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ABSTRACT- The *C/!*C distributions in plants record the integrated pattern of photosynthetic carbon
acquisition. Most planktonic marine algae are small, relatively rare and hard to separate from back-
ground particles, so that very few investigations have used §"*C to study algal photosynthesis in the
sea. Diatoms are perhaps the best studied group among the marine microalgae, and this review
summarizes current knowledge of effects of temperature, salinity, pH, growth rate and CO, concen-
trations on diatom 8'°C. External CO, concentrations have the strongest effect demonstrated thus far on
13C/'*C distributions and isotope fractionation, with the largest isotopic discriminations found in high
CO, conditions. Both models and culture studies suggest that '*C values record the balance between
algal growth demand versus supply of Inorganic carbon in seawater, and that carbon isotope studies
can be used to probe the diversity of algal carbon acquisition strategies in the sea.
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INTRODUCTION

Stable carbon isotopic investigations of terrestrial
plants are now far advanced, in large part because it is
easy to collect the 100 to 1000 pg of material necessary
for analysis. An impressive amount of literature con-
cerning 8"°C in terrestrial plants shows that these mea-
surements can be used to distinguish C3;, Cy and CAM
plants, establish variations in water use efficiency, and
show limits of physiological response to environmental
change (see reviews by O'Leary 1988, Farquhar et al.
1989, Lajtha & Marshall 1994). These terrestrial studies
promise a rich dividend to physiologists working with
other groups of plants, and the purpose of this review
is to stimulate an interest in carbon isotope distribu-
tions in the marine microalgae.

There are 3 reasons for renewed interest in the §'3C
of microalgae. First, recent culture studies confirm that
large (5 to 10%.) differences can be commonly ob-
served both within and between species of microalgae
(Wong & Sackett 1978, Hinga et al. 1994), so that §'°C
should be a sensitive indicator of metabolic strategies
and performance among the plankton. Second, new
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techniques are becoming available for separating
either whole cells (Olson & Fry unpubl.} or biomarker
compounds (Hayes et al. 1990) from seawater so that
microalgal samples can be obtained from a variety of
interesting field conditions for comparison with culture
results. A final impetus for fresh interest in this topic
is the observation that over geological time scales, the
average 0'°C value of marine phytoplankton has
varied by at least 5%. (Dean et al. 1986), possibly in
response to variations in past CO; levels. The sugges-
tion that algal 83C can be used as a CO, paleobaro-
meter (Popp et al. 1989, Rau et al. 1989, Hollander &
Mackenzie 1991, Singer & Shemesh 1995) relevant to
global change research has brought renewed attention
to the study of C/'*C variations in microalgae.

This review is restricted to diatoms and complements
broader reviews summarizing 81*C variations in aquatic
algae (Descolas-Gros & Fontugne 1990, Raven 1992,
Goericke et al. 1994) and marine particulate organic
material (Jeffry et al. 1983, Sackett 1991, Goericke &
Fry 1994). The 2 main foci of this review are culture
and field results for diatoms. Because it continues to be
difficult to collect microalgae from the field, and no
technique is yet available to analyse isotopic composi-
tions of individual phytoplankters, | emphasize culture
studies as tools for developing and testing models of
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algal isotopic fractionation. Mechanics of making the
requisite DIC (dissolved inorganic carbon) and algal
measurements in culture work for correct calculation
of C/"*C photosynthetic fractionation are reviewed in
some detall before discussing the still relatively few
laboratory and field results. A concluding section dis-
cusses new ways to more routinely sample microalgal
319C values in aquatic environments.

ISOTOPE TERMINOLOGY

Photosynthetic carbon fixation occurs with a strong
fractionation such that *CO, is fixed at slower rates than
2CQ,. Respiration seems to involve very little or no
fractionation (O'Leary 1981, Laws et al. 1995). Conse-
quently, isotope fractionation studies dealing with plants
largely focus on photosynthetic withdrawal of carbon
from the DIC pool during uptake and fixation into cellu-
lar biomass. A first approximation of fractionation that, as
will be discussed below, is not always a good estimate of
the intrinsic fractionation occurring in a system is the ob-
served fractionation between fixed carbon and available
DIC. Following conventions established by O'Leary
(1981), fractionation or isotopic discrimination can be
expressed as a positive number, D, calculated as

D = (3%Cpc - 8" Crixep o)/ (1+ 8YCpic/1000) (1)

where 8"°C values are measured versus
PDB or a working CO, gas standard,
and DIC can be the total DIC (including -50

and partly because 8*C values of DIC are measured
parameters, while §*C values of CO, are calculated
from the §'*C,~ values. Reporting D versus total DIC
also makes it fairly simple to compare measured frac-
tionation with marine §'C values reported in the liter-
ature, since the reference material in both cases has
near-zero values. Specifically, the value of the marine
carbonate standard, a fossil Belemnite shell collected
from the PeeDee formation of South Carolina (Craig
1953), 1s assigned a 0%. value, while DIC measured in
surface waters of the modern ocean averages about
1.5 %o.

ISOTOPE FRACTIONATION DURING AQUATIC
PHOTOSYNTHESIS

The overall fractionation observed between DIC and
photosynthetically fixed C reflects 3 major components
that can be sequentially considered starting with
the external DIC pool and ending with carboxylation
(Fig. 1).

(1) DIC dynamics. The external DIC pool contains
free CO, that is lighter than the bulk DIC pool by
typically 8 to 12%. in the marine environment (Mook
et al. 1974). An equilibrium isotope effect in the hydra-
tion/dehydration reactions between bicarbonate and
CO; concentrates isotopically light carbon in the CO,

CO,, bicarbonate and carbonate) or the
free CO, alone, CO,(aq), that in sea-
water is only about 1% of the total DIC
pool. The remaining DIC in pH 8 sea-
water is mostly present as bicarbonate.
Actual isotopic measurements are made
of fixed C and total DIC, while §*C of
CO,(aq) can be calculated from §°C of
total DIC using equations of Mook et
al. (1974) When 8'C of DIC is in the
-10 to +10% range, Eq. (1) can be
simplified with very little loss in accu-
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since the denominator is very nearly 1
(0.99 to 1.01).

