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ABSTRACT" The effect of variable CO, concentrations on the elemental composition {(C:N:P) of marine
diatoms was investigated 1n 2 strains of Skeletonema costatum (Grev.) Cleve. Five or 6 concentrations
of dissolved molecular carbon dioxide [CO, (aq)], ranging from 0.5 to 39 pmol I}, were applied in dilute
batch cultures. In both strains, elemental ratios were clearly dependent on [CO, (aq}]. With decreasing
CO, concentrations, a decline in C:P and N:P and an increase in C:N was observed. The close correla-
tion between C:P or N:P and [CO, {aq)) corresponded to a ca 45 to 65% decrease in elemental ratios
from highest (230 pmol I"!) to lowest (ca 1 umol I'") CO, concentrations. C:N at low [(CO, (aq)] was up
to 24 % higher than at high |[CO, (aq}]. To date, the elemental composition of marine phytoplankton has
been considered to be independent of CO, availability. If dependency of the C:N:P ratio on [CO; (aq)]
proves to be a general phenomenon in marine phytoplankton, changes in the elemental composition
may be expected in response to the currently observed increase in partial pressure of atmosphenc CO;.
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INTRODUCTION

In the 1930s, Alfred C. Redfield developed the con-
cept of a constant elemental composition of planktonic
biomass in the oceans (Redfield 1934, Redfield et al.
1963). Since then the Redfield ratio of C:N:P = 106:16:1
(by atoms) in marine plankton has become a corner-
stone in biogeochemical and ecophysiological studies,
in spite of minor revisions in the proportions of these
elements (e.g. Takahashi et al. 1985, Anderson &
Sarmiento 1994, Anderson 1995). Its application ranges
from the use as biological indicator of in situ nutrient
limitation of phytoplankton (e.g. Perry 1976, Sakshaug
& Holm-Hansen 1977, Hecky et al. 1993) to modelling
global carbon flux (e.g Heinze et al. 1991). Redfield et
al. (1963) proposed that since N:P ratio of available nu-
trients closely resembled planktonic composition, both
elements would be potentially limiting to phytoplank-
ton growth. With regard to inorganic carbon supply to
microalgae they stated that ‘clearly carbon does not
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become a limiting factor in the growth of marine plants
in the sea’ due to the high concentrations of inorganic
carbon compared to phosphorus and nitrogen.

The high concentration of total dissolved inorganic
carbon (DIC) in the oceans constitutes a large reservoir
for the build-up of algal biomass. However, utilization
of inorganic carbon by phytoplankton depends on the
chemical form of DIC (molecular CO,, HCO;, or CO37)
present in seawater Pathways of inorganic carbon
acquisition in marine microalgae still represent a con-
troversial issue owing to the limited and sometimes
contradictory information available. Cellular uptake of
DIC by passive diffusion of CO, versus active transport
of CO, and/or HCOj;, interconversion of CO, and
HCOj3, by extracellular and/or intracellular carbonic
anhydrase, and intracellular accumulation of CO, by
an Inorganic carbon concentrating mechanism are
discussed as factors controlling carbon availability in
marine microalgae (for review see Raven 1991, Raven
et al. 1993). Studies of stable carbon isotope fractiona-
tion by marine microalgae show that diffusive uptake
of dissolved molecular CO,, which represents only
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0.5 to 1" of the total DIC, can satisfy cellular carbon
demand for the observed growth rates over a wide
range of [CO, (aq)] (Degens et al. 1968, Gleitz et al
1996, H. Kukert & U. Riebesell unpubl.). A different
mode of carbon acquisition might be employed by
means of either active CO, transport or utilization of
the external HCOj pool below a critical concentration
of molecular CO; (Sharkey & Berry 1985, Gleitz et al.
1996, Laws et al. in press). Phytoplankton relying on
diffusive transport of CO, as carbon source can be sub-
ject to transport limitation (Gavis & Ferguson 1975).
CO, availability, therefore, can affect carbon uptake
and fixation by algal cells (Riebesell et al. 1993} and
thereby may also influence the elemental composition
of the organic matter produced.

In this study, 2 strains of the marine diatom Skele-
tonema costatum were used in dilute batch culture
experiments to evaluate the potential effect of variable
[CO; (aq)] on cell stoichiometry. To date, the Redfield
ratio has been considered to be independent of ambi-
ent CO, concentrations. Variation of elemental ratios
in response to changes in [CO, (ag)] would provide
first evidence that the chemical composition of marine
diatoms can be sensitive to changes in atmospheric
partial pressure of CO, (pCO,).

MATERIAL AND METHODS

Diatom cultures. Two strains of Skeletonema costa-
tum, SK A and SK B, were used in laboratory experi-
ments. SK A was collected in the North Sea by vertical
net tows and maintained in stock culture for several
years. SK B was provided by the Biologische Anstalt
Helgoland, where cells were isolated from North Sea
phytoplankton net samples in February 1996. Mean
cell diameter of SK B cells {12.9 nm) exceeded that of
SK A (4.7 um) by a factor of 3. Dilute batch cultures
were pre-adapted to experimental conditions for at
least 5 d. Experiments were designed to permit at least
9 cell divisions under the specific conditions of the
respective treatment. To avoid large pH drift and cor-
responding chancaes in DIC speciation, cultures were
inoculated at low cell concentrations (SK A: ca 4 x
10% cells I"Y; SK B: ca 1 x 10* cells 17!) and harvested at
ca 2.5 x 107 cells I"! (SK A) or 6 x 10° cells 1"! (SK B},
which corresponds to ca 30 pmol 1! inorganic carbon,
5 pumol 17! nitrate and 0.5 pmol 1! phosphate assimi-
lated during the experiment. Bacterial biomass never
exceeded 1% of algal biomass in the cultures and its
contribution to elemental ratios was therefore consid-
ered negligible.

