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INTRODUCTION

The stable carbon isotope composition (δ13C) of
aquatic primary producers has been measured in
many studies as it allows identification of the energy
sources of consumers in the food web. The δ13C of the
different possible food sources in food web studies
need to have distinct values (signatures) with little
variability to separate the sources. However, the δ13C
in seaweeds can show wide variation over limited
spatial scales (Stephenson et al. 1984, Fenton & Ritz
1989), and most of this variation has been hard to ex -
plain. This variation is typically dealt with by under -
taking large amounts of sampling of seaweeds
through time and space (Fredriksen 2003, Won et al.
2007). Finally, seaweed δ13C can be used to infer the
chemical form of inorganic carbon (CO2 or HCO3

−)

taken up in photosynthesis, which can help to ex -
plain their distribution in nature (Maberly et al. 1992).

Incubations in the laboratory (Wiencke & Fischer
1990, Carvalho et al. 2009b, 2010) and in the field
(Carvalho et al. 2009a) have shown that conditions
that favor higher photosynthetic or growth rates usu-
ally result in seaweeds with higher δ13C. Other stud-
ies have proposed that environmental factors like
water velocity could be the cause for the observed
variation (Raven et al. 1982, Raven et al. 1994). In all
cases, the observed variability has been explained by
variation in 13C discrimination in photosynthesis (Δp).
However, respiratory losses in seaweeds amount on
average to ~55% of gross photosynthesis (Duarte &
Cebrian 1996, Middelburg et al. 2005); thus, discrim-
ination during respiration (Δr, defined here as differ-
ance between the δ13C of respired CO2 and that in
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the bulk algal tissue) influence on the overall organ-
ism δ13C can be important.

Aquatic respiration is typically dominated by
microbial respiration (Del Giorgio & Williams 2005),
including respiration of seaweed detritus. However,
respiration by seaweeds comprises the bulk of the
respiration in some coastal communities (Middelburg
et al. 2005), which means that CO2 respired by sea-
weeds may influence the δ13C of dissolved inorganic
carbon in nearby waters, especially in rocky tidal
pools during low tide.

In terrestrial plants, there has been a growing
recognition that not only Δp, but also Δr, can shape
plant δ13C (Ghashghaie et al. 2003, Pataki 2005,
Tcherkez et al. 2010), although this has largely been
ignored in aquatic plants. It is un known if the pat-
terns found for Δr in land plants are also observed in
algae; thus, studies addressing Δr could enhance
understanding of the variation of δ13C in algae.

Investigations in land plants have shown that tem-
perature and light exposure affect Δr (Tcherkez et al.
2003, Gessler et al. 2009, Werner et al. 2009). An in -
crease in temperature can cause an increased rate of
lipid consumption, which is reflected in Δr (Tcherkez
et al. 2003). Light exposure inhibits part of the Krebs
cycle, leading to the accumulation of metabolites
which are preferentially consumed in the first minutes
of darkness, a process that influences Δr (Tcherkez et
al. 2003, Gessler et al. 2009, Werner et al. 2009). Here
we measured Δr for 3 species of seaweeds under dif-
ferent experimental conditions. Our hypothesis was
that temperature and light exposure before darkness
would affect Δr, similar to the effect in land plants.
We also measured the respiratory quotient (RQ,
defined as the amount of CO2 released divided by the
amount of O2 consumed in respiration) because it
has helped explain patterns of Δr in higher plants
(Tcherkez et al. 2003, Barbour et al. 2007, Gessler
et al. 2009). The implications of the findings for the
role of seaweeds in the carbon cycle of ecosystems
and the application of tissue δ13C in determining the
form of inorganic carbon used in photosynthesis are
discussed.

MATERIALS AND METHODS

Main experiments

Ulva sp. (Chlorophyta), Pterocladia capillacea Bor-
net (Rhodophyta) and Sargassum sp. (Ochrophyta),
which are among the most abundant seaweeds at the
rocky section of Shelly Beach in Ballina, NSW, Aus-

tralia (28° 51’ 53’’ S, 153° 35’ 37’’ E), were collected at
low tide. The algae were transported to the labora-
tory in the dark, and kept for 1 to 3 d in aerated sea-
water with a 12 h photoperiod at low irradiance
(~40 µmol m−2 s−1) from fluorescent lamps and at
~22°C until the start of experiments. One day before
the experiment for a given species, several thalli of
the chosen species were transferred to other aquaria
and kept overnight in aerated seawater in the dark at
15 or 25°C. These temperatures are within the limits
of variation of sea surface temperature in the area
where the specimens were collected (BoM 2011).

