little change in particulate organic nitrogen (PON). In contrast, the N-replete experiments did not
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CO2, the ambient population had a higher proportion of cyanobacteria compared with the other
experiments. The concentration of RuBisCO decreased at high CO2 in several N-limited experi-
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back to increasing atmospheric CO2.

KEY WORDS:  CO2 · Phytoplankton · C:N ratios · N-limitation · RuBisCO

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 468: 31–42, 2012

increase in atmospheric CO2 if the additional carbon
is not remineralized in the upper water column.

Previous laboratory studies with diatoms have
reported species- and condition-specific trends, but
no systematic differences, in C:N ratios over a range
of CO2 concentrations under nutrient-replete condi-
tions (Burkhardt & Riebesell 1997, Burkhardt et al.
1999). No effect of CO2 on the C:N ratio was seen in
cultures of nutrient-replete cyanobacteria or in the
coccolithophore Emiliana huxleyi (Barcelos e Ramos
et al. 2007, Fu et al. 2007, 2008, Hutchins et al. 2007,
Levitan et al. 2007, Feng et al. 2008, Iglesias-
Rodriguez et al. 2008, Kranz et al. 2009). A similar
absence of effect was seen with N-replete natural
phytoplankton populations in bottle incubations and
mesocosm experiments (Tortell et al. 2000, Kim et al.
2006, Feng et al. 2009, 2010).

Two previous experiments under N-limiting condi-
tions provide background for our study. In a field
mesocosm experiment in which nitrogen became
limiting at the end of the simulated bloom, the ratio of
dissolved inorganic carbon (DIC) to nitrate (NO3

−)
drawdown increased from 6 to 8 at high CO2,
although the C:N ratio of the particulate matter did
not change (Riebesell et al. 2007). A continuous cul-
ture experiment in the laboratory showed an
increase in C:N ratio at high CO2 under conditions of
N limitation and high light in Emiliana huxleyi
(Leonardos & Geider 2005). Such effects may result,
for example, from an increase in carbon storage
 compounds (e.g. carbohydrates and lipids) or from a
decrease in the cellular protein content. In particular,
one may expect a down-regulation of the enzyme
RuBisCO (1,5-ribulosebisphosphate carboxylase/
oxygenase), which is thought to be an abundant
enzyme and is undersaturated at ambient CO2 con-
centrations (Badger et al. 1998). In the field, a change
in the C:N stoichiometry of the biomass may also
result from a change in phytoplankton community
composition.

Here we report a field study designed to investi-
gate the effect of CO2 on the C:N stoichiometry of
natural phytoplankton assemblages grown under N-
limited and N-replete conditions off the coast of Cal-
ifornia. We hypothesized that C:N may increase at
high CO2 under N limitation, and sought to explore a
decrease in the concentration of RuBisCO as a possi-
ble mechanism for any observed changes in C:N.

MATERIALS AND METHODS

Oceanographic context

We conducted 5 experiments off southern Califor-
nia in the Point Conception upwelling region and
downstream as part of a Lagrangian study of biologi-
cal processes in the California Current system (for
earlier studies in this project, see Landry et al. 2009).
The cruise was in the fall when upwelling is weak
though still occurring, and only in Expt 4 was NO3

−

detectable in surface waters. The region is complex,
as high productivity water from the upwelling region
flows, ages, and mixes with oligotrophic offshore
waters. Expts 1, 2, and 5 were initiated in lower pro-
ductivity waters, while water for Expts 3 and 4 was
collected from higher chlorophyll water masses, pre-
sumably more influenced by upwelling.

Experimental design

Over a period of 2 wk (15 to 27 October 2008), we
conducted 5 incubation experiments lasting 3 to 4 d,
varying in CO2 and NO3

− concentrations (Table 1). In
all experiments, phosphorus, silicic acid, and iron
were added. In the N-limited treatments, no NO3

−

was added, while the N-replete treatments received
10 or 20 µM NO3

−. Within each nitrogen treatment,
we had 3 CO2 treatments, nominally 1⁄2 atmospheric
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Expt      Lat-         Long-       NO3
−       PO4

3−           Si           Low          Low          Int.             Int.           High         High
            itude         itude         initial        initial       initial       CO2 t0       CO2 tf       CO2 t0       CO2 tf       CO2 t0       CO2 tf

              (°N)           (°W)          (µM)         (µM)         (µM)        (µatm)       (µatm)       (µatm)       (µatm)       (µatm)       (µatm)