In this paper, I mainly report fraction-
ation versus total DIC rather than ver-
sus the isotopic composition of CO,(aq),
partly because it is often not clear
whether phytoplankton use only CO, or
a combination of CO, and bicarbonate,
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Fig. 1. 8"*C for components of the marine inorganic carbon system and isotopic
discrimination (D, ") expected for various steps in photosynthetic carbon fixa-
tion. A temperature-dependent equilibrium 1sotope effect results in the iso-
topic difference between bicarbonate and CO,(aq), while kinetic isotope
effects result in enzyme fixed C having lower "*C/™C values than their sub-
strates (bicarbonate substrate for PEP carboxylase, CO,(aq) substrate for the
other enzymes). D is plotted increasing to the left to show the close correspon-
dence between D and conventional marine “C/'*C measurements reported

as 8"'Cppp (top axis)
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in a temperature sensitive manner, with CO, values
12 %o lower than those of bicarbonate at 0°C and 8.4 %o
lower at 30°C (Mook et al. 1974). The consequence of
this chemical equilibrium is that cells using CO, should
have 8'3C values 8 to 12% lower than cells using bi-
carbonate.

(2) Transport steps. During the fixation process, DIC
is transported across various compartment boundaries
(cell walls, cytoplasmic barriers, etc). Laboratory
experiments show that isotopic fractionation associ-
ated with steps such as CO, diffusion in aqueous
media are small, <1%o (O'Leary 1981).

(3) Carboxylation reactions. A third step is the actual
carboxylation which can be catalyzed by several
enzymes (Fig. 1). Carboxylation by Rubisco similar to
that isolated from spinach is most common, and a 29 %o
isotopic fractionation versus CO,(aq), or 37 %. at 30°C
versus total DIC, is expected (Roeske & O'Leary 1984,
Guy et al. 1987). A smaller fractionation of 17.8%.
occurs with Rubisco isolated from photosynthetic
bacteria (Form II Rubisco from Rhodospirillum rubrum,
Roeske & O'Leary 1985, Robinson & Cavanaugh 1995),
although some photosynthetic bacteria use Form I
Rubisco instead of or in addition to Form II Rubisco.
The possible occurrence of Form II Rubisco among
marine diatoms is currently under investigation (C.
Cavanaugh pers. comm.).

In addition to Rubisco, B-carboxylases play a more
minor role in C uptake, usually during dark an-
aplerotic reactions and reactions associated with dark
ammonium uptake (Descolas-Gros & Fontugne 1985,
Guy et al. 1989). Large differences in fractionation are
however expected for the 2 major B-carboxylases, with
a small (2%.) fractionation versus bicarbonate being
typical of PEP carboxylase, but a much larger (24 to
40%.) fractionation versus CO, pertaining to PEP
carboxykinase (O'Leary 1981, Arnelle & O'Leary 1992;
Fig. 1). PEP carboxykinase but not PEP carboyxlase
activity is common in diatoms (Descolas-Gros & Oriol
1992).

Models developed for terrestrial photosynthesis
show that it is the interaction between transport and
carboxylation steps that typically determines the ob-
served overall fractionation between DIC and fixed C
(Fig. 2). The extreme cases involving low and high
rates of photosynthesis can be understood intuitively. If
carboxylation reactions are relatively slow, and most
DIC entering cells freely leaves again so that internal
and external DIC concentrations are similar, maximum
fractionation typical of the CO, saturated carboxylase
is expected. However, at high rates of photosynthesis,
if all DIC entering cells is later carboxylated, there is
no opportunity for isotopic fractionation or discrimina-
tion at the carboxylation step since all DIC is used,
regardless of isotopic composition. Because the frac-
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Fig. 2. Model of DIC uptake and fixation by diatoms, with iso-

topic discrimination (D, %o} as a function of £, the cell leakiness

of DIC from internal pools back to external pools (modified

from O'Leary 1981, 1988). Photosynthetic discrimination is

largest when equilibration between external and internal DIC

pools is nearly complete (f approaches 1), and carboxylation
is relatively slow

tionation during transport is small while the fractiona-
tion in carboxylation is potentially large, observed
fractionation should theoretically vary from near-zero
when transport steps are limiting to about 40 %. versus
DIC when carboxylation is slow and occurs via a
spinach-type Rubisco (Fig. 2).

Overall, model results show that smaller fractiona-
tions indicate transport-limited uptake, while larger
fractionations indicate carboxylation-limited uptake.
Experimental work with freshwater microalgae shows
good agreement with these expectations in that induc-
tion of active transport systems associated with declin-
ing DIC levels result in smaller fractionations (Sharkey
& Berry 1985), while high activities of carbonic
anhydrase that increase availability of COj(aq) for
carboxylation result in larger fractionations (Guy et
al. 1989).

A more precise formulation of the models empha-
sizes the role of DIC loss from cells; the larger fraction-
ations associated with carboxylation are increasingly
expressed the more internal DIC concentrations ap-
proach extracellular concentrations, which occurs when
DIC leaks out of cells as fast as it enters. This leakiness,
the fraction (f) of DIC that is lost from cells, can also be
used to scale the observed fractionations (Fig. 2). Dif-
ferent strategies cells employ in regulating f (Burns &
Beardall 1987) may explain much of the 8'*C variabil-
ity observed among the microalgae (Fogel et al. 1992,
Fogel & Cifuentes 1993).
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MECHANICS OF MEASURING ISOTOPIC
FRACTIONATION USING ALGAL CULTURES

Two kinds of culture studies are most useful, those
that investigate the maximum fractionation attained
by microalgae, and those that carefully simulate
growth conditions in seawater. The studies of maxi-
mum fractionation set a limit expected of the carboxy-
lation reactions while the ‘normal growth' experi-
ments In seawater are often more diagnostic of
transport limitation.

These 2 types of experiments require different
measurements. The maximum fractionation experi-
ments need to be conducted in CO,-rich conditions.
Two studies have shown that comparable results are
obtained in cultures bubbled with 5% CO, and in
closed vessel cultures containing 5 to 50x normal sea-
water DIC concentrations of 10 to 100 mM bicar-
bonate (Abelson & Hoering 1961, Degens et al.
1968a). Other experiments that used a 5% CO, gas
stream to repress active transport of DIC also showed
large fractionations expected for carboxylation reac-
tions (Beardall et al. 1982, Sharkey & Berry 1985).
While these experiments suggest use of 5% CO,
should be sufficient to insure full expression of the
fractionation intrinsic to CO,-saturated carboxylases,
the measured isotope values are usually 24 to 27%.
versus CO, rather than the full 29%, measured for
Rubisco in in vitro experiments
(Roeske & O'Leary 1984). Part of this
discrepancy may be due to culture

be grown from a small inoculum in stirred, closed ves-
sels, then harvested when they are still at low density
but after at least 5 doublings to allow turnover and
dilution of the initial inoculum (Hinga et al. 1994).
Experiments are evaluated using measurements of
temperature, pH, cell §°C, §'°Cp,c, and the fractional
conversion of DIC to cell biomass (7). While tempera-
ture, pH and cell 813C are relatively easy to measure,
measurement of §"°Cp - requires special apparatus to
sparge CO, out of culture medium for §"*C analysis
(Kroopnick 1974, Guy et al. 1989, Laws et al. 1995).
S13Cpc can also be assessed with a gas equilibration
technique (Miyajima et al. 1995). Because autoclaving,
bubbling with air or allowing diffusive entry of labora-
tory air into static cultures can change 3°Cpc in
cultures, direct DIC measurements are necessary
when trying to estimate DIC-cell isotopic fractionations
(Johnston & Raven 1992). In general, pH, alkalinity,
and DIC concentrations should be measured or calcu-
lated in these experiments—a fairly sophisticated
approach to the inorganic carbon system is needed to
accurately assess isotopic fractionation.