For each species, 3 different treatments were em -
ployed: incubations at 15 and 25°C after 30 to 60 min
of strong illumination using a 400W lamp (Philips Son
T Agro, ~400 µmol m−2 s−1), and incubations at 25°C
after at least 20 h in the dark. Each treatment was
replicated 5 to 7  times for each species. Incubation
chambers were transparent plastic terumo syringe
barrels (60 ml) covered with aluminum foil. For each
syringe used, the rubber gasket was removed from
the plunger and cut with a knife in its middle, and
after that affixed to the probe of an optical dissolved
oxygen (O2) sensor (Hach LDO, connected to Hach
HQ40d). A tygon tube was affixed to the needle con-
nector of the barrel and closed with a clip. A mag-
netic stir bar was placed inside the chamber to en -
sure water mixing. To determine whether the setup
was leak free, a mounted chamber was left outside
of the water and observed for leaks, or for bubbles.

Just before starting the incubations, the thalli were
tied to the O2 probe with plastic nylon wire, taking
care not to damage the thalli. The amount of algal tis-
sue used in each incubation was estimated based on
previous trials so as to give a measurable change
in dissolved inorganic carbon (DIC) concentration
([DIC]) after 1 h of incubation. To enhance the
change in DIC δ13C due to respiration, drops of con-
centrated HCl were added to filtered (0.45 µm) site
seawater that was stored refrigerated at 4°C to
reduce [DIC] until a pH of ~7.5 was attained 1 d be -
fore the experiments; the water was then left aerated
at 15 or 25°C. The thalli were washed in this medium
just before the incubation, and then the incubation
chamber was filled with the medium, and subse-
quently closed with the O2 probe attached to the
syringe gasket and holding the thalli. Bubbles were
re moved by shaking and refilling the syringe several
times, then ~23 ml of water was sampled to com-
pletely fill a soft-cap vial that was immediately
capped and stored in a refrigerator. This water was
used for [DIC] and DIC δ13C measurements. No
preservative was added because water samples had
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been previously filtered, and measurements were
done within 12 to 24 h after sampling. O2 concentra-
tions were monitored and the incubations were termi-
nated after a minimum decrease of 2 mg O2 l−1 was
recorded. At this point, 23 ml of the water in the incu-
bation chamber was taken for [DIC] and DIC δ13C
analysis. Each replication was done using different
thalli. The thalli used for a given incubation were
washed with tap water and dried at 60°C until con-
stant weight. These samples were then kept in a de -
sic cator until δ13C was measured. The δ13C and car-
bon content as a percentage of dry weight (%C) of
plant samples were measured using an elemental
analyzer (Flash EA, Thermo Fisher) coupled to an iso-
tope ratio mass spectrometer (IRMS; Delta V plus,
Thermo Fisher). [DIC] and DIC δ13C measurements
were done using a TIC/TOC analyzer (Aurora 1030,
OI Analytical) coupled to the IRMS (Oakes et al.
2010). Nutrients in the acidified seawater used for
incubations (NO3

−, NH4
+ and PO4

3−) were measured
using a Flow inject analysis system (QuickChem
8500 series 2) (see Eyre & Ferguson 2005 for details of
the method), and pH was measured using a pH meter
(Hach HQ40d).

pH effect experiment

Because the pH during incubations was lower than
in ordinary seawater, an ex periment was done to
determine if this could have af fected algal physiol-
ogy and the respiratory response. Extra incubations
for the 3 species were done in the dark at pH 7.55
and 8.20, at 20°C, following 12 h under weak illumi-
nation (~40 µmol m−2 s−1). In these incubations (3
replications species−1 treatment−1), only the change
in O2 was measured.

Calculations and statistics

Respiratory rates were based on total algal carbon
in each chamber (ob tained by multiplying plant %C
by its dry weight). The change in [DIC] over time was
multiplied by the chamber volume, which was mea-
sured by subtracting probe, stirrer and plant volumes
from the total volume. In the pH effect experiment,
only rates of O2 consumption per unit time were cal-
culated using the dry weight of the algae.