1           33.97       121.78          bd             bd             2.3         204 ± 8     167 ± 9     365 ± 5     286 ± 4     884 ± 41   561 ± 24
2           34.19       121.64          bd             bd             1.8         235 ± 4     192 ± 3     361 ± 5     300 ± 0     834 ± 40   606 ± 17
3           33.64       121.18          bd             0.1             1.1         176 ± 3   153 ± 11   273 ± 4     244 ± 6     564 ± 35   421 ± 38
4           32.87       120.93         2.3             0.1             2.2         214 ± 9     192 ± 8     355 ± 5   335 ± 14   726 ± 17   599 ± 29
5           32.67       120.72          bd             0.1             2.2         185 ± 0     180 ± 0     307 ± 4     294 ± 7     622 ± 32   732 ± 27

Table 1. Sampling locations, initial nutrient concentrations, and calculated CO2 concentrations from the beginning (t0) and end
(tf) of the experiments. Data shown are from the N-replete treatments, where CO2 concentrations changed the most due to 

carbon fixation. Data are means ± SD (n = 3). Bd: below detection level of 0.05 µM. Int.: intermediate
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CO2, atmospheric CO2, and 2× atmospheric CO2,
although the exact values differ somewhat, as shown
in Table 1. Seawater was collected off a conductivity,
temperature, depth (CTD) rosette cast from 10 to
20 m depth. Seawater was transferred directly to
acid-washed 4 l polycarbonate bottles (Expt 1, Expt 2
N-limited, Expt 3, Expt 4, Expt 5 N-limited) or 4 l low-
density polyethylene cubitanors (Expt 2 N-replete,
Expt 5 N-replete). Each experiment consisted of 18
bottles, 9 N-limited and 9 N-replete. Each set of 9
contained low, intermediate, and high CO2 bottles in
triplicate (described below). After CO2 and nutrient
manipulations, bottles were placed in on-deck in -
cubators for 3 to 4 d with flow-through seawater
(~16°C) at 20% surface irradiance controlled by neu-
tral density screening.

CO2 and nutrient manipulations

The target CO2 values of the treatments aimed to
approximate glacial ocean conditions, ambient ocean
conditions, and atmospheric CO2 to be reached in the
next 100 yr in the low, intermediate, and high CO2

bottles, respectively (Table 1). For the low pH/high
CO2 treatments, pH was reduced to ~7.8 using
equimolar additions of HCl and NaHCO3 (10% HCl,
1 M NaHCO3, Sigma-Aldrich) with no associated
change in alkalinity. In high pH/low CO2 treatments,
pH was adjusted to ~8.35 with NaOH (1 M NaOH,
Sigma-Aldrich) with an approximate 150 to 200 µM
increase in alkalinity. In experiments with lower bio-
mass and where non-calcifying organisms are impor-
tant, HCl/NaOH addition works well to control CO2

(Shi et al. 2009). For ambient/intermediate CO2 lev-
els, collected seawater was used without adjustment.
pH was measured daily using a pH electrode (Acc-
umet Portable AP61 pH meter with an Accumet
55500-10 probe) calibrated before each use with
standard NBS pH buffers (Fisher Scientific). pH val-
ues obtained with the pH meter were converted to
the total hydrogen ion scale, pHT, by intercalibration
with measurements of pHT using Thymol Blue
(Zhang & Byrne 1996). In Expts 3 and 4, where initial
biomass was relatively high, and in Expt 5, where the
high-CO2 bottles had not initially received sufficient
acid, additional acid or base was added to the bottles
once during the course of the experiment to maintain
target CO2 concentrations. In these cases, equimolar
amounts of NaHCO3 were again added to restore
alkalinity. A volume of 25 ml of seawater was pre-
served with HgCl2 in a glass vial at the beginning of
each experiment for DIC analysis. DIC samples were

analyzed at the University of Georgia in the Cai lab-
oratory through acid stripping of CO2 followed by
infrared measurements of CO2 as described previ-
ously (Wang & Cai 2004). CO2 concentrations were
calculated based on pH, DIC, salinity (35 psu), and
incubation temperature (16°C) using equilibrium
constants from Dickson & Goyet (1994), with updates
to the carbonic acid equilibria, on the pHT scale, from
Lueker et al. (2000).

To all bottles, 1.0 µM phosphorus, 14 µM silicate,
and 2 nM iron were added. The N-replete bottles
received 10 µM NO3

− (Expts 1, 2, and 5) or 20 µM
NO3

− (Expts 3 and 4) depending on the initial chloro-
phyll values, while the N-limited bottles received no
supplemental NO3

−. At t = 0 and final conditions for
each bottle, 40 ml was filtered (0.2 µm filter) and
frozen for nutrient analysis, including ammonium,
silicate, phosphate, and nitrate and nitrite. Nutrient
samples were submitted to the Woods Hole Nutrient
Analytical Facility (Woods Hole, MA, USA) (Parsons
et al. 1984).