A more general concern involves correcting fraction-
ation estimates based on how much DIC is consumed
by cells during growth in experimental vessels. The
basic problem is that as cells consume DIC, they with-
draw light carbon, leading to progressive changes in
the residual DIC pool. As the culture grows, it becomes

conditions. Pardue et al. (1976) docu- A 30 B *%
mented smaller fractionations even in o
CO,-rich cultures (3.6% CO,) when 201 Ry +20
cell densities were high, and recom- é \)«\' o
mended that cells be harvested at low = o7 ° 10
densities in studies of maximal frac- S ok ___ €
tionations. The single report showing i DAPPARENT ¢
the full expected 29%. fractionation o ol | DA Q
from cultures involved addition of car- % < ©
bonic anhydrase to experimental sus- 20t e
pensions of freshwater algae at pH 7
with <1 mM DIC (Guy et al. 1989). -30 e

0 50 100

Besides high CO, levels, carbonic
anhydrase additions as well as low
cell densities and some attention to
the importance of PEP carboxylase
(Guy et al. 1989) may prove necessary
to probe the maximal fractionations
microalgae can express in laboratory
cultures.

Experiments that simulate normal
growth conditions in seawater require
different conditions, namely 2 mM
bicarbonate at about pH 8.0. Cells can

% Inflow CO2 Consumed

% DIC Consumed

Fig. 3. §'*C fractionation between DIC and cells growing in 2 types of cultures.
(A) In open-system cultures continuously bubbled with a CO,-containing gas
stream, the isotopic discrimination factor, D, is the difference between effluent
CO; and cells. (B) In closed systems where DIC is initially added and the culture
vessel then sealed, D is most simply measured when very little DIC has been
consumed. Common mistakes that can result in severe underestimation of D,
shown as D ppapent @t 50 % DIC consumption in both panels, include measuring
the difference between cells and influent CO, rather the difference between
cells and effluent CO,; in bubbled cultures (A) and measuring the difference be-
tween cells and initial DIC rather than correcting for the extent of DIC con-
sumption in closed-culture experiments (B). Modified from Mariotti et al. (1981)

and Hayes (1983)
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less and less appropriate to calculate fractionation
using initial values for DIC, and in fact if initial values
are used, fractionation occurring in the cultures can be
seriously underestimated. Fig. 3 shows this problem for
2 common types of cultures, those bubbled with CO,-
containing gas, and cultures in which bicarbonate is
added to closed flasks.

The bubbled cultures are open systems, and frac-
tionation is most easily observed as the isotopic differ-
ence between cells and outflow CO, rather than cells
and inflow CO, (Fig. 3A). Near-complete consumption
of CO, by dense cultures will result in cell values
approaching that of inflow CO,, and generally com-
paring cell-8"*C values to those of inflow CO, will
give an erroneous apparent fractionation that under-
estimates the true fractionation driving isotopic
changes in the system (Fig. 3A). Near-complete con-
sumption of inflow CO, by dense cultures could
explain some reports of near-zero fractionations for
cultures bubbled with air (Calder & Parker 1973,
Takahashi et al. 1991).

It is important to realize that the model shown in
Fig 3, developed for work with freshwater algae at
pH 5.6 where DIC pools are small (ca 10 pM DIC all as
free CO,;, Sharkey & Berry 1985), is too simple for
aerated cultures of marine microalgae in which pH
value is >7. Algal growth in seawater (pH 8, 2000 pM
DIC) typically leads to increasing pH, and this in turn
results in increased uptake of CO; from the influent
bubbling stream directly into the DIC pool; cellular
uptake is no longer the only sink for C in the culture.
The consequence is that since there are now 3 rather
than 2 products (effluent CO,, cellular C, and DIC,
rather than effluent CO; and cellular C) in the system,
the simple mode! of Fig. 3 no longer applies. Depend-
ing on how cultures are buffered and aerated, a more
complex and time-dependent modeling approach may
be needed to analyze these higher pH marine ex-
periments, and many past experiments that have em-
ployed CO; bubbling under intermediate and high pH
conditions are difficult to interpret because experi-
menters did not follow the detailed DIC dynamics.
These more complex effects involving strong varia-
tions in DIC dynamics are apparent in some recent
studies using batch cultures aerated with CO, (John-
ston & Raven 1992, Laws et al. 1995).

Keeping track of changes in DIC and 8"C-DIC is
also important for closed cultures maintained on a
bicarbonate source. In closed cultures, 8'*C of cells will
again approach that of initial DIC if cell densities
increase to the point that all DIC is fixed into cellular
biomass (Fig. 3B). The appropriate measurement of
fractionation is made with the following equation
(adapted from Mariotti et al. 1981 by substituting 'D’
for '—¢" and '1-r' for 'f'):

D = 3“CpuriaLpic - 8" Cerus)()/[In(1-n][r-1] (3)

where r = fraction of reacted DIC ranging from 0 to 1.
When r is small (in the 0.02 to 0.10 range), the correc-
tion for DIC consumption amounts to increasing the
observed difference between DIC and cells by a only a
small amount, 2 to 6%, so that most studies conducted
with closed-culture systems harvest cells when less
than 10% of DIC has been consumed. However, when
cultures are allowed to grow further, this DIC-related
correction increases, and generally using the simple
difference between initial DIC and cells, uncorrected
for the fraction of reaction, leads to an apparent frac-
tionation smaller than the true fractionation driving
isotopic changes in the system (Fig. 3B).

A second method of measuring fractionation in
closed-system cultures deserves mention here. Rapid
sample analysis is increasingly possible with auto-
mated mass spectrometers interfaced to elemental
analyzers and gas headspace analyzers (e.g. Flynn &
Davidson 1993). Analysis of algal or DIC samples col-
lected sequentially from cultures can lead to very pre-
cise estimates of isotopic fractionation (Guy et al
1989), provided r is measured from DIC decreases or
POC increases (assuming little DOC excretion) at the
times of sample collection. Fractionation is calculated
as the slope of best fit linear regressions using (x.y)
data of the form [(1-n(n(1-7), &3C] for a time
sequence of algal samples or [-In{1-1), '°C] for a time
sequence of DIC samples. Finally, the interested
reader should consult Mariotti et al. (1981), Hayes
(1983), and O'Leary et al. {1986) for further treatment
of how to measure and calculate isotopic fractiona-
tions.