Experiments were performed in 2.4 | borosilicate
glass bottles, tightly closed with PBT-lined screw caps
to avoid air bubbles in the culture vessel. SK A was

grown in f/2-enriched (Guillard & Ryther 1962) aged
0.2 um ftiltered natural seawater. Nutrient enrichment
in SK B cultures was modified to nitrate, silicate, and
phosphate concentrations of 100, 100, and 6.25 pmol
I"', respectively. The diatoms were incubated in a
Rumed 1200 light-thermostat at 15°C with a light-dark
cycle of 18 h:6 h and an incident photon flux density of
150 pmol photons m™ s

Experimental carbonate system. An intrinsic prop-
erty of the carbonate system is the interdependency of
its components. In order to vary [CO; (aq}], at least 1 of
the parameters DIC, alkalinity, and pH needs to be
changed. Concentration of molecular CO, in ocean
surface water depends on the physical parameters
atmospheric pCO,, air-sea gas exchange, mixing
events, temperature, salinity, and the biological
processes photosynthesis, respiration and calcite pro-
duction. Thus, either DIC concentration or, in the case
of calcite production, alkalinity are affected. Whenever
DIC concentration has been altered, changes in [CO,
(aq)] are accompanied by changes in pH.

In routine experiments, concentrations of DIC within
treatments were approximately the same (DIC const)
(Table 1). Five concentrations of dissolved molecular
carbon dioxide [CO, (aq)], ranging from 1.5 to 32 nmol
I"!, were adjusted by keeping pH fixed at values
between 7.88 and 9.03. The respective pH was
achieved by addition of 1 N HCl or 1 N NaOH to the
culture medium. Further gas exchange was prevented
by closing the incubation vessels tightly without head-
space immediately after pH adjustment to ensure con-
stancy of pH and [CO; (aq)}. In experiments with SK A
(DIC const), triplicate bottles were incubated at each of
the 5 CO, {aq)} levels. Because of reasonable agree-
ment in elemental ratios between replicates, incuba-
tion of only 1 bottle at each [CO, (aq)] was considered
sufficient in further experiments.

To evaluate potential pH effects on cell physiology,
which might be reflected in the chemical composition
of the cells, control experiments with SK A were per-
formed at identical pH of 8.21 to 8.23 (pH const) in
6 parallel treatments of different [CO, (aq)]. Unlike
variation in [CO, (aq)] under natural conditions, con-
centration of molecular CO, in this treatment was ma-
nipulated by alteration of both DIC concentration and
alkalinity (Table 1). To achieve lower CO, (aq) concen-
trations at constant pH, 1 N HCI was first added to the
culture medium, which resulted in a decrease in alka-
linity and supersaturation of CO; {(aq) relative to at-
mospheric pCO,. [CO, (aq)] was then decreased by
bubbling with air. Because of the open system, DIC de-
creases until [CO, (aq)] approaches equilibrium with
the atmosphere, accompanied by an increase in pH. In
the following step, pH was readjusted to initial values
by addition of 1 N NaOH. The incubation vessels were
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Table 1 Skeletonema costatum. Experimental carbonate sys-
tem. Two strains (SK A, SK B) were incubated at either con-
stant concentrations of dissolved inorganic carbon (DIC const)
or at constant pH (pH const). pH and concentrations of dis-
solved molecular carbon dioxide |CO, (aq)] were calculated
from DIC, total alkalinity (tAlk), temperature (15°C}, salinity
(32 psu) and concentrations of phosphate (6.25 pmol 1"') and
silicate (100 pmol 1Y)

Treatment pH DIC tAlk |CO, (aq)]
(mmol1 ") (meql™") (umoll)
SK A 7.89 211 2.24 30.6
DIC const 8.28 2.13 2.45 12.0
8.59 2.14 281 54
8.85 2.14 3.01 2.7
9.03 2.14 3.26 1.5
SK B 7.88 2.14 2.25 31.9
DIC const 8.12 2.16 2.37 18.3
8.51 2.16 2.63 6.8
8.72 2.17 2.85 3.9
8.93 2.17 3.12 2.1
SK A 8.22 5.94 6.51 38.9
pH const 8.23 2.17 2.47 14.0
8.21 0.76 0.95 5.1
8.22 0.48 0.65 31
8.22 0.17 0.32 1.1
8.21 0.07 0.21 0.5

then sealed with screw caps immediately to prevent
further exchange with atmospheric CO,. To achieve
higher [CO,; (aq)] at constant pH, Na,CO3; was added
and pH then readjusted to initial values with 1 N HCL

[CO, (aq)}] before and after the experiments was cal-
culated from DIC, total alkalinity (tAlk), temperature,
salinity and concentrations of phosphate and silicate,
assuming dissociation constants according to Mehr-
bach et al. (1973). pH was measured with a micro-
processor pH meter (WTW pH 3000) using a combined
AgCl/KCl electrode, calibrated with NBS buffer solu-
tions. In addition, pH was calculated from DIC and
tAlk. The difference between measured and calcu-
lated pH was, on average, less than 0.05 pH units. tAlk
was calculated from linear Gran-plots (Gran 1952)
after potentiometric titration of duplicate 100 ml sam-
ples with 0.05 N HCI (Bradshaw et al. 1981, Brewer et
al. 1986). DIC samples were stored at 4°C in 300 ml
borosilicate glass bottles without headspace after addi-
tion of 1 ml of 50 % saturated HgCl, solution. DIC was
measured in triplicate by coulometric titration (UIC
coulometer) in an automated gas extraction system
(Johnson et al. 1993).

C:N:P measurements. Samples for determination of
C:N:P were filtered on precombusted (500°C, 12 h)
GF/C glass fiber filters (Whatman), rinsed with 3 x 5 ml
0.17 M Na,SO, solution, and stored at —-25°C until
analysis. Analysis of particulate organic carbon (POC)
and nitrogen (PON) was performed on triplicate filters

on a Carlo Erba 1500 CHN analyzer after removal of
inorganic C with 0.1 N HCI. Triplicate filters for deter-
mination of total particulate phosphorus (TPP) were
placed directly in 10 ml borosilicate tubes with teflon-
lined screw caps and stored frozen at -25°C. Upon
analysis, TPP filters were digested in a 1% potassium
persulfate solution in an autoclave at 121°C for 1 h.
Subsequently, TPP was measured spectrophotometri-
cally by the ammonium-molybdate method (Strickland
& Parsons 1972) as orthophosphate in 1 cm cells at
885 nm C:N:P was calculated from molar concentra-
tions of POC:PON:TPP.