Chlorophyll

At t = 0 and daily for each bottle, 50 to 200 ml water
was filtered onto a glass fiber filter (GF/F, 25 mm,
Whatman) and extracted in 7 ml 90% acetone, 10%
water overnight in a freezer. Fluorescence was meas-
ured on a Turner 10-AU fluorometer before and after
acidification and converted to µg l−1 chlorophyll a
(chl a) (Strickland & Parsons 1972). A net growth rate
was calculated using the natural log of the ratio of the
final to initial chlorophyll values over the duration of
the experiments (Table 2).

Photosynthetic efficiency

At t = 0 and daily for each bottle, subsamples were
collected to measure the kinetics of chlorophyll
 fluorescence induction and decay on a fluorescence
induction and relaxation fluorometer (Satlantic).
Samples were first acclimated in the dark for 15 to
45 min prior to measurement. In the single turnover
phase, actinic blue light was applied for 80 µs to
allow fluorescence to rise from its initial value (Fo) to
its peak value (Fm) as the Photosystem II (PSII) reac-
tion centers close. Relaxation was then monitored for
135 ms. A blank composed of 0.22 µm filtered sample
was measuring using the same protocol, and this
value was subtracted from the experimental data.
The fluorescence response was then fitted to the
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 Kolber et al. (1998) model of variable fluorescence to
yield Fo and Fm. Maximum quantum yield (Fv/Fm) was
calculated as (Fm − Fo)/Fm.

Carbon fixation and growth rates

On the final day of Expts 1 to 4, 2.5 to 5 µCi inor-
ganic 14C was added to 40 ml from each of the 18 bot-
tles and incubated for 2 to 3 h in acid-cleaned poly-
carbonate bottles in the same screened flow-through
incubators in which the experiments were con-
ducted. Productivity measurements were not taken
in Expt 5. The water was filtered through a GF/F fil-
ter, which was then placed in a scintillation vial. One
milliliter of 2% HCl was added to the scintillation vial
and the vial was allowed to degas overnight to

remove inorganic carbon. A sample (0.5 ml unfiltered
water, to which 0.5 ml β-phenethylamine was added)
was also taken for analysis of total 14C activity. Scin-
tillation fluid (ScintSafe Plus 50%, Fisher Scientific)
was added to the samples and 14C content was deter-
mined by liquid scintillation counting. Gross carbon
fixation (CF) rates (µmol C l−1 h−1) were determined
assuming that the rate of fixation was linear over
the time of experiment, and using measured DIC
(Table 2). These data, combined with particulate
organic carbon data (µmol C l−1, described below),
were used to estimate the intrinsic phytoplankton
growth rates (μPOC = CF POC−1). Carbon fixation nor-
malized to chl a biomass (CFB; µmol µg chl a−1 l−1)
was calculated by dividing the gross carbon fixation
rates by the chlorophyll data taken on the final day of
each experiment.

34

Expt     Nutrient treatment   CO2 treatment               CF                    CFB                   μPOC                   μchl                 Fv/Fm

1                 N-limited                      Low 0.24 ± 0.01 0.39 ± 0.13 0.19 ± 0.01 −0.07 ± 0.09 0.36 ± 0.07
                                                  Intermediate 0.25 ± 0.02 0.41 ± 0.10 0.18 ± 0.03 −0.08 ± 0.05 0.35 ± 0.07
                                                        High 0.23 ± 0.03 0.37 ± 0.01 0.13 ± 0.01b,d −0.08 ± 0.04 0.35 ± 0.07

1                 N-replete                      Low 1.6 ± 0.14 0.31 ± 0.02a 0.66 ± 0.16 0.56 ± 0.02a 0.36 ± 0.06
                                                  Intermediate 1.4 ± 0.21 0.36 ± 0.03 0.69 ± 0.10 0.46 ± 0.07 0.37 ± 0.05
                                                        High 2.3 ± 0.21c,d 0.37 ± 0.05 0.90 ± 0.11 0.62 ± 0.01a,d 0.47 ± 0.05

2                 N-limited                      Low 0.12 ± 0.02 0.43 ± 0.05 0.13 ± 0.02 −0.22 ± 0.02 0.30 ± 0.03
                                                  Intermediate 0.14 ± 0.02 0.57 ± 0.05 0.14 ± 0.02 −0.25 ± 0.04 0.29 ± 0.02
                                                        High 0.13 ± 0.04 0.58 ± 0.19 0.12 ± 0.03 −0.27 ± 0.02 0.25 ± 0.08