[ have elaborated these technical points about how
to measure fractionation in this review because many
of the older studies that did not include careful mea-
surements of the DIC or CO,; system may have under-
estimated fractionation. For example, it is difficult to
interpret results for the diatom Skeletonema costatum
grown on air {Degens et al. 1968a) because CO, con-
centrations in the air streams exiting cultures were
not reported. Also results for S. costatum from some
closed-system cultures (Descolas-Gros & Fontugne
1985) and semi-closed systems (Falkowski 1991) may
be biased since DIC changes were not measured.
Results for S. costatum from these 3 studies (Degens
et al. 1968a, Descloas-Gros & Fontugne 1985, Falkow-
ski 1991) all show minimal fractionations (D = 10 to
12%0 versus DIC) under conditions when DIC con-
sumption could have been extensive, so that measure-
ments may have reflected changes in DIC chemistry
rather than algal fractionation (Fig. 3). For these
reasons, these estimates must be considered with
caution at this time.
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PATTERNS AND CONTROLS OF 3¢C/'2C
FRACTIONATION IN DIATOMS

Laboratory cultures

While there are uncertainties about results from
some of the older studies, several studies have pro-
duced reliable and interesting results. Two indepen-
dent high-quality studies performed with diatoms have
assayed *C/!’C fractionation for Skeletonema costa-
tum grown in stirred closed cultures maintained near a
pH 8 similar to that of seawater (Wong & Sackett 1978,
Hinga et al. 1994). Results show that fractionation
depends on DIC levels when expressed as total DIC
(Fig. 4). Smallest fractionations calculated relative to
DIC were 21 to 25%. and occurred near the 2 mM DIC
concentration of surface seawater (Fig 4); these
smaller fractionations are similar to those observed for
field collections of S. costatum from nearshore blooms
(Fig. 4). Maximal fractionations near 30%. occurred at
DIC concentrations 5 to 10x higher than the 2 mM sea-
water value (Fig. 4). Salinity, temperature and growth
rate affected observed fractionations less than DIC
levels (Wong & Sackett 1978, Hinga et al. 1994}, al-
though the 10x range examined for total DIC concen-
trations was larger than ranges examined for the other
parameters.

I note here that some data for Skeletonema costatum
has been excluded from Fig. 4, especially results show-
ing small fractionations (D = 10 to 12%. versus DIC)
found in several studies (Degens et al. 1968a, Des-
Colas-Gros & Fontugne 1985, Falkowski 1991) when
measurements may have reflected DIC changes rather

than algal physiology (see above), and also 2 larger
fractionations of 31 to 33%. reported by Hinga et al.
(1994) and used in that paper to make extensive cor-
rections to measured data. The 2 larger fractionations
came from 2 cultures in experimental run 12, and were
not duplicated in other runs in which growth condi-
tions were largely similar (run 7, pH 8.41 and 8.45
cultures and run 10, pH 8.13 and 8.28 cultures; Table 1,
Hinga et al. 1994). Because the large fractionations
measured in run 12 seem outliers in the overall data
set, [ have not included them in this analysis (Fig. 4).
By discounting the importance of these 2 points, I have
also chosen to not follow the pH normalizations made
by Hinga et al. (1994}, and have worked instead with
their measured raw data. Summarizing, a conservative
view of the fractionation measurements made thus far
for S. costatum shows that isotopic fractionation in
photosynthesis varies between 17 and 30 %, versus DIC
(Fig. 4), with both smaller estimates to 10%. and larger
estimates to 33 %. present in the literature.

Recent models emphasize both the external CO,
availability and the internal cell demand for CO,; in
accounting for 8°C values in algae (Rau et al. 1989,
1992, Francois et al. 1993, Goericke et al. 1994). Fig. 4
shows a DIC-dependent transition from low to high
fractionation that is in reasonable accord with model
predictions, although a wide range of growth rates
was not tested in conjunction with the DIC manipula-
tion experiments. Interestingly, larger fractionations
observed in the 5 to 10 mM DIC range for Skele-
tonema costatum grown at 9°C versus 15 and 25°C
(Fig. 4) would be consistent with a growth rate effect
superimposed on the DIC treatments. Although
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Fig. 5. Model results for carbon isotope
discrimination as a function of DIC
concentration and growth rate (from
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growth rates were unfortunately not measured in the
9°C experiments (Hinga et al. 1994), much slower
growth rates are often observed in low-temperature 5.
costatum cultures (Curl & McLeod 1961, Sakshaug
1977), and these slower growth rates are predicted to
result in larger fractionations such as that observed at
9°C.

The experimental results are however not in com-
plete agreement with model results. Models predict
that there should be an increasing range of fractiona-
tion at low DIC concentrations based on even slight
differences in growth rate; when CO, is in short sup-
ply, small variations in cell demand should result in
large variations in fractionation (Fig. 5). The experi-
mental data instead seem to indicate a narrowing of
fractionations when DIC concentrations decline below
3 mM (Fig. 4). The model may be incomplete in that
it considers only diffusive entry of CO, into cells
(Goericke et al. 1994); induction of active DIC uptake
at relatively low DIC levels could lead to the relatively
narrow range of observed fractionations at seawater
DIC concentrations (Fig. 4). Active DIC uptake could
also account for the observation that *C/'*C fractiona-
tion in Skeletonema costatum did not strongly depend
on CO,(aq) concentrations over the 8 to 22 pnM range of
CO,laq) concentrations normally found in seawater
(Fig. 6). These findings are similar to those recently
obtained for Thalassiosira pseudonana (Thompson &
Calvert 1994) where f{ractionation also appeared
independent of CO,(aq) concentrations. Physiological
studies of internal DIC pools (Burns & Beardall 1987)
are needed in conjunction with the growth experi-
ments to really understand details of isotopic fractiona-
tion by these diatoms.