Cell size, cell concentration and growth rates. Cells
were enumerated on 20 ml samples preserved in
Lugol's solution under an inverted microscope. At least
400 cells were counted in duplicate for calculation of
cell concentrations. For determination of cell size, at
least 25 individual cells were chosen at random in the
microscopic sample. Cell counts before and after the
experiment served as an estimate of growth rates at
the various CO, (aq) concentrations. To avoid distur-
bance of the closed system, no further subsamples
were taken from the incubation vessels during the
experiment. Growth rates, however, were compared to
rates obtained from subsequent cell counts twice a day
over a 3 d period in pre-cultures. These values were
also used to define the duration of the experiment (72 h
at [CO, (ag)] =2 pmol 171, 96 h at [CO, (aq)] <2 umol 1Y)
which permitted 9 cell divisions prior to sampling
Growth rates (u) were calculated according to the
equation p = In(N,/N,)/t, where N, and N; are cell con-
centrations at the beginning and the end of the exper-
iment and ¢ equals duration of incubation in days.

RESULTS
Elemental ratios

Both strains of Skeletonema costatum (SK A and SK B)
showed decreases in C:P and N:P, but increases in C:N,
towards lowest [CO,; (aq)] (Figs. 1 & 2). Minimum C:P
and N:P ratios were respectively only 41 to 55% and
351t049% of maximum values over the range of CO, (aq)
concentrations (>30 to <2 pmol 17') tested (Figs. 1b, ¢ &
2b, ¢). The effect of [CO, (aq)] on C:N was also signifi-
cant, butless pronounced, with C:N increasing by up to
24 % from highest to lowest CO, (aq) concentrations
(Figs. 1a & 2a). Results from 3 independent incubations
of SK A at each of 5 experimental CO; concentrations are
shown in Fig. 1. Elemental ratios of the other strain, SK B,
were similar with C:P and N:P ratios being slightly lower
than in SK A. In spite of differences in cell diameter by a
factor of 3, both strains showed similar variation in C:N:P
ratios with changing [CO, (aq)] (Fig. 1).



70
9.0 1 (a) ® SKA, DIC const
8.5-,:: A SK B, DIC const
8.0 ¢
\
S 75+
3 °

T i .
6.0 s = )
55 #
90 I (b}
80 °
..
70 < ° e - =i

cP
;j?‘;;_
S

0 5 10 15 20 25 30 35 40
CO, [pmol I

Fig. 1 Skeletonema costatum. Vanation in (a) C:N, {b) C:P,

and (c) N:P ratios of SK A (@) and SK B (A) at constant DIC in

relation to (CO, (aq}]. Each data point represents the mean

value of triplicate measurements of C, N, and P. C:P and N:P

curves are derived from a least-squares fit using the

Michaelis-Menten equation (see Table 2). The C:N curve was
calculated as C:N = C:P/N:P

If [CO, (aq)] of ocean surface water varies in
response to biological activity or, over longer time
scales, by air-equilibration in respense to increasing
pCQO,, alkalinity remains unaffected whereas DIC
and pH change. As mentioned above, only 1 of the
parameters DIC, alkalinity, and pH can be kept con-
stant when manipulating seawater. In the experimen-
tal carbonate system, DIC was kept constant when
changing [CO, (aq)]. Corresponding changes in pH
in this system were of the same magnitude as under
natural conditions. If the observed variation in C:N:P
were caused by changes in pH and not CO, concen-
tration, one would expect no variation in elemental
ratios of Skeletonema costatum at variable [CO, (aq)]
but constant pH. Fig 2 shows data from the control
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Fig. 2. Skeletonema costatum. Variation 1n (a) C:N, (b) C:P,
and (c) N:P ratios of SK A at constant pH 1n relation to
(CO: {aq)]

experiment with SK A, in which pH was kept con-
stant at all CO, levels. C:N:P ratios varied by the
same order of magnitude as in experiments with con-
stant DIC and variable pH. Although absolute values
in Fig. 2 differ somewhat from Fig 1, identical trends
in elemental ratios were taken as indication that vari-
ability in elemental ratios was caused by changes
in supply of CO, rather than pH eftects on cell physi-
ology.

To describe CO,-dependent variation in C:P and N:P,
it was assumed that elemental ratios (E) approach
maximum values (E') at saturating CO; levels. There-
fore, the Michaelis-Menten equation E = E' [CO, (aqg)]/
(Kg + [COs; (aqg)]), where Kg is the half-saturation con-
stant, was used for an iterative, non-linear least-
squares fit to C:P and N:P measurements. C:N curves
were calculated as C:N = C:P/N:P (Figs. 1 & 2). Calcu-
lated constants and their standard deviations for all
treatments are listed in Table 2.
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Table 2. Skeletonema costatum. Results from a least-squares
fit to CO,-dependent variation in C:P and N:P. Maximum ele-
mental ratios E* and half-saturation constants Kg were calcu-
lated according to the Michaelis-Menten equation for C:P and
N:P molar ratios of 2 clones (SK A, SK B). Standard deviations
are given in parentheses (for further explanations see text)

Clone Treatment E' Kg (pmol 171

SK A DIC const (C:P) =77.47 (0.51) Kc,=1.14 (0.04)
(N:P)’ = 13.40 (0.57) Knp = 1.80 (0.31)

SKB DIC const (C:P) =76.86 (0.02) Kcp=246(001)
(NP} = 13.06 (1.16)  Kup = 3.55 (1.10)

SK A pHeconst (C:P) =82.01(0.74) Kcp=0.90 (0.04)
(N:P)' = 12.50 (0.78) Kwnyp=1.13 (0.31)

Cell quota and growth rates

Table 3 summarizes cellular carbon, phosphorus,
and nitrogen contents (cell quota) for SK A at constant
DIC. Most of the variation in C:P ratios was accounted
for by decreasing amounts of organic carbon per cell,
whereas P/cell was largely unaffected by changes in
CO,; concentrations. N/cell was also variable, but to a
greater degree than C/cell, which resulted in high C:N
and low N:P at low [CO, (aq)]. Growth rates deter-
mined for the different treatments {Table 3) equalled
those obtained from repeated cell counts in pre-cul-
tures (data not shown), indicating that the cells grew in
the experimental growth phase throughout the experi-
ments. Growth rate decreased at CO, concentrations
below ca 2 pmol I'! to a minimum value of 1.6 d™!. At
higher CO, levels, growth rates were largely unai-
fected by variation in [CO, (aq)] and SK A grew at
maximum rates of 2.1 d%.