2                 N-replete                      Low 1.1 ± 0.06b 0.32 ± 0.03 0.42 ± 0.07 0.50 ± 0.02c 0.37 ± 0.04
                                                  Intermediate 0.86 ± 0.10 0.36 ± 0.02 0.41 ± 0.01 0.40 ± 0.02 0.36 ± 0.05
                                                        High 1.4 ± 0.11c,d 0.41 ± 0.01b,d 0.70 ± 0.09b,d 0.51 ± 0.03b 0.37 ± 0.05

3                 N-limited                      Low 0.35 ± 0.12 0.36 ± 0.033 0.15 ± 0.05 −0.13 ± 0.08 0.38 ± 0.04
                                                  Intermediate 0.29 ± 0.01 0.36 ± 0.05 0.11 ± 0.01 −0.14 ± 0.04 0.36 ± 0.06
                                                        High 0.27 ± 0.03 0.36 ± 0.06 0.10 ± 0.02 −0.20 ± 0.04 0.38 ± 0.03

3                 N-replete                      Low 4.2 ± 1.0 0.32 ± 0.03 0.75 ± 0.05b 0.95 ± 0.14 0.39 ± 0.11
                                                  Intermediate 4.5 ± 1.1 0.37 ± 0.03 0.88 ± 0.03 0.91 ± 0.06 0.36 ± 0.07
                                                        High 7.4 ± 0.9b,d 0.54 ± 0.10a,d 1.1 ± 0.10d 0.98 ± 0.08 0.38 ± 0.14

4                 N-limited                      Low 0.90 ± 0.06 0.26 ± 0.03 0.18 ± 0.02a 0.12 ± 0.05 0.43 ± 0.07
                                                  Intermediate 0.89 ± 0.17 0.30 ± 0.43 0.20 ± 0.03 0.02 ± 0.05 0.44 ± 0.06
                                                        High 0.67 ± 0.10d 0.21 ± 0.04 0.12 ± 0.03b 0.08 ± 0.01 0.44 ± 0.09

4                 N-replete                      Low 2.9 ± 0.41 0.27 ± 0.04 0.44 ± 0.07 0.59 ± 0.05 0.44 ± 0.03
                                                  Intermediate 2.6 ± 0.11 0.25 ± 0.02 0.25 ± 0.02 0.56 ± 0.02 0.42 ± 0.03
                                                        High 3.2 ± 0.22b 0.28 ± 0.03 0.28 ± 0.03 0.60 ± 0.02a 0.43 ± 0.05

5                 N-limited                      Low nd nd nd −0.52 ± 0.37 0.42 ± 0.03
                                                  Intermediate nd nd nd −0.52 ± 0.18 0.40 ± 0.03
                                                        High nd nd nd −0.48 ± 0.30 0.40 ± 0.05

5                 N-replete                      Low nd nd nd 0.77 ± 0.10 0.42 ± 0.04
                                                  Intermediate nd nd nd 0.71 ± 0.15 0.39 ± 0.03
                                                        High nd nd nd 0.84 ± 0.08 0.40 ± 0.06

aSignificantly different from intermediate CO2, p < 0.1; bsignificantly different from intermediate CO2, p < 0.05;
csignificantly different from intermediate CO2, p < 0.01; dsignificantly different from low CO2, p < 0.1

Table 2. Carbon fixation (CF; µmol C l−1 h−1), carbon fixation normalized to biomass (chl a) (CFB; µmol C µg chl a−1 h−1), intrin-
sic growth rate (μPOC; d−1), net growth rate (μchl; d−1), and photosynthetic efficiency for 5 experiments. Data are means ± SD
(n = 3). nd, no data, carbon fixation measurements were not made on Expt 5. Fv/Fm values shown are averages from the daily 

measurements over the course of the experiments (for N-replete treatments, averages from exponential growth period)
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Elemental stoichiometry

At t = 0 and the final time point for each bottle,
varying amounts of water (~1 l) were filtered onto a
precombusted GF/F filter. The filters were stored in
liquid N2 for the duration of the cruise and transport,
and then at −80°C. For analysis, ¼ or ½ of each filter
was dried overnight at 60°C, exposed to fuming HCl
for 6 h to remove any calcium carbonate, and dried
overnight again at 60°C. Samples were packed in tin
cups (Costech Analytical Technologies) and meas-
ured on an elemental analyzer coupled to an isotope
ratio mass spectrometer (e.g. Orcutt et al. 2001). C:N
ratios were calculated on a mole-to-mole basis based
on micrograms of particulate organic carbon (POC)
and micrograms of particulate organic nitrogen
(PON).