The temperature effect was tested between the 2
treatments after illumination using a Student t-test. A
similar test was done between the 2 treatments at
25°C to test the illumination effect. We did not

directly compare the 15°C treatment and the 25°C
dark treatment due to the possibility of confounding
factors. We also did not test differences between spe-
cies because this was not an objective of the study.
Student t-tests were also done to compare RQ means
with 1, Δr means with 0, and the parameters of regres-
sion lines between RQ and Δr with 0. All tests were
conducted using the software Kyplot (Kyenslab,
Japan) at the 5% significance level.

RESULTS

Incubation conditions for the 3 species were fairly
uniform (Table 1), with a salinity of 35, pH of ~7.5,
and low nutrient concentrations, with slightly higher
values for the water used for Sargassum sp. incuba-
tions.

In all incubations, there was a decrease in O2 (rang-
ing between 2 and 7 mg l−1), and an increase in [DIC]
(ranging between 0.06 and 0.21 mmol l−1) (Table 2).
DIC δ13C typically decreased by 1 to 4‰, but in -
creased in some incubations for Ulva sp. by up to 1‰.
Initial O2 was higher for incubations at 15°C, reflect-
ing higher O2 solubility at lower temperatures.

The δ13C of plant tissue varied between −10.1 and
−14.2‰ for Ulva sp., −13.5 and −16.7‰ for Pterocla-
dia capillacea, and −10.0 and −16.3‰ for Sargassum
sp. (Table 2, Appendix 1). Organic carbon content
(%C) was similar (25 to 31% of dry weight) for Ulva
sp. and Sargassum sp., but was higher for P. capil-
lacea (28 to 37%).

pH did not significantly affect O2 consumption
rates in any species (Table 3). Temperature signifi-
cantly affected O2 consumption rates, with a 50%
reduction at 15°C compared to 25°C for all species
(p < 0.01; Fig. 1a). Light exposure, however, signifi-
cantly affected O2 consumption only for Pterocladia
capillacea (p < 0.001; Fig. 1a). Independent of treat-
ment, Ulva sp. had much higher O2 consumption
rates (between 1 and 2.2 mmol O2 h−1 mol C−1) than
the other 2 species (between 0.4 and 0.8 mmol O2 h−1

mol C−1).
CO2 release rates by Ulva sp. and Pterocladia capil-

lacea were significantly affected by temperature (p <
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                                     Salinity   pH   [NO3]   [NH4]  [PO4]

Ulva sp.                            35      7.35     1.2        2.1       1.0
Pterocladia capillacea     35      7.60     1.2        2.1       1.0
Sargassum sp.                 35      7.70     2.6        2.1       1.6

Table 1. Chemical properties of incubation water. Concen-
trations in µM
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0.05; Fig. 1b), with Ulva sp. releasing ~50% less CO2

at 15°C than at 25°C. Similar to O2 consumption rates,
CO2 release rates were significantly affected by light
exposure only for P. capillacea (p < 0.01).

RQ were similar among species, with averages
between 0.6 and 1.2 (Fig. 1c). Average RQ values at
15°C were not significantly different from 1 (the com-
monly expected value, Fal kow ski & Raven 2007) for
any species. However, RQ values at 25°C were sig -
nificantly different from 1 (p < 0.05) in all other treat-
ments except after light exposure for Pterocladia
capillacea. Light exposure did not influence average
RQ, with no significant difference be tween the light
and dark exposed treatments at 25°C for any species.
Temperature, however, affected RQ in P. capillacea
and in Sargassum sp., with higher values at 15°C.
Values also tended to be higher at 15°C in Ulva sp.,
but this was not significant due to high variability.

Average values for Δr were between −1 and 6‰ for
Ulva sp. and Sargassum sp., but less variable (2 to
4‰) for Pterocladia capillacea (Fig. 1d). Average Δr

were significantly different from 0‰ (p < 0.05) in all
treatments except for Ulva sp. and Sargassum sp. at
25°C in the dark, and for P. capillacea at 25°C after

light exposure. The temperature effect was signifi-
cant only for P. capillacea, while the light exposure
effect was significant only for Ulva sp. There was a
significant correlation between RQ and Δr for the 3
species (Fig. 2). However, except for Sargassum sp.,
correlations were weak, which implies that RQ could
not be used to predict Δr, or vice-versa. This was espe-
cially clear for low RQ between 0.5 and 1.0, which in
all of the examined species could be associated with
Δr between −2 and 5‰.

DISCUSSION

Respiration rates

It has been observed that specific respiration rates
(in carbon per unit carbon, as in this study) are usu-
ally higher for thinner primary producers (Enríquez
et al. 1996, Sand-Jensen & Nielsen 2004). Ulva has a
thinner thallus than the other 2 species, and thus has
more active cells per unit of carbon, which is re -
flected in its higher respiration rates compared to the
other species (Fig. 1a,b).