DISCUSSION
Response to variable CO, concentration

This study provides the first evidence that the C:N:P
elemental ratios of a common marine diatom can be
affected by the availability of CO, (aq). As indicated by
identical trends at constant pH in the control experi-
ment, pH effects on algal physiology did not seem to
have accounted for the observed changes in elemental
ratios. Under controlled conditions with sufficient light
and excess nutrients, variation in CO, concentrations
appeared to be the cause of changes in chemical com-
position of the cells in this study. Differences in cell
size between the 2 strains were not reflected in the
CO, dependency of C:N:P ratios.

CO, availability not only affected elemental ratios of
Skeletonema costatum but also limited its rate of

Table 3. Skeletonema costatum. Cell quota for C, N, P and
average growth rates (u) of SK A, grown at different CO, con-
centrations [CO, (aq)] at constant DIC

[CO, (aq)) C/cell N/cell P/cell u
{pmol I} (pg C) (pg N) (pg P) (dh
30.6 17.70 3.54 0.58 2.1
12.0 14.49 2.84 0.58 2.1
54 14.98 2.77 0.65 2.0

2.7 12.29 2.05 0.61 1.9

1.5 12.03 2.09 0.65 1.6

growth as indicated by a decrease in growth rate of SK
Afrom 2.1 d7" at high [CO;, (ag)] to 1.6 d7" at the lowest
[CO, (aq)] (Table 3). These results concur with other
studies in which growth limitation of marine diatoms
was observed at low CO, concentrations (Riebesell et
al. 1993, Chen & Durbin 1994).

Inorganic carbon acquisition

The interpretation of CO, effects on algal physiology
Is complicated by limited knowledge of mechanisms
and pathways of inorganic carbon acquisition by
marine phytoplankton. RUBISCO (ribulose 1, 5-bispho-
sphate carboxylase-oxygenase} is the primary enzyme
of photosynthetic carbon fixation in microalgae (Raven
1996) and uses molecular CO, as substrate. Several
mechanisms which involve active transport of inor-
ganic carbon through the plasma membrane or the
chloroplast envelope have been proposed to actively
increase CO; concentration at the site of carboxylation
(Badger et al. 1980, Badger & Andrews 1982, Badger &
Price 1992) Such an inorganic carbon concentrating
mechanism might be coordinated with the enzymatic
activity of extracellular carbonic anhydrase which
would increase external CO, concentration by catalyz-
ing dehydration of HCOj3 (Aizawa & Miyachi 1986,
Badger & Price 1994). If changes in external [CO, (aq}]
affected CO, availability at the carboxylation site of
RUBISCO or the energy budget of an algal cell, corre-
sponding shifts in metabolic pathways might be
reflected in variable elemental composition. The
extent to which marine microalgae can make use of the
large HCO3 pool in seawater and whether they have
adopted a common strategy to accommodate variations
in [CO, (aqg)] is not known vyet.

In this study, C:N:P ratios of Skeletonema costatum
showed consistent increases or decreases with de-
creasing {CO, (aq)] (Figs. 1 & 2) over the range of CO,
concentrations (ca 5 to 25 umol 17') typically encoun-
tered in the ocean's surface waters (Goericke & Fry
1994). At the lowest experimental [CO, (aq}] of ap-
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proximately 1 to 2 pmol I'', however, trends in C:N in
all treatments and in C:P and N:P of SK B were re-
versed. It has been suggested that a different mode of
Inorganic carbon acquisition might be induced below a
critical level of CO, supply in marine phytoplankton
(Raven 1991, Hinga et al. 1994, Laws et al. in press).
Below a CO, threshold concentration of approximately
2 umol 1!, S costatum might have responded by
changing its inorganic carbon acquisition pathway to
compensate for limited CO; supply. Such physiological
adaptation should be accompanied by changes in the
biochemical composition and might have accounted
for reversal of observed trends in changes in elemental
ratios. Another possible response to insufficient CO,
supply could be enhancement of carbon fixation by -
carboxylases. While RUBISCO is considered ’‘the sole
carboxylase involved in converting exogenous inor-
ganic C into at least 95% of cellular organic C' (Raven
1996), Descolas-Gros & Fontugne (1985) found [3-car-
boxylation to increase in batch cultures of S. costatum
at the end of the exponential growth phase. Whether
such shifts in enzymatic pathways also apply to growth
atlow [CO, (aq)| has not been investigated yet.

Factors affecting C:N:P

Compared to variability of C:P or C:N ratios mea-
sured under severe P or N limitation, the magnitude of
change caused by CO; availability can be considered
moderate. Elemental ratios found at high [CO; (aq)] in
this study were close to values reported by Sakshaug &
Holm-Hansen (1977} for Skeletonema costatum under
nutrient-replete conditions during exponential growth
(C:N 7.4, C:P 90, N:P 12; continuous culture, N:P of
medium 20). In their study, however, C:P covered a
wide range from lowest C:P = 39 during exponential
growth (N:P of medium = 1.2) to C:P > 900 during star-
vation in P-deficient cells (N:P of medium = 310 and
830). Large increases in C:N and C:P under N or P lim-
itation appear, to a great extent, to be the result of
accumulation of B-1,3 glucan, which is considered a
common reserve polysaccharide in marine diatoms
(Myklestad 1974, 1977). It can be speculated that, in
contrast to an overflow production of carbon under N-
or P-limiting conditions, variation in elemental ratios of
S. costatum in response to changes in [CO, {aq)] might
result from differences in the allocation of assimilated
carbon to intracellular carbon pools. More detailed
analysis of carbohydrate, protein, and lipid composi-
tion, however, is required to test this hypothesis.

As shown in Table 3, P content per cell remained rel-
atively constant, whereas amounts of intracellular
organic carbon decreased at low [CO,; (aq)]. Regard-
less of the nutrient status, Skeletonema costatum

appears to lack storage polyphosphates (Sakshaug &
Holm-Hansen 1977). C:P ratios of approximately 40 at
[CO, (aqg)] £ 2 pmol 1! were similar to lowest C:P ratios
of S. costatum in experiments by Sakshaug & Holm-
Hansen (1977) and might thus represent minimum val-
ues which can be maintained in S. costatum irrespec-
tive of the kind of environmental factor affecting the
chemical composition of the cells.