Photosynthetic proteins

At t = 0 and the final time point for each bottle, ~2 l
water was filtered through a 0.22-µm Sterivex filter
cartridge using a peristaltic pump. Samples were
flash-frozen in liquid N2 and stored at −80°C until pro-
cessing. Total protein concentration was determined
using the BCA protein assay (Pierce, Thermo Scien-
tific) as described in Hopkinson et al. (2010). Western
blots were performed to quantify proteins of interest
(e.g. McGinn & Morel 2008) including RbcL, the large
subunit of RuBisCO, and PsbA, also known as D1, a
core reaction center protein in PSII. Equal amounts of
total protein (1 or 2 µg) were loaded on 12% or 15%
SDS-PAGE gels and run for 35 to 45 min at 250 V in 1×
sodium dodecyl sulfate running buffer. A series of 3 or
4 RbcL or PsbA standards (Agrisera) were run along-
side experimental protein samples to generate a stan-
dard curve and determine the absolute protein con-
centration of each sample. Results were only used
when samples fell within the linear range of loaded
standards. After electrophoresis, proteins were trans-
ferred to a polyvinylide fluoride membrane in ice-cold
Tris/glycine transfer buffer for 2 h at 200 mA. The
membrane was then blocked with Tris-buffered
saline/Tween 20 (TBST)-milk buffer for 1 h at room
temperature on a shaker. The primary antibodies for
RbcL and PsbA were raised in rabbit and are both
polyclonal, global antibodies (Agrisera) designed
against peptide tags that are conserved across all oxy-
genic photosynthesizers so that no bias in affinity is
expected even if phytoplankton communities differ
(Campbell et al. 2003). One microliter of the primary
antibody (1:10 000 dilution) and 2 µl of the secondary

antibody (1:5000 dilution, alkaline phosphate-coupled
goat anti-rabbit IgG antibody, Pierce) was used, fol-
lowed by three 5-min washes and then two 10-min
washes in TBST-milk buffer. Protein bands were visu-
alized by either colorimetric analysis, by quickly
washing twice with PhoA buffer and then adding
0.5% nitro-blue tetrazolium chloride/5-bromo-4-
chloro-3-indolyphosphate p-toluidine (NBT/BCIP) in
PhoA buffer for 5 to 10 min, or by more sensitive
chemiluminescent detection. For the latter, the mem-
brane was submersed in 3 ml Immobilon western
chemiluminescent AP substrate (Millipore) for 3 min,
and then placed in plastic wrap. The membrane was
exposed to clear blue X-ray film (Thermo Scientific) in
a hypercassette (Amersham Biosciences) for an ap-
propriate exposure time (between 3 s and 3 min), and
then developed in an X-ray machine (Kodak 2100A).
Results were normalized to total protein by directly
comparing the intensities of the bands on the Western
blot using ImageJ, a public domain image processing
program.

Taxonomic pigments

The remaining portion of the GF/F filter from ele-
mental stoichiometry analysis was used to quantify
taxonomically informative phytoplankton pigments.
Pigments were analyzed by HPLC using a modified
version of the method described in Goericke & Mon-
toya (1998). Filters were extracted on ice in 1.5 ml
acetone for 0.5 h, homogenized, and allowed to
extract for a further 0.5 h. Following centrifugation,
portions of the extract were mixed with water to
 produce a 60:40 acetone:water solution, and immedi-
ately injected in the HPLC system. Pigments were
then separated on a 10 cm Supelco Discovery BIO
Wide Pore C8 column, using a gradient between
methanol:0.5 mol l−1 aqueous ammonium acetate
(75:25) and methanol. Chromatographic peaks were
identified by retention time, and quantified by peak
area using calibrations determined from pure pig-
ments isolated from algal cultures.

Statistics

Differences between nitrogen and CO2 treatments
were assessed using a 2-sample unequal variance t-
test with 2 tails. For each parameter tested (e.g. POC,
D1 protein), triplicate data from the low and high
CO2 treatments were compared with the reference
treatment, intermediate CO2. To test for significance
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for key parameters of interest across all experiments
(C:N, POC, RbcL), triplicate data within each experi-
ment were normalized to the mean of a reference
CO2 treatment—for example, Expt 1 low CO2 when
comparing Expt 1 intermediate with Expt 1 high CO2.
Normalized values were then pooled from all 5
experiments and compared as described above using
a t-test.