The effect of pH on respiration rates was not signif-
icant (Table 3), which is similar to previous seaweed
studies (Dromgoole 1978, Zou & Gao 2010). As such,
although the experiments were done at pH 7.5, they
should reflect the respiratory metabolism of sea-
weeds adapted to normal seawater pH (8.2).

An approximate doubling in rates with a 10°C
increase in temperature (Fig. 1a,b) is a common pat-
tern consistent with the enzyme-catalyzed nature
of reactions involved in respiration, and follows the

44

                       O2s                O2e             [DIC]s           [DIC]e           δ13Cs          δ13Ce              DW              % Org C           δ13Cp

Ulva sp.
15L            9.49±0.07    4.74±1.50     0.18±0.00    0.31±0.02    −6.2±0.8   −6.4±1.1     0.224±0.077      30.1±1.6      −12.6±1.2
25L            8.21±0.19    2.60±0.52    0.18±0.01    0.30±0.01    −7.6±0.7    −7.9±0.8    0.142±0.046      30.0±1.4      −12.1±1.0
25D           8.47±0.43    3.05±0.55    0.21±0.02    0.32±0.03    −5.2±1.4    −7.7±0.5    0.149±0.032      28.4±2.4     −12.0±1.5

Pterocladia capillacea
15L            9.64±0.05    6.95±0.40    0.40±0.01    0.50±0.03      0.4±0.6    −1.8±0.8    0.204±0.051      35.3±1.2      −14.5±0.7
25L            8.52±0.08    4.27±1.11     0.39±0.01    0.50±0.05    −0.2±0.5    −3.1±0.9     0.171±0.067      33.4±3.3     −15.4±0.4
25D           8.36±0.11    3.35±1.08     0.39±0.01    0.52±0.03    −1.1±0.3    −3.9±0.5    0.264±0.058      35.6±0.9     −15.5±0.7

Sargassum sp.
15L            9.58±0.11    6.41±1.03     0.53±0.02    0.64±0.03      3.4±1.1      1.6±1.4     0.241±0.070      29.1±1.4      −12.8±2.4
25L            8.49±0.03    4.09±0.10    0.55±0.01    0.64±0.01      1.4±0.7    −0.5±0.6    0.205±0.080      28.7±1.5      −13.5±1.2
25D           8.43±0.14    4.62±0.60    0.54±0.01    0.61±0.01      1.0±0.2    −0.5±0.2    0.236±0.052      27.4±1.9      −12.1±1.8

Table 2. Means (± SD) of incubation results. O2: dissolved oxygen concentration (mg l−1); [DIC]: dissolved inorganic carbon
concentration (mmol l−1); δ13C: stable carbon isotope composition (‰); DW: dry weight (g) of the alga used in the incubation;
% Org C: % of organic carbon in the alga used in the incubation; s: start of the incubation; e: end of the incubation; p: plant; 15L, 

25L and 25D: refer to Fig. 1. See Appendix 1 for a full list of individual values for each incubation

                                          pH = 7.55      pH = 8.20        p

Ulva sp.                             0.42±0.15      0.57±0.10      0.24
Pterocladia capillacea      0.33±0.00      0.37±0.02      0.05
Sargassum sp.                  0.47±0.19      0.52±0.04      0.69

Table 3. Respiration rates (mg O2 mg DW−1 h−1) for the pH
experiment. p-values are for non-paired Student t-test for 

difference of means (n = 3)
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Arrhenius law (Raven & Geider 1988, Falkowski &
Raven 2007). Enzyme-catalyzed reactions have rates
that depend on the rate of intermolecular collisions.
Higher temperatures lead to higher random agita-
tion of molecules, which increases the rate of inter -
molecular collisions, thereby increasing reaction rates
(Falkow ski & Raven 2007).

Photosynthesis stimulates O2 consumption in the
light, so that immediately after darkness initial rates
are relatively high, and then decrease (Falkowski &
Raven 2007). This decrease may be slow and better
detected by monitoring O2 consumption at the scale
of a few minutes or even seconds in a similar incuba-
tion (Falkowski et al. 1985, Weger et al. 1989,
Pringault et al. 2007). Natural variation be tween indi-
viduals and perhaps a slow rate of de crease probably
prevented us from observing a significant effect of
light exposure on average respiration rates in Ulva
sp. and Sargassum sp., but not in Pterocladia capil-
lacea (Fig. 1a,b). It is important to highlight that for
Pterocladia capillacea, we also observed a decrease
in CO2 release rates, which has seldom been mea-
sured in algae. The few available data agree with our
findings (e.g. Beardall et al. 1994).