Whereas a decrease in C:P ratios with decreasing
|CO, (aq)] fits the classical perception of intracellular
shortage of a limiting nutrient, a concomitant increase
in C:N appears to violate this concept. In a comparison
of P-limited and N-limited chemostat cultures of the
marine diatom Thalassiosira pseudonana, Perry (1976)
observed increases in C:N ratios in response to nutri-
ent exhaustion irrespective of the kind of limiting
nutrient. Similar observations of high C:N during N or
P starvation were made in other studies (e.g. Sakshaug
& Holm-Hansen 1977, Goldman et al. 1979, Laws &
Bannister 1980). Harrison et al. (1977) found highly
elevated ratios of C:N = 13.2 in silicate-starved and
C:N = 14.8 in ammonium-starved Skeletonema costa-
tum. Thus, in contrast to C:P ratios, elevated C:N might
serve as a general indicator of unfavorable environ-
mental conditions irrespective of the nutrient (CO; in
this study) in shortest supply.

The C:N ratio can also be affected by light availabil-
ity. Over a range in photon flux density of 4.4 to
209 pmol photons m™ s7!, C:N of the marine diatom
Thalassiosira fluviatilis varied to an extent (molar C:N
= 5.1 to 7.1) similar to COj-related changes in C:N in
this study (Laws & Bannister 1980) Light-limited
growth, however, resulted in minimum C:N values at
the lowest growth rates, contrary to maximum C:N
during nutrient-limited growth.

Likewise, iron starvation might affect the biochemi-
cal composition. Compared to exponentially growing
cells, Sakshaug & Holm-Hansen (1977) observed a
decrease in C:P and N:P in Fe-deficient cultures of
Skeletonema costatum similar in magnitude to varia-
tion of these ratios in the present study. For C:N they
found no systematic trend due to the large scatter of
values. On the other hand, C:N:P ratios of the chryso-
phyte Paviova (Monochrysis) lutheri (Sakshaug &
Holm-Hansen 1977), of the diatom Phaeodactylum tri-
cornutum (Greene et al. 1991) and of natural phyto-
plankton communities from the Southern Ocean (van
Leeuwe et al. 1997) appeared to be largely unaffected
by Fe starvation.

Ecological significance of CO,-related C:N:P variation

While variation in the elemental composition of
marine diatoms in response to changes in [CO; (aq)] is
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interesting from a physiological point of view, its eco-
logical significance depends on the degree to which
such changes in C:N:P develop and persist under nat-
ural conditions. Drastic and rapid changes in C:N and
C:P ratios are known to occur in microalgae during
nutrient exhaustion (Banse 1974, Sakshaug & Holm-
Hansen 1977), which occurs upon termination of algal
blooms. Such large deviations from Redfield stoichio-
metry easily override the comparatively small differ-
ences in elemental ratios related to variable CO,; or
light supply.

Above a certain threshold concentration, however,
elemental ratios of marine phytoplankton seem to be
largely unaffected by concentrations of potentially lim-
iting nutrients. C:N ratios of surface layer particulate
organic matter are often similar to or less than the Red-
field ratio even at nitrate concentrations below 2 umol
I"! (see Sambrotto et al. 1993 for reference). Further
examples of little variation in C:N at low nitrate con-
centrations are given by Sakshaug & Olsen (1986) for
blooms dominated by Skeletonema costatum or the
coccolithophorid Emiliania huxleyi and by Dortch et
al. (1985) for mixed algal assemblages. Highly efficient
uptake mechanisms for both nitrate (Eppley et al. 1969,
Harrison et al. 1996) and phosphate (Perry 1976) may
provide the means to compensate for deficiency in
nutrient supply.

Particulate organic matter close to the Redfield ratio
below the euphotic layer (Copin-Montegut & Copin-
Montegut 1983) provides further evidence that the
major portion of biogenic sinking flux is not character-
ized by the extremely high C:N ratios observed upon
nutrient exhaustion. Phytoplankton spring blooms, as
they occur in high latitude ecosystems, are character-
ized by high rates of export production because
autotrophic production and heterotrophic consump-
tion are largely uncoupled (Bienfang & Ziemann
1992). As long as nutrient supply does not drop below
a critical level, CO;-related changes in the Redfield
ratio are of similar magnitude as variability caused by
other factors contributing to stoichiometry of sinking
particles.

In the subarctic North Pacific, the equatorial Pacific
or the Southern Ocean, where high nitrate levels per-
sist throughout the year but phytoplankton stocks are
low, iron limitation of phytoplankton growth and bio-
mass represents an important factor controlling pri-
mary productivity (Martin & Fitzwater 1988, de Baar et
al. 1995, Coale et al. 1996). Since the effect of iron star-
vation on elemental composition of phytoplankton is
moderate or negligible {Sakshaug & Holm-Hansen
1977, Greene et al. 1991, van Leeuwe et al. 1997) and
nitrate and phosphate are in ample supply, CO,-
related effects on plankton stoichiometry should be
noticable.

Biogeochemical relevance

Over geological time scales, atmospheric pCO,
increased from a glacial minimum of 180 ppmv to pre-
industrial levels of 280 ppmv (e.g. Delmas et al. 1980,
Neftel et al. 1982). At a constant temperature, [CO,
(aqg)] in air-equilibrated seawater would show a corre-
sponding increase (Broecker et al. 1979). It needs to be
considered, however, that over geological time scales
not only [CO, (aq)! but also other factors such as
nitrate, phosphate, iron and light availability are likely
to have varied significantly. Furthermore, shifts in spe-
cies composition among the major taxonomic groups of
marine microalgae might have occurred over such
time scales. All these factors are known to influence
the average elemental composition of marine phyto-
plankton, which complicates evaluation of potential
changes in the Redfield ratio due to increases in [CO,
faq)].

Unlike the above-mentioned long-term variability,
burning of fossil fuel has led to an increase in atmos-
pheric pCO, on a much shorter time scale. Within
about 200 vyr, atmospheric pCO, increased from
280 ppmv to present levels of 360 ppmv and is pre-
dicted to exceed 600 ppmv by the year 2100 in 'busi-
ness as usual’ emission scenarios (Wigley et al. 1996).
Assuming total alkalinity = 2.3 meq 1!, salinity =
35 psu and an increase in surface seawater tempera-
ture from 10 to 11°C, an increase in atmospheric pCO,
to 600 ppmv would raise [CO, (aq)] in air-equilibrated
seawater from pre-industrial 12.3 pmol 1"! to 25.5 pmol
I"1. As a result of this increase in [CO, {aq)], C:P of
Skeletonema costatum would be expected to increase
by 4.6 % (from 70.9 to 74.2), C:N to decrease by 2.3%
(from 6.07 to 5.93) according to Table 2 (SK A, DIC
const).