RESULTS AND DISCUSSION

Growth

The pH changed by less than 0.1 pH units in the
bottles (as a result of the low biomass, or in 2 cases
because of pH readjustment with equimolar acid/
bicarbonate; see ‘Materials and methods’) so that the
3 CO2 treatments remained distinct from each other
throughout the course of the experiments (Table 1).
At all but one station, the treatments with no N addi-
tion were limited by N at the onset (initial NO3

−

< 0.05 µM). In Expt 4, which had an initial NO3
− con-

centration of 2.3 µM, all N was consumed by the end
of the experiment. We refer to all of these as N-lim-
ited treatments (Table 1). As expected, the addition
of phosphate, silicic acid, and iron did not stimulate
growth in any N-limited treatments (Fig. 1). Final
time point nutrient data confirmed N-replete condi-
tions in the N-amended bottles with at least 3 µM
NO3

− remaining, as well as sufficient residual Si and
PO4

3− in all bottles (data not shown).
As expected, addition of NO3

− stimulated phyto-
plankton growth over the N-limited treatments in all
experiments as seen in daily chl a measurements
(Fig. 1) and POC (Fig. 2). While the N-limited treat-
ments did not show an increase in chl a over time,
intrinsic growth rates (μPOC) calculated from carbon
fixation and POC confirmed the populations were
turning over (Table 2) as a result of a balance
between photosynthesis and respiration/grazing.
Under N-replete conditions, high CO2 generally
increased chl a as well as the rates of carbon fixation
and growth (Fig. 1, Table 2), in agreement with pre-
vious studies (Hein & Sand-Jensen 1997, Egge et al.
2009). No such trend was observed in the N-limited
experiments.

Photosynthetic efficiency, as quantified daily by
Fv/Fm measurements, did not show any trends
between nitrogen or CO2 treatments, as illustrated by
the mean values shown in Table 2. This is somewhat
surprising since Fv/Fm is known to decline under
nitrogen starvation (e.g. Cleveland & Perry 1987,

Parkhill et al. 2001). However, it may reflect the
 acclimation of the ambient community to N-limiting
conditions since Fv/Fm has been shown to remain
high under N-limited balanced growth (Parkhill et
al. 2001). Nevertheless, the dramatic phytoplankton
growth after NO3

− addition clearly shows there is a
difference in the nitrogen status of the treatments.

Elemental stoichiometry

C:N ratios of the ambient particulate matter taken
at the beginning of each experiment exceeded Red-
field ratios in 4 out of 5 locations, ranging from 6.4
to 12.2 (Fig. 2C). The lowest initial C:N ratio, 6.4 in
Expt 4, corresponds to the only location with detect -
able NO3

− initially (Table 1). The other elevated ini-
tial C:N values likely reflect N limitation, as has been
noted in other oligotrophic areas (Geider & La Roche
2002) and in numerous laboratory continuous culture
experiments (e.g. Caperon & Meyer 1972, Goldman
& Peavey 1979, Laws & Bannister 1980). Correspond-
ingly, in Expts 1 to 4, the C:N ratios of the N-limited
bottles were significantly higher than those in the
N-replete bottles (p < 0.05; Fig. 2C).

Under conditions of N limitation in Expts 1 to 4, the
C:N ratios increased systematically with increasing
CO2 (Fig. 2C), but the differences were only signifi-
cant in 2 instances (between high and intermediate
CO2 in Expts 1 and 4, p < 0.05). The differences
among treatments from low to intermediate and
intermediate to high CO2 become significant (p <
0.05) when the results from all 5 experiments are nor-
malized and pooled together (see ‘Materials and
methods’, and Fig. S1 in the supplement at www.int-
res.com/articles/suppl/m468p031_supp.pdf). Most of
the increase in C:N is attributable to an increase in
POC with increasing CO2, while the PON shows no
systematic variation (Fig. 2A,B). Like the difference
in C:N ratio, this difference in POC is only significant
in Expt 1, but becomes significant for the ensemble
when the data are normalized and pooled together
(p < 0.05, Fig. S1 in the supplement). This increase in
C:N and POC at high CO2 is in accord with the lab -
oratory results of Leonardos & Geider (2005) in N-
limited continuous culture experiments.

As expected, POC and PON were significantly
higher in the N-replete treatments compared with
the N-limited treatments, regardless of CO2 concen-
tration, in all experiments (p < 0.001; Fig. 2A,B). But
there was no change in the C:N ratio and no trend in
POC or PON with increasing CO2 in the N-replete
treatments. These results are consistent with several
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field studies that have investigated the response of
phytoplankton stoichiometric ratios to CO2 and
reported no change in C:N with CO2 under nutrient-
replete conditions (Tortell et al. 2000, Kim et al. 2006,
Fu et al. 2007, 2008, Feng et al. 2009, 2010).

The results of Expt 5 differ from the others in 2
ways: (1) there was no difference in the C:N ratios
between N-limited and N-replete treatments, and (2)
there was no effect of CO2 on the C:N ratio under N
limitation. This may be explained by differences in
community structure as discussed below, but it may
also have been caused by the shorter duration of the
experiment (less than 3 d).