Maximal fractionation has been estimated for a
dozen diatom species besides Skeletonema costatum
(Fig. 7). Fractionations range from 22 to 32%. versus

DIC, COz2 (ag) or 2CO2 (relative units)

total DIC, with pennate diatoms having a 4 %. average
smaller fractionation than centric diatoms (Wong &
Sackett 1978). These fractionations are 13 to 24 %o
when expressed relative to 83C of CO,(aq), and thus
substantially smaller than the 29%. expected for
Rubisco isolated from spinach (O'Leary 1988). These
smaller fractionations may indicate (1) use of a Form II
Rubisco similar to that observed in photosynthetic
bacteria {(Robinson & Cavanaugh 1995), (2) some par-
ticipation of PEP carboxylase during growth (although
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Fig. 6. "*C/"C discrimination by Skeletonema costatum in
seawater cultures calculated relative to the isotopic composi-
tion of (A) total DIC or (B) CO,{aq), versus CO,(aq) concentra-
tions. Data are from Hinga et al. (1994), and represent all cul-
tures with DIC concentrations near those of seawater (1x and
2x treatments). Temperatures and pH ranged from 9 to 25°C
and 7.9 to 8.5, respectively in these cultures. Data were taken
from Table 2 and Figs. 1 & 3a of Hinga et al. (1994), were
not corrected for pH and show the original measured data
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Fig. 7. '*C/12C fractionation of diatoms from (A) cultures and
(B) the field. Culture results have been plotted with 2 axes,
discrimination versus DIC at the top, and expected 8§'3C,;
extrapolated to field conditions at the bottom (assuming field
SBCpe = 1.5%). Field results are measured §'3Cpyp values.
Symbols show results for separate species (high CO, cul-
tures), separate experunents with Skeletonema costatum and
Phaeodactylum tricornutum cultures (low CO, cultures}, and
representative values for studies in which samples of >50%
mixed diatoms were measured (field collections). Low CO,
cultures were those with 2000 to 4000 uM DIC concentrations.
Sources for culture studies include: Degens et al. (1968a)
{(excluding air-grown S. costatum), Estep et al. {1978), Wong &
Sackett (1978), Johnston & Raven (1992}, Hinga et al. (1994)
{excluding experimental run 12), Thompson & Calvert {1994),
and Laws et al. {1995). Sources for field studies include:
Degens et al. (1968b), Deuser {1970), Gearing et al. (1984),
Hedges et al. (1988), Duggins et al. (1989}, Goering et al.
(1990), Fischer {1991), Fry & Wainright (1991), Voss (1991),
Fogel et al. (1992), Ostrom (1992), Nakatsuka et al. (1992),
Rau et al. (1992), Francois et al. {1993), Simenstad et al. {1993)
for Arctic §'"*C-DIC measurements, J. Hobbie (unpubl. data)
for spring bloom diatoms in the Baltic

most diatoms use PEPCK rather than PEPC; Descolas-
Gros & Oriol 1992), (3) that even though some of the
fractionation estimates were made with 20 mM bicar-
bonate cultures at pH 7.6, there may still have been
some CO, limitation of Rubisco carboxylation reac-
tions. A final possibility is that CO,(aq) may be
enriched in °C relative to equilibrium expectations in
the boundary layer around rapidly growing aquatic
plants (Goericke et al. 1994), which would lead to
diminished apparent fractionation between total DIC
and cells. Concerning this last point, it is intriguing
that the largest fractionations measured in cultures
occurred under low CO, conditions of 2 mM DIC in
pH 8 seawater (Laws et al. 1995), possibly because the

chemostat culture employed allowed sufficient time for
isotopic equilibration in all portions of the DIC-cell
system.

Field collections

Many diatoms are large and can be collected from
the field in fairly high purity using nets of various mesh
sizes. Samples from diatom blooms are most commonly
collected for analysis. Field collections are typically
mixtures of various diatom species which may differ
strongly in isotopic composition {Wong & Sackett
1978), but it is nonetheless interesting to summarize
the range of fractionations observed in the field for
comparison with culture results.

There is generally good overlap of fractionation
estimates from cultures and field collections, although
field collections show a broader range than culture
estimates of fractionation (Fig. 7). Largest fractiona-
tions (up to 35%. versus DIC) are observed in multiple
collections of an Antarctic diatom Corethron criophi-
lum with §C values of -31 to —36%o (Fischer 1991).
One possible explanation for these low values would
be a high lipid content, since lipids are known to be
depleted in “C versus other cellular components
(Degens et al. 1968b). However, examination of C:N
ratios and chlorophyll a:POC ratios showed that the C.
criophilum diatoms were not especially enriched in
lipids (Fischer 1989, p. 78), confirming results from an
earlier study (Sackett et al. 1965) which also found that
lipid enrichment was not the cause of low §°C in
Antarctic diatoms. By comparison to a second diatom
species that had a 9%. smaller fractionation and was
collected from the same waters later in the year,
Fischer (1991) found that C. criophilum had low bio-
mass and growth rate. Fischer (1991) hypothesized that
low growth rate led to the low C. criophilum values,
just as low growth rate in Antarctic macroalgae also
led to low 8'°C (Wiencke & Fischer 1990). Fry & Wain-
right (1991) also hypothesized that the known very low
growth rates of Antarctic diatoms (Sommer 1989) could
account for the generally low 87C values of the
Antarctic flora, since maximal fractionations are ob-
served when CO,; supply much exceeds cellular demand
(Fig. 5). Recent experiments with the marine diatom
Phaeodactylum tricornutum show this expected effect,
with fractionations near 33%. versus DIC for slow-
growth cultures (Laws et al. 1995).

At the other end of the fractionation spectrum, the
smallest diatom *C fractionations of 17 to 18%. versus
DIC have been reported from several areas, including
Georges Bank and the nearshore Gulf of Mexico (Fry &
Wainright 1991), the Delaware Bay estuary (Fogel et
al. 1992}, and the south Atlantic (Francois et al. 1993).
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Small discriminations in the 16.6 to 19%. range were
also observed by Fry & Wainright (1991) for mixed
diatom assemblages enriched from seawater. How-
ever, these fractionations are still relatively large
versus the near-zero fractionations expected for inten-
sive use of bicarbonate.

The collections made from the nearshore Gulf of
Mexico probably come closest to conditions expected
for intensive bicarbonate use—bloom diatoms were
collected from an offshore low salinity 14 to 18%. sur-
face plume of Mississippi River water which extended
over many square kilometers and consistently had
high chlorophyll a content (>10 pg1™') and high pH (8.6
to 9.0). Calculated concentrations of CO,(aq) which are
normally 8 to 20 uM In most surface waters (Rau et al.
1992) would have been <2 pM under prevailing high
pH conditions in the bloom, and use of bicarbonate
rather than CO,(aq) might have occurred. Similar frac-
tionations near 17 % have also been reported for high
pH (>9) diatom cultures (Thompson & Calvert 1994).