The rapid increase in today's pCO, and the associ-
ated increase in [CO; (aq)] of surface seawater repre-
sents a uni-directional trend of a single environmental
factor which is not accompanied by other factors and
has a potential influence on elemental composition of
marine phytoplankton. Systematic changes in the ele-
mental composition of marine phytoplankton in
reponse to the rapid increase in [CO; (aq)] would thus
be superimposed on a background scatter due to sto-
chastic variability of other factors affecting the Red-
field ratio. Changes in C:P are of particular importance
because phosphate is the nutrient which ultimately
controls marine phytoplankton biomass (Redfield
1958, Broecker 1982, van Cappellen & Ingall 1996) and
therefore C:P is commonly used in global biogeochem-
ical models to quantify inorganic carbon fixation (e.qg.
Broecker et al. 1985, Six & Maier-Reimer 1996).

Several recent studies recognize deviations from
Redfield stoichiometry and caution against calculation
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of organic carbon export based on a constant Redfield
ratio (e.g Fanning 1992, Sambrotto et al. 1993, Banse
1994). According to Maier-Reimer (1996), 'the assump-
tion of a constant Redfield ratio (for global modelling
studies) represents an efficient mechanism to reduce
the number of free parameters and, thus, to increase
the efficiency of any model prediction’. Deviations
from Redfield ratio due to intra- and interspecific vari-
ability of cell stoichiometry ‘'seem to compensate each
other in the large-scale chemical distribution in the
deep sea’ {Maier-Reimer 1996). If changes in elemen-
tal composition, however, are caused by factors which
exhibit systematic trends, deviations from the Redfield
ratio will no longer be compensated by random vari-
ability. Knowledge of the magnitude by which relevant
factors affect the elemental composition of planktonic
organisms, therefore, provides the framework for
improved models of large-scale processes.
CO,-dependent stoichiometry of marine microalgae
has not yet been considered a factor contributing to
variability of the Redfield ratio. If the observed correla-
tion of elemental ratios with [CO, (aq)] proves to be a
general trend in marine phytoplankton, changes in the
Redfield ratio may be expected in response to the cur-
rently observed increase in atmospheric pCO,. Depen-
dency of elemental ratios on CO, concentration would
affect the efficiency of the ‘'biological carbon pump’
(Volk & Hoffert 1985) due to variation in the amount of
carbon fixed relative to other inorganic nutrients.

Species comparison

As an important next step, it needs to be investigated
whether CO,-dependent variation in phytoplankton
stoichiometry is a common phenomenon among
marine phytoplankton. Skeletonema costatum is a cos-
mopolitan species with its main distribution in coastal
waters, where it frequently dominates phytoplankton
blooms (Hasle 1973). It can dominate phytoplankton
composition in the Peruvian upwelling system
(Sukhanova et al. 1978) and has also been observed in
the spring bloom of the Sargasso Sea off Bermuda
(Hulburt et al. 1960). In order to assess the potential
significance of a CO,-dependent Redfield ratio in car-
bon flux on a larger scale, other microalgal species of
similar importance to marine primary productivity
need to be tested for their response to increasing [CO;,
(aq)].

Caraco et al. (1996) observed a similar dependency
of C:P ratios on [CO, (ag)] in freshwater species of
chrysophytes, chlorophytes and cyanobacteria. C:P in
the freshwater chrysophyte Ochromonas, grown at 35,
350, and 3500 ppmv CO,, had variable C:P ratios of
120, 250, and 490, respectively. These results suggest

that, in spite of the much higher CO,; (aq) and lower
HCO; concentrations in freshwater, limnetic micro-
algae might show a similar stoichiometric response to
variation in [CO. (aq)] as marine phytoplankton. This
observation is of particular interest because freshwater
and marine phytoplankton might employ different
modes of inorganic carbon acquisition in adaptation to
their different environments.

In conclusion, results from this study demonstrate
clear correlation of C:N:P elemental ratios with con-
centrations of CO; (aq) in 2 strains of the marine
diatom Skeletonema costatum. The physiological
mechanisms responsible for the observed trends and
the question whether this variation in Redfield ratios
represents a common feature in marine phytoplankton
need to be elucidated.

Acknowledgements. We thank A. Dauelsberg who performed
all DIC measurements, H. Halliger {Biologische Anstalt Hel-
goland, Sylt) for supplying strain SK B, and H. Schwarz for
technical assistance in C:N measurements. V. Smetacek and
M. Pahlow provided helpful comments on earlier versions of
the manuscript. This is publication no. 1286 of the Alfred
Wegener Institute for Polar and Marine Research.

LITERATURE CITED

Aizawa K, Miyachi S (1986) Carbonic anhydrase and CO,
concentrating mechanisms in microalgae and cyanobacte-
ria. FEMS Microbiol Rev 39:215-233

Anderson LA (1995) On the hydrogen and oxygen content of
marine phytoplankton. Deep Sea Res ] 42:1675-1680

Anderson LA, Sarmiento JL (1994) Redfield ratios of reminer-
alization determined by nutrient data analysis. Global Bio-
geochem Cycles 8:65-80

Badger MR, Andrews TJ (1982 Photosynthesis and inorganic
carbon usage by the marine cyanobacterium, Synechococ-
cus sp. Plant Physiol 70:5617-523

Badger MR, Kaplan A, Berry JA (1980) Internal inorganic car-
bon pool of Chlamydomonas reinhardtii: evidence for a
carbon dioxide-concentrating mechanism. Plant Physiol
66:407-413

Badger MR. Price GD (1992) The CO, concentrating mecha-
nism 1n cyanobacteria and microalgae. Physiol Plant 84:
606-615

Badger MR, Price GD (1994) The role of carbonic anhydrase
in photosynthesis. Annu Rev Plant Physiol Plant Mol Biol
45:369-392

Banse K (1974) On the interpretation of data for the carbon-to-
nitrogen ratio of phytoplankton. Limnol Oceanogr 19:
695-699

Banse K (1994) Uptake of inorganic carbon and nitrate by
marine plankton and the Redfield ratio. Global Biogeo-
chem Cycles 8:81-84

Bienfang PK, Ziemann DA (1992) The role of coastal high
latitude ecosystems in global export production. In:
Falkowsk: PG, Woodhead AD (eds) Primary productivity
and biogeochemical cycles in the sea. Plenum Press, New
York, p 285-297