The increase in C:N ratio we observed at high CO2

in 4 of our N-limited experiments could be caused
either by a change in the composition of the particu-

late material of the dominant species of phytoplank-
ton, or by a shift in the taxa of the dominant species,
or both. Both of these effects have been observed in
various field and laboratory experiments under vary-
ing conditions and in different locations. In experi-
ments where the C:N ratio of Emiliana huxleyi
increased at high CO2 under N-limitation and the
POC/cell increased as well, the authors suggested an
increase in cellular neutral lipids or carbohydrates to
explain the trend (Leonardos & Geider 2005). Others
have proposed an increase in transparent exopoly-
mer particles (TEP) at high CO2 to explain changes in
C:N stoichiometry under nutrient stress (Engel 2002,
Engel et al. 2004, Riebesell et al. 2007). These poly-
mers, which are thought to form by aggregation of
dissolved precursors and increase under N limitation,
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Fig. 1. Daily chlorophyll a (chl a) measurements from all
experiments. All data are means of triplicate bottles with
error bars representing the standard deviation between
replicates. The 3 CO2 treatments correspond roughly to ½
atmospheric CO2, atmospheric CO2, and 2× atmospheric
CO2 (see Table 1 for exact values). Within each nitrogen
treatment, differences were assessed at the final time point
using t-tests, independently comparing low and high CO2

with intermediate (int.) CO2; a: t-tests with p < 0.1; b: t-tests 
with p < 0.05; c: p < 0.01
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Fig. 2. (A) Particulate organic carbon (POC), (B) particulate organic nitrogen (PON), and (C) C:N data at the final time point
from all experiments. Values are means of triplicate bottles with error bars representing the standard deviation between repli-
cates, except for Expt 1 N-limited low CO2, which are from 2 bottles. The black bars are N-limited treatments, the gray bars
are the N-replete treatments, and the solid circles are the t = 0 values. The 3 CO2 treatments correspond roughly to ½ atmos-
pheric CO2, atmospheric CO2, and 2 × atmospheric CO2 (see Table 1 for exact values). Within each nitrogen treatment, differ-
ences were assessed at the final time point using t-tests independently comparing low and high CO2 with intermediate (int.)

CO2; b: t-tests with p < 0.05; d: t-tests directly comparing low and high CO2 with p < 0.1
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are partly retained on filters and measured with the
particulate material (Engel 2000).

Taxonomic pigments

Since different types of phytoplankton carry differ-
ent C:N signatures, increasing CO2 may have shifted
the phytoplankton community towards those with
higher C:N ratios (Finkel et al. 2010). We examined
the community structure by pigment analysis at the
beginning and end of each experiment. At t = 0,
Expt 1 was dominated by prymnesiophytes (19-hex),
Expts 2, 3, and 4 were dominated by both diatoms
and prymnesiophytes (19-hex, fucox), and Expt 5 was
dominated equally by prymnesiophytes and cyano -
bacteria (19-hex, zeax) (Fig. 3, Fig. S2 in the supple-
ment). In all experiments, the phytoplankton assem-
blages at the end of the N-limited experiments were
similar to those at the beginning, while addition of
NO3

− stimulated diatoms (fucox) over all other
groups, with the exception of Expt 5. Importantly, in
no experiments was there a significant effect of CO2

on the community composition (Fig. 3, Fig. S2 in the
supplement). The quite different floral composition
of Expt 5, namely the importance of cyanobacteria,
which must have been numerically dominant as
 evinced by the zeaxanthin concentration, may
explain the different results that were obtained. Such
differences may be caused by the composition of the
phytoplankton itself or by the carbon and nitrogen
cycling of the microbial community.

While some changes in community composition
have been seen in other field incubations, for exam-
ple increased phytoplankton productivity and in -
creased growth of larger chain-forming diatoms at
elevated CO2 in incubations in the Ross Sea (Tortell
et al. 2002 2008b), no shifts in the diatom- and prym-
nesiophyte-dominated phytoplankton community
were induced by CO2 in the Norway mesocosm
experiments mentioned earlier (Riebesell et al. 2007).

Photosynthetic proteins

Because a high CO2 concentration may decrease
the requirements for proteins involved in inorganic
carbon acquisition and fixation, it may result in lower
protein content of the cell and hence a higher C:N
ratio. The most important of these proteins is
RuBisCO, which carries out the initial carboxylation
reaction in photosynthesis and has been suggested to
account for a large fraction of cellular protein in
phytoplankton, as it does in some higher plants (Pick-
ersgill 1986, Campbell et al. 1988). To test this possi-
bility, we quantified total cellular protein as well as
the absolute concentrations of RuBisCO and PsbA/
D1 protein, a reaction center of PSII.