Maintenance of a 17 %. fractionation under high pH
conditions may indicate that diatoms adapt to low CO,
conditions by increased use of carbonic anhydrase to
keep CO, levels in a normal range, or adapt by rapidly
using CO, as it dissociates from bicarbonate, before
adequate time for isotopic equilibrium has elapsed.
Isotopic disequilibria are not expected to be important
when algal densities are low (Goericke et al. 1994), but
do occur under some circumstances assoclated with
high pH and high photosynthesis (Herczeg 1987, Herc-
zeq & Fairbanks 1987 McConnaughey 1989a, b).
Laboratory experiments show that CO, formed from
dehydration of bicarbonate is 14.7 %o depleted in *C
{(Marlier & O'Leary 1984), a value that is close to
minimum fractionation observed for diatoms studied
thus far.

FUTURE DIRECTIONS

A combination of culture studies and field observa-
tions 1s necessary to develop a better working under-
standing of isotopic fractionation in microalgae. Sev-
eral models of isotopic fractionation now exist (Rau et
al. 1992, Raven 1992, Goericke et al. 1994, Laws et al.
1995), and through careful experimentation these
models can be tested and refined. There is especially
scope for culture studies in which both DIC dynamics
and algal growth conditions are carefully monitored.
Besides extending initial observations now available
for mixed diatoms (Fry & Wainright 1991) and Skele-
tonema costatum (Hinga et al. 1994), there Is ample
room to study fractionation using non-aerated sea-
water cultures that more closely simulate natural con-
ditions. These batch cultures involve time-dependent

changes in algal growth rates and DIC dynamics that
need sequential rather than end-point analysis to
convincingly characterize fractionation patterns. How-
ever, because both growth rate and DIC chemistry are
simultaneously changing in most batch cultures,
chemostat cultures conducted at constant pH may be
necessary to separate effects of these 2 variables (Laws
et al. 1995, B. Popp pers. comm.). Measuring the time-
course of isotopic equilibration in the DIC system may
prove important in obtaining accurate fractionation
estimates in both batch and chemostat work (Guy et al.
1989, B. Popp pers. comm.). Also, further consideration
needs to be given to measuring enzymes active at
various growth stages {Descolas-Gros & Fontugne
1985, 1990, Fontugne et al. 1991), as well as DIC levels
within cells (Burns & Beardall 1987). Because recent
research suggests that diatoms may rely exclusively on
CQO, and not use bicarbonate (Riebesell et al. 1993; but
see Thompson & Calvert 1994 for an alternate view),
further experiments with diatoms may help clarify
when and where CO,(aq) concentrations strongly con-
trol observed isotopic fractionations in the sea (Fry &
Wainright 1991, Hinga et al. 1994, Goericke & Fry
1994, Laws et al. 1995).

Field measurements of microalgal 8°C have been
limited by the relatively large amount of material
needed for isotopic analysis, but some new develop-
ments are reducing sample size requirements. For
example, a few micrograms of dried material can
now be analyzed for 8°C using automated elemental
analyzer/mass spectrometer systems, using low-blank
silver boats as sample holders. Small samples picked
from nets or sorted with flow cytometers can be ana-
lyzed, and results show that algal species picked from
the same water sample can differ strongly in §'°C val-
ues (Fry & Wainright 1991, Yoshioka et al. 1994).
Another development involves analysis of biomarker
lipids that are derived normally from diatoms in the sea.
Biomarker compounds that seem largely specific for di-
atoms include the carotenoid fucoxanthin (R. Goericke
unpubl.), the fatty acids 20:5w3 (Pollero et al. 1979) and
n-C21:6w3 (K. Freeman pers. comm.), the branched
1soprenoid diene br25:2 (Nichols et al. 1988) and the
sterols 24-methylcholesta-5,24(8)-dien-33-0l and 24-
ethylcholesta-5,22-dien-3f-ol (Volkman 1986). Lipid
measurements offer a sensitive way (Hayes et al. 1990)
to routinely sample bulk diatom 8'3C from most water
samples, and could complement measurements made
with sorted species in both marine and freshwater
studies (Hollander & Mackenzie 1991, Yoshioka et al.
1994). 3"*C measurements seem a promising technique
for probing the balance between carbon uptake and
fixation reactions maintained by diatoms and other
microalgae in the face of changing environmental
conditions.



292 Mar Ecol Prog Ser 134: 283-294, 1996

Acknowledgements. | thank Colleen Cavanaugh and Brian
Popp for helpful discussions leading to preparation of this
manuscript. This work was supported by DOE grant
DE-FG-92ER61438 and private funds from the Mellon Foun-
dation. The is contribution #31 from the Southeast Environ-
mental Research Program of Florida International Uni-
versity.

LITERATURE CITED

Abelson PH, Hoering TC (1961) Carbon isotope fractionation
in the formation of amino acids by photosynthetic organ-
isms. Proc Natl Acad Sci 47:623-632

Arnelle DR, O'Leary MH (1992) Binding of carbon dioxide
to phosphoenolpyruvate carboxykinase deduced from car-
bon kinetic isotope effects. Biochemistry 31:4363-4368

Beardall J, Griffiths H, Raven JA (1982) Carbon isotope dis-
crimination and the CO, accumulating mechanism in
Chlorella emersonii. J Exp Bot 33:729-737

Burns BD, Beardall J (1987) Utilization of inorganic carbon by
marine microalgae. J Exp Mar Biol Ecol 107:75-86

Calder JA, Parker PL (1973) Geochemical implications of
induced changes in C'3 fractionation by blue-green algae.
Geochim Cosmochim Acta 37:133-140

Craig H (1953) The geochemistry of the stable carbon iso-
topes. Geochim Cosmochim Acta 3:53-92

Curl H Jr, McLeod GC (1961) The physiological ecology of
a marine diatom, Skelefonema costatum (Grev.) Cleve.
J Mar Res 19:70-88

Dean WE, Arthur MA, Claypool GE (1986) Depletion of *C in
Cretaceous marine organic matter: source, diagenetic, or
environmental signal? Mar Geol 70:119-157

Degens ET, Behrendt M, Gotthardt B, Reppmann E (1968b)
Metabolic fractionation of carbon isotopes in marine
plankton—II. Data on samples collected off the coasts of
Peru and Ecuador. Deep Sea Res 15:11-20

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

Descolas-Gros C, Fontugne M (1985} Carbon fixation in
marine phytoplankton: carboxylase activities and stable
carbon-isotope ratios; physiological and paleoclimato-
logical aspects. Mar Biol 87:1-6

Descolas-Gros C, Fontugne M (1990) Stable carbon isotope
fractionation by marine phytoplankton during photosyn-
thesis. Plant Cell Environ 13:207-218

Descolas-Gros C, Oriol L (1992) Variations in carboxylase
activity in marine phytoplankton cultures. B-carboxylation
in carbon flux studies. Mar Ecol Prog Ser 85:163-169