Bradshaw AL, Brewer PG, Shafer DK, Williams RT (1981)
Measurements of total carbon dioxide and alkalinity by
potentiometric titration in the GEOSECS program. Earth
Planet Sci Lett 55:99-115



Burkhardt & Riebesell: CO, effect on C:N:P (Redfield ratio) 75

Brewer PG, Bradshaw AL, Williams RT (1986) Measurement
of total carbon dioxide and alkalinity in the North Atlantic
ocean in 1981. In: Trabalka JR, Reichle DE (eds) The
changing carbon cycle—a global analysis. Springer-Ver-
lag, New York, p 358-381

Broecker WS (1982) Ocean chemistry durnng glacial time.
Geochim Cosmochim Acta 46:1689-1705

Broecker WS, Takahashi T, Simpson HJ, Peng TH (1979) Fate
of fossil fuel carbon dioxide and the global carbon budget.
Science 206:409-418

Broecker WS, Takahashi T, Takahashi T (1985) Sources and
flow patterns of deep-ocean waters as deduced from
potential temperature, salinity, and initial phosphate con-
centration. J Geophys Res 90{C4):6925-6939

Caraco NF, Cole JJ, Miller RA (1996) Carbon dioxide and sto-
ichiometry of phytoplankton. Suppl to EOS Transactions,
Vol 76, No 3. Am Geophys Union, Washington, DC

Chen CY, Durbin EG (1994} Effects of pH on the growth and
carbon uptake of marine phytoplankton. Mar Ecol Prog
Ser 109:83-94

Coale KH, Fitzwater SE, Gordon RM, Johnson KS, Barber RT
(1996} Control of community growth and export produc-
tion by upwelled iron in the equatorial Pacific Ocean.
Nature 379:621-624

Copin-Montegut C, Copin-Montegut G (1983} Stoichiometry
of carbon, nitrogen, and phosphorus in marine particulate
matter. Deep Sea Res 30:31-46

de Baar HJW, de Jong JTM, Bakker DCE, Loscher BM, Veth
C, Bathmann U, Smetacek V (1995) Importance of iron for
plankton blooms and carbon dioxide drawdown 1n the
Southern Ocean. Nature 373:412-415

Degens ET, Guillard RRL, Sackett WM, Hellebust JA (1968)
Metabolic fractionation of carbon isotopes in marine
plankton—1. Temperature and respiration experniments.
Deep Sea Res 15:1-9

Delmas RJ, Ascencio JM, Legrand M (1980) Polar ice evi-
dence that atmospheric CO, 20,000 yr BP was 50% of pre-
sent. Nature 284:155-157

Descolas-Gros C, Fontugne MR (1985) Carbon fixation in
marine phytoplankton: carboxylase activities and stable
carbon-isotope ratios: physiological and paleoclimatologi-
cal aspects. Mar Biol 87:1-6

Dortch Q, Clayton JR Jr, Thoresen SS, Cleveland JS, Bressler
SL., Ahmed SI (1985) Nitrogen storage and use of bio-
chemical indices to assess nitrogen deficiency and growth
rate in natural plankton populations. J Mar Res 43:
437-464

Eppley RW, Rogers JN, McCarthy JJ (1969) Half-saturation
constants for uptake of nitrate and ammonium by marine
phytoplankton. Limnol Oceanogr 14:912-920

Fanning KA (1992) Nutrient provinces in the sea: concentra-
tion ratios, reaction rate ratios, and ideal covariation.
J Geophys Res 97(C4):5693-5712

Gavis J, Ferguson JF (1975) Kinetics of carbon dioxide uptake
by phytoplankton at high pH. Limnol Oceanogr 20:
211-221

Gleitz M, Kukert H, Riebesell U, Dieckmann GS (1996) Car-
bon acquisition and growth of Antarctic sea ice diatoms 1n
closed bottle incubations. Mar Ecol Prog Ser 135:169-177

Goericke R, Fry B (1994) Variations of marine plankton §'°C
with latitude, temperature, and dissolved CO; in the world
ocean. Global Biogeochem Cycles 8:85-90

Goldman JC, McCarthy JJ, Peavy DG (1979) Growth rate
influence on the chemical composition of phytoplankton in
oceanic waters. Nature 279:210-215

Gran G (1952) Determination of the equivalence point 1n
potentiometric titrations of seawater with hydrochlonc

acid. Oceanol Acta 5:209-218

Greene RM, Geider RJ, Falkowski PG (1991} Effect of iron
limitation on photosynthesis in a marine diatom. Limnol
Oceanogr 36:1772-1782

Guillard RRL, Ryther JH (1962) Studies of munne planktonic
diatoms. Can J Microbiol 8:229-239

Harrison PJ, Conway HL, Holmes RW, Davis CO (1977)
Marine diatoms grown under silicate or ammonium limita-
tion. I11. Cellular chemical composition and morphology of
Chaetoceros debilis, Skeletonema costalum, and Thalas-
siosira gravida. Mar Biol 43:19-31

Harnson WG, Harris LR, Irwin BD (1996) The kinetics of
nitrogen utilization in the ocean mixed layer: nitrate and
ammonium interactions at nanomolar concentrations.
Limnol Oceanogr 41:16-32

Hasle GR (1973) Morphology and taxonomy of Skeletonema
costatum (Bacillariophyceae). Norw J Bot 20:109-137

Hecky RE, Campbell P, Hendzel LL {1993) The stoichiometry
of carbon, nitrogen, and phosphorus in particulate matter
of lakes and oceans. Limnol Oceanogr 38:709-724

Heinze C, Maier-Reimer E, Winn K (1991} Glacial pCO2
reduction by the world ocean: experiments with the Ham-
burg carbon cycle model. Paleoceanography 6:395-430

Hinga KR, Arthur MA, Pilson MEQ, Whitaker D (1994) Car-
bon isotope fractionation by marine phytoplankton in cul-
ture: The effects of CO, concentration, pH, temperature,
and species. Global Biogeochem Cycles 8:91-102

Hulburt EM, Ryther JH, Gullard RL (1960) The phytoplank-
ton of the Sargasso Sea off Bermuda. J Cont Int Explor
Mer 25:115-128