To cause a 2 unit (mol:mol) change in C:N ratio as
seen in our N-limited experiments, the protein con-
tent of the cell must decrease by approximately 35%
at high CO2, assuming 50% of the carbon biomass is
protein and that protein has a C:N ratio of 3.5
(Falkowski & Raven 2007). No systematic differences
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Fig. 3. Phytoplankton pigment concentrations at the initial and final time point of Expt 1. Pigments are derived from the fol-
lowing taxa: 19-butanoyloxyfucoxanthin (19-but): pelagophytes, prymnesiophytes; fucoxanthin (fucox): diatoms, prymnesio-
phytes; 19-hexanoyloxyfucoxanthin (19-hex): prymnesiophytes; zeaxanthin (zeax): cyanobacteria; chlorophyll b (chl b):
chlorophytes. Pigments shown are the 5 highest in concentration across all experiments. Final time point data are means of
triplicate bottles with error bars representing the standard deviation between replicates. Initial time point data are from a
 single sample. The 3 CO2 treatments (low, intermediate [int.] and high) correspond roughly to 1⁄2 atmospheric CO2, atmospheric 

CO2, and 2× atmospheric CO2, respectively (see Table 1 for exact values)



Mar Ecol Prog Ser 468: 31–42, 2012

could be seen in total protein content due to CO2 in
either nitrogen treatment (Fig. S3 in the supplement).
Our total protein measurements had an inherent
variability of 15%, low enough to conclude that a
decrease in total protein content cannot explain the
increase in C:N ratio. There was a clear increase in
total protein in the N-replete treatments by a factor of
2 to 3 over the N-limited treatments in all experi-
ments (Fig. S3 in the supplement).

We compared the concentrations of 2 proteins,
RuBisCO, which we expected to respond to CO2, and
PsbA/D1, which we did not expect to respond to CO2.
In all N-replete experiments, the absolute concentra-
tion (pmol protein µg total protein−1) of RuBisCO and

PsbA/D1 protein exceeded that of the N-limited
treatments by at least a factor of 3 (Fig. 4). But the
concentration of neither of these proteins varied sys-
tematically with CO2 across experiments, although
increasing or decreasing trends were seen for
RuBisCO in some experiments.

For the N-limited treatments in Expts 1, 2, 3, and 5,
we saw no change in PsbA/D1, but an approximately
50% decrease in RuBisCO was seen at high CO2,
except in Expt 4 (Fig. 4). This change was only signif-
icant in 2 individual experiments, Expts 1 and 3 (p <
0.05), but became significant for the ensemble when
the data were normalized and pooled together (see
‘Materials and methods’; p < 0.05). This trend agrees
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Fig. 4. Absolute protein concentrations at the final time
point from all experiments. All data are means of triplicate
bottles with error bars representing the standard deviation
between replicates. The 3 CO2 treatments correspond
roughly to ½ atmospheric CO2, atmospheric CO2, and 2 ×
atmospheric CO2 (see Table 1 for exact values). Insets
replot Expt 3 and 5 N-limited RbcL data to show the effect
of CO2. Within each nitrogen treatment (lim.: limited; rep.:
replete), differences were assessed at the final time point
using t-tests independently comparing low and high CO2

with intermediate (int.) CO2. b: t-tests with p < 0.05; c: t-tests
with p < 0.01. d: Significance directly comparing low and 

high CO2 with p < 0.1
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with our hypothesis that RuBisCO may be  down-
regulated at high CO2. However, RuBisCO ac -
counted for less than 5% of total protein (data not
shown) in all experiments such that even a 50%
decrease can only result in a 2.5% change in protein
concentration, much less than the required 35%
decrease. The fraction of total protein that RuBisCO
accounted for in our experiments is within range of
previous  measurements of RuBisCO in microalgae
(2 to 15%, Raven 1991). Consequently, the down-
regulation of RuBisCO may contribute to the rise in
C:N ratio at high CO2, but accounts for at most a
minor fraction of the overall change.

CONCLUSIONS

Our field data show that increasing CO2 can result
in a modest increase in the C:N ratio of the biomass
produced by N-limited phytoplankton. This result
was not seen in an experiment where cyanobacteria
were numerically dominant, but was seen in 4 other
experiments where diatoms and prymnesiophytes
dominated the ambient biomass. This effect does not
appear to be caused by shifts in community structure
with CO2, and so must result from a change in the ele-
mental composition of the ambient phytoplankton.
However, it is not caused by a decrease in the cellular
concentration of total protein or RuBisCO, and so most
likely is due to the production of C-rich material such
as storage lipids, polysaccharides, or TEP. If such in-
creases in C:N ratios in N-limited cells prove to occur
generally, they might provide a negative feedback to
the ongoing increase in atmospheric CO2, provided
the additional POC is not remineralized at the surface.
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