Deuser WG (1970) Isotopic evidence for diminishing supply of
available carbon during diatom bloom in the Black Sea.
Nature 225:1069-1071

Duggins DO, Simenstad CA, Estes JA (1989} Magnification of
secondary production by kelp detritus in coastal marine
ecosystems. Science 245:170-173

Estep MF, Tabita FR, Van Baalen C (1978) Purification of
ribulose 1, 5-Bisphosphate carboxylase and carbon isotope
fractionation by whole cells and carboxylase from Cylin-
drotheca sp. (Bacillariophyceae). J Phycol 14:183-188

Falkowski PG (1991) Species variability in the fractionation of
3C and '2C by marine phytoplankton. J Plankton Res 13:
21-28

Farquhar GD, Hubick KT, Condon AG, Richards RA (1989)
Carbon isotope fractionation and plant water-use effi-
ciency. In: Rundel PW, Ehleringer JR, Nagy KA (eds)

Stable isotopes in ecological research. Springer Verlag,
New York, p 21-40

Fischer G (1989) Stabile Kohlenstoff-Isotope in partikuldrer
organischer Substanz aus dem Sudpolarmeer (Atlan-
tischer Sektor). PhD dissertation, University of Bremen

Fischer G {1991) Stable carbon isotope ratios of plankton car-
bon and sinking organic matter from the Atlantic sector
of the Southern Ocean. Mar Chem 35:581-596

Flynn KJ, Davidson K (1993) Predator-prey interactions
between [sochrysis galbana and Oxyrrhis marina. 1.
Changes 1n particulate §'°C. J Plankton Res 15:455-463

Fogel ML, Cifuentes LA (1993) lsotope fractionation during
primary production. In: Engel MH, Macko SA (eds)
Organic geochemistry. Plenum Press, New York, p 73-98

Fogel ML, Cifuentes LA, Velinsky DJ, Sharp JH (1992)
Relationship of carbon availability in estuarine phyto-
plankton to 1sotopic composition. Mar Ecol Prog Ser 82:
291-300

Fontugne M, Descolas-Gros C, de Billy G (1991) The dynam-
ics of CO, fixation in the Southern Ocean as indicated by
carboxylase activities and organic carbon isotopic ratios.
Mar Chem 35:371-380

Francgois R, Altabet MA, Goericke R, McCorkle DC, Brunet C,
Poisson A (1993) Changes in the §'°C of surface water
particulate organic matter across the Subtropical Conver-
gence in the SW Indian Ocean. Global Biogeochem Cycles
7:627-644

Fry B, Wainnght SC (1991) Diatom sources of *C-rich carbon
in marine food webs. Mar Ecol Prog Ser 76:149-157

Gearing JN, Gearing PJ, Rudnick DT, Requejo AG, Hutchins,
MJ (1984) Isotopic variability of organic carbon in a phyto-
plankton-based, temperate estuary. Geochim Cosmochim
Acta 48:1089-1098

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

Goericke R, Montoya JP, Fry B (1994} Physiology of isotopic
fractionation in algae and cyanobacteria. In: Lajtha K,
Michener RH (eds) Stable isotopes in ecology and envi-
ronmental science. Blackwell Scientific Publications,
Oxford, p 197-221

Goering J, Alexander V, Haubenstock N (1990) Seasonal
variability of stable carbon and nitrogen isotope ratios of
orgamisms mn a north Pacific Bay. Estuar Coast Shelf Sci
30:239-260

Guy RD, Fogel ML, Berry JA, Hoering TC (1987) Isotope
fractionation during oxygen production and consumption
by plants. In: Biggins J (ed) Progress in photosynthesis
research, Vol 3. Martinus Nijhoff, Dordrecht, p 597-600

Guy RD, Vanlerberghe GC, Turpin DH (1989) Significance of
phophoenolpyruvate carboxylase during ammonium assi-
milation. Plant Physiol 89:1150-1157

Hayes JM (1983) Practice and principles of isotopic measure-
ments in organic geochemistry. In: Meinschein WG (ed)
Organic geochemistry of contemporaneous and ancient
sediments. Great Lakes Section, Society of Economic Pale-
ontologist and Mineralogists, Bloomington, Indiana

Hayes JM, Freeman KH, Popp BN, Hoham CH (1990} Com-
pound-specific isotopic analyses, a novel tool for recon-
struction of ancient biogeochemical processes. Organ Geo-
chem 16:1115-1128

Hedges JI, Clark WA, Cowie GL (1988) Organic matter
sources to the water column and surficial sediments of a
marine bay. Limnol Oceanogr 33:1116-1136

Herczeg AL (1987) A stable carbon isotope study of dissolved
inorganic carbon cycling in a softwater lake. Biogeo-
chemistry 4:231-263




Fry: Diatom "'C/'*C fractionation 293

Herczeg AL, Fairbanks RG (1987) Anomalous carbon isotope
fractionation between atmospheric CO, and dissolved in-
organic carbon induced by intense photosynthesis. Geo-
chem Cosmochim Acta 51:895-899

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

Hollander DJ, McKenzie JA (1991) CO, control on carbon-
isotope fractionation during aqueous photosynthesis: A
paleo-pCO, barometer. Geology 19:929-932

Jeffrey AWA, Pflaum RC, Brooks JM, Sackett M (1983) Ver-
tical trends in particulate organic carbon "'C/'“C ratios in
the upper water column. Deep Sea Res 30:971-983

Johnston AM, Raven JA (1992) Effect of aeration rates on
growth rates and natural abundance ""C/"“C ratio of Phaeo-
dactylum tricornutum. Mar Ecol Prog Ser 87:295-300

Kroopnick P (1974) The dissolved O,-CQ,-'"*C system in the
eastern equatorial Pacific. Deep Sea Res 21:211-227

Lajtha K, Marshall JD (1994) Sources of variation in the stable
isotopic composition of plants. In: Lajtha K, Michener RH
(eds) Stable isotopes in ecology and environmental sci-
ence. Blackwell Publishers, Oxford, p 1-21

Laws EA, Popp BN, Bidigare RR, Kennicutt MC, Macko SA
{1995) Dependence of phytoplankton carbon isotopic com-
position on growth rate and {CO,] aq: theoretical consid-
erations and experimental results. Geochim Cosmochim
Acta 59:1131-1138

Mariotti A, Germon JC, Hubert P, Kaiser P, Letolle R,
Tardieux A, Tardieux P (1981) Expenmental determina-
tion of nitrogen kinetic isotope fractionation: some prin-
ciples: illustration for the denitrification and nitrification
processes. Plant Soil 62:413-430

Marlier JF, O'Leary MH (1984) Carbon kinetic isotope effects
on the hydration of carbon dioxide and the dehydration of
bicarbonate ion. J Am Chem Soc 106:5054-5057