Sources of respired CO2

RQ and Δr can be used to infer which kind of
organic substrate was used in plant respiration
(Tcher  kez et al. 2003). RQ depends on the oxidation
level of the respired substrate, with expected values
of ~0.6 and 1.0 for lipid and carbohydrate oxidation
respectively (Ghashghaie et al. 2003). Δr should be
lower if lipids are consumed, because lipids have
lower δ13C than other metabolites in the organism
(Park & Epstein 1961), and it should be higher if car-
bohydrates are consumed in respiration, because car-
bohydrates often have higher δ13C than the overall
value in the organism (Park & Epstein 1961, Duran -
ceau et al. 1999). Therefore, lipid consumption is indi-
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Fig. 1. Results of incubations done in the dark for Ulva sp.,
Pterocladia capillacea, Sargassum sp. (a) Respiration rates
as O2 consumption; (b) respiration rates as CO2 release; (c)
respiratory quotients; (d) carbon stable isotope discrimina-
tion in respiration. Columns are averages of between 5 and 7
incubations. Error bars indicate standard deviation. Letters
over the bars indicate significant statistical difference (p >
0.05, Student t-test) for temperature (T) or light (L) for a sin-
gle species. 15L: incubations done at 15°C after light expo-
sure for between 30 and 60 min; 25L: incubations done at
25°C after light exposure for between 30 and 60 min; 25D: 

incubations done at 25°C without light exposure
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cated by both low RQ and Δr, while carbohydrate
consumption is indicated by the opposite pattern of
both high RQ and Δr. This was the general trend
observed here (Fig. 2), with some exceptions, which
might be explained by the consumption of amino
acids (Tcher kez et al. 2003), because the Δr from
such a consumption would not necessarily follow the
defined trend for lipids or carbohydrates. Irrespective
of the correspondence between RQ and Δr, RQ val-
ues were mostly >1, and Δr values were mostly posi-

tive (Fig. 2), which indicates that carbohydrates were
the main substrate of respiration in most cases.

An increase in temperature is expected to lead to a
decrease in both RQ and Δr due to an increase in lipid
oxidation (Park & Epstein 1961, Ghashghaie et al.
2003). Results for Pterocladia capillacea were consis-
tent with this expectation, while for Sargassum sp. a
significant effect was detected only for RQ, and for
Ulva sp. it was not observed at all (Fig. 1c,d). Hence,
the evidence for increased lipid oxidation with in -
creased temperature was strongest for P. capillacea
and weakest for Ulva sp.

Light exposure followed by darkness should lead to
an increased oxidation of carbohydrates (Werner et
al. 2007, Gessler et al. 2009), which should lead to an
increase in both RQ and Δr. There was a significant
effect on Δr in Ulva sp. (Fig. 1d), and Δr in Sargassum
sp. had lower values in the 25D than in the 25L treat-
ment, except for a single incubation (Fig. 2c). If this
outlier is excluded, the effect of light exposure be -
comes significant. However, the absence of an influ-
ence on RQ for the 3 species (Fig. 1c), and the clear
absence of an influence on Δr in Pterocladia capil-
lacea (Fig. 1d) indicate that the hypothesized in -
creased consumption of carbohydrates after strong
illumination was not demonstrated. The relatively
weak evidence for Ulva sp. and Sargassum sp. Δr

could suggest that a stronger illumination intensity or
longer light exposure might generate the expected
effect.

Ecological implications

DIC δ13C in natural waters reflects the interplay of
many phenomena occurring simultaneously, like res-
piration, calcification and aeration (Kroopnick 1985,
Zeebe & Wolf-Gladrow 2001). However, unlike
forested terrestrial ecosystems where the carbon res -
pired by plants is a major component of atmospheric
CO2 and thus significantly affects its δ13C (Bowling et
al. 2008), the carbon respired by seaweeds should
account for only a minor portion of the DIC in most
marine ecosystems because DIC concentration in sea-
water is much larger than the CO2 concentration in
the atmosphere. Regardless of treatment and species,
Δr tended to be >0‰, and was only similar to 0‰
after prolonged darkness