Johnson KM, Wills KD, Butler DB, Johnson WK, Wong CS
(1993) Coulometric total carbon dioxide analysis for
marine studies: maximizing the performance of an auto-
mated gas extraction system and coulometric detector
Mar Chem 44:167-187

Laws EA, Bannister TT (1980) Nutrient- and lght-limited
growth of Thalassiosira fluviatilis in continuous culiure,
with implications for phytoplankton growth in the ocean.
Limnol Oceanogr 25:457-473

Laws EA, Thompson PA, Popp BN, Bidigare RR (in press)
Sources of inorganic carbon for marine microalgal photo-
synthesis: a reassessment of 8''C data from batch culture
studies of Thalassiosira pseudonana and Emuiliania hux-
leyi. Limnol Oceanogr

Maier-Reimer E (1996) Dynamic vs. apparent Redfield ratio in
the oceans: a case for 3D-models. J Mar Syst 9:113-120

Martin JH, Fitzwater SE (1988) Iron deficiency limits phyto-
plankton growth in the north-east Pacific subarctic.
Nature 331:341-343

Mehrbach C, Culberson ClH, Hawley JE, Pytkowicz RM
(1973) Measurement of the apparent dissociation con-
stants of carbonic acid in seawaler at atmospheric pres-
sure. Limnol Oceanogr 18:897-907

Myklestad S (1974) Production of carbohydrates by marine
planktonic diatoms. I. Comparison of nine different spe-
cies in culture. J Exp Mar Biol Ecol 15:261-274

Myklestad S (1977) Production of carbohydrates by marine
planktonic diatoms. II. Influence of the N/P ratio in the
growth medium on the assimilation ratio, growth rate, and
production of cellular and extracellular carbohydrates by
Chaetoceros affinis var willer (Gran) Hustedt and Skele-
tonema costatum (Grev.) Cleve. J Exp Mar Biol Ecol 29:
161-179

Neftel A, Oeschger H, Schwander J, Staufer B, Zumbrunn R
(1982) lce core sample measurements give atmospheric
CO; content during the past 40,000 yr Nature 295:
220-223



76 Mar Ecol Prog Ser 155: 67-76, 1997

Perrv MJ (1976) Phosphate utilization by an oceanic diatom in
phosphorus-limited chemostat culture and in the olig-
otrophic waters of the central North Pacitic. Limnol
Oceanoqr 21-88-107

Raven JA (1991) Physiology of inorganic C acquisition and
implications for resource use etficiency by marine phyto-
plankton: relation to increased CO, and temperature.
Plant Cell Environ 14:779-794

Raven JA (1996) [norganic carbon assimilation by marine
biota. J Exp Mar Biol Ecol 203:39-47

Raven JA, Johnston AM, Turpin DH (1993) Influence of
changes in CO, concentration and temperature on marine
phytoplankton ''C/'"C ratios: an analysis of possible
mechanisms. Global Planet Change 8:1-12

Redfield AC (1934) On the proportions of organic derivatives in
sea water and their relation to the composition of plankton.
James Johnstone Memorial Volume, Liverpool, p 177-192

Redfield AC (1958) The biological control of chemical factors
in the environment. Am Sci 46:205-221

Redfield AC, Ketchum BH, Richards FA (1963) The influence
of organisms on the composition of sea-water. In: Hill MN
{ed) The sea. Ideas and observations on progress in the
study of the seas, Vol 2. The composition of sea-water
Comparative and descriptive oceanography. Interscience
Publishers, John Wiley & Sons, New York, p 26-77

Riebesell U, Wolf-Gladrow DA, Smetacek V (1993) Carbon
dioxide limitation of marine phytoplankton growth rates.
Nature 361:249-251

Sakshaug E, Holm-Hansen O (1977) Chemical composition of
Skeletonema costatum (Grev.) Cleve and Paviova (Mono-
chrysis) lutheri (Droop) Green as a function of nitrate-,
phosphate-, and iron-limited growth. J Exp Mar Biol Ecol
29:1-34

Sakshaug E, Olsen Y (1986) Nutrient status of phytoplankton
blooms in Norwegian waters and algal strategies for nutri-
ent competition. Can J Fish Aquat Sci 43:389~396

This article was submitted to the editor

Sambrotto RN, Savidge G, Robinson C, Boyd P, Takahashi T,
Karl DM, Langdon C, Chipman D, Marra J, Codispoti L
{1993) Llevated consumption ot carbon relative to nitro-
¢gen in the surface ocean. Nature 363:248-250

Sharkey TD, Berry JA {1985) Carbon sotope fractionation of
algae as influenced by an inducible CO. concentrating
mechanism. In: Lucas WJ, Berry JA (eds) [norganic carbon
uptake by aquatic photosynthetic organisms. Am Soc
Plant Phys, Rockville, MD, p 389-401

Six KD, Maier-Reimer E (1996) Effects of plankton dynamics
on seasonal carbon fluxes in an ocean general circulation
model. Global Biogeochem Cycles 10:559-583

Strickland JDH, Parsons TR (1972) A practical handbook of
seawater analysis, 2nd edn. Bull Fish Res Bd Can 167

Sukhanova IN, Konovalova GV, Rat'kova TN (1978) Phyto-
plankton numbers and species structure in the Peruvian
upwelling region. Oceanology 18:72-76

Takahashi T, Broecker WS, Langer S (1985) Redfield ratio
based on chemical data from 1sopycnal surfaces. J Geo-
phys Res 90 (C 4):6907-6924

van Cappellen P, Ingall ED (1996) Redox stabilization of the
atmosphere and oceans by phosphorus-limited marine
productivity. Science 271:493-496

van Leeuwe MA, Scharek R, de Baar HJW, de Jong JTM,
Goeyens L (1997) Iron enrichment experiments in the
Southern Ocean: physiological responses of plankton
communities. Deep Sea Res I1 44:189-207

Volk T, Hoffert MI {1985) Ocean carbon pumps: analysis of
relative strengths and efficiencies 1n ocean-driven atmos-
pheric CO, changes. In: Sundquist ET, Broecker WS (eds)
The carbon cycle and atmospheric CO,: natural variations
archean to present. Geophys Monogr 32. Am Geophys
Union, Washington, DC, p 99-110

Wigley TML, Richels R, Edmonds JA {1996} Economic and
environmental choices in the stabilization of atmospheric
CO, concentrations. Nature 379:240-243

Manuscript recetved: December 23, 1996
Revised version accepted: July 8, 1997