McConnaughey T (1989a) *C and 80 isotopic disequilibrium
in biological carbonates: I. Patterns. Geochem Cosmochim
Acta 53:151-162

McConnaughey T (1989b) 8*C and 'O isotopic disequilib-
rium in biological carbonates: II. In vitro simulation of
kinetic isotope effects. Geochim Cosmochim Acta 53:
163-171

Miyajima T, Yamada Y, Hanba YT, Yoshii K, Koitabashi T,
Wada E (1995) Determining the stable isotope ratio of total
dissolved inorganic carbon in lake water by GC/IRMS.
Limnol Oceanogr 40:994-1000

Mook WG, Bommerson JC, Staverman WH (1974) Carbon
isotope fractionation between dissolved bicarbonated and
gaseous carbon dioxide. Earth Planet Sci Lett 22:169-176

Nakatsuka T, Handa N, Wada E, Wong CS (1992) The
dynamic changes of stable isotopic ratios of carbon and
mtrogen in suspended and sedimented particulate
organic matter during a phytoplankton bloom. J Mar Res
50:267-296

Nichols PD, Volkman JK, Palmisano AC, Smith GA, White DC
(1988) Occurrence of an isoprenoid C,s diunsaturated
alkene and high neutral lipid content in Antarctic sea-ice
diatom communities. J Phycol 24:90-96

O'Leary MH (1981) Carbon isotope fractionation in plants.
Phytochemistry (Oxf) 20:553- 567

O'Leary MH (1988) Carbon isotopes in photosynthesis. BioSci
38:328-336

O'Leary MH, Treichel I, Rooney M (1986) Short-term mea-
surement of carbon isotope fractionation in plants. Plant
Physiol 80:578-582

Ostrom NW (1992) Stable isotopic variation in particulate

organic matter and dissolved inorganic compounds in a
northern fjord: impheations for present and past environ-
ments. PhD dissertation, Memorial University, St. John's,
Newfoundland

Pardue JW, Scalan RS, Van Baalen C, Parker PL (1976) Maxi-
mum carbon isotope fractionation in photosynthesis by
blue-green algae and a green alga. Geochim Cosmochim
Acta 40:309- 312

Pollero RJ, Re ME, Brenner RR {1979) Seasonal changes of the
lipids of the molluse Chlamys tehuelcha. Comp Biochem
Physiol 64A:257-2063

Popp BN, Takigiku R, Hayes JM, Louda JW, Baker EW (1989)
The post-Paleozoic chronology and mechanism of C
depletion in primary marine organic matter. Am J Sci 289:
436-454

Raven JA (1992) Prescnt and potential uses of the natural
abundance of stable isotopes in plant science, with illus-
trations from the marine environment. Plant Cell Environ
15:1083-1091

Rau GH, Takahashi T, DesMarais DJ (1989) Latitudinal varia-
tions in plankton &§'3C: implications for CO, and produc-
tivity in past oceans. Nature 341:516-518

Rau GH, Takahashi T, DesMarais DJ, Repeta DJ, Martin JH
(1992) The relationship between 8'°C of organic matter
and [CO.(aq)] in ocean surface water: data from a JGOFS
site in the northeast Atlantic Ocean and a model. Geochim
Cosmochim Acta 56:1413-1419

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

Robinson JJ, Cavanaugh CM (1995) Expression of form I and
form 1l Rubisco in chemoautotrophic symbioses: implica-
tions for the interpretation of stable carbon isotope values.
Limnol Oceanogr 40:1496-1502

Roeske CA, O'Leary MH (1984) Carbon isotope effects on the
enzyme-catalyzed carboxylation of ribulose bisphosphate.
Biochemistry 23:6275-6285

Roeske CA, O'Leary MH (1985} Carbon isotope effect on car-
boxylation of ribulose bisphosphate catalyzed by nbulose
bisphosphate carboxylase from Rhodospirillum rubrum.
Biochemistry 24:1603-1607

Sackett WM (1991) A history of the §"'C composition of
oceanic plankton. Mar Chem 34:153-156

Sackett WM, Eckelmann WR, Bender ML, Be AWH (1965)
Temperature dependence of carbon isotope composition
in marine plankton and sediments. Science 148:236-237

Sakshaug E (1977) Limiting nutrients and maximum growth
rates for diatoms in Narragansett Bay. J Exp Mar Biol Ecol
28:109-123

Sharkey TD, Barry JA (1985) Carbon isotope fractionation of
algae as influenced by an inducible CO, concentrating
mechanism. In: Lucas WJ, Berry JA (eds) Inorganic carbon
uptake by aquatic photosynthetic orgamsms. American
Society of Plant Physiologists, Rockville MD, p 389-401

Simenstad CA, Duggins DO, Quay PD (1993) High turnover
of inorganic carbon in kelp habitats as a cause of §'°C
variability in marine food webs. Mar Biol 116:147-160

Singer AJ, Shemesh A {1995) Climatically linked carbon iso-
tope variation during the past 430,000 years in Southern
Ocean sediments. Palaeoceanography 10:171-177

Sommer U (1989) Maximal growth rates of Antarctic phyto-
plankton: only weak dependence on cell size. Limnol
Oceanogr 34:1109-1112

Takahashi K, Wada E, Sakamoto M (1991) Relationship be-
tween carbon isotope discrimination and the specific
growth rate of green alga Chloamydomonas reinhardtii.
Japanese J Limnol 52:105-112



294 Mar Ecol Prog Ser 134: 283-294, 1996

Thompson PA, Calvert SE (1994) Carbon-isotope fractionation
by a marine diatom: the influence of irradiance, daylength,
pH and nitrogen source. Limnol Oceanogr 39:1835-1844

Volkman JK (1986} A review of sterol markers for marine and
terrigenous organic matter. Organ Geochem 9:83-99

Voss M (1991) Raumliche und zeitliche Verteilung stabiler
Isotope (8'°N, §'3C) in suspendierten und sedimentierten
Partikeln im Nérdlichen Nordatlantik. PhD dissertation,
University of Kiel

This review was submitted to the editor

Wiencke C, Fischer G (1990) Growth and stable carbon iso-
tope composition of cold-water macroalgae in relation to
light and temperature. Mar Ecol Prog Ser 65:283-292

Wong WW, Sackett WM (1978) Fractionation of stable carbon
isotopes by marine phytoplankton. Geochim Cosmochim
Acta 42:1809-1815

Yoshioka T, Wada E, Hayashi H (1994) A stable isotope study
on seasonal food web dynamics in a eutrophic lake.
Ecology 75:835-846

Manuscript first received: August 28, 1995
Revised version accepted: December 5, 1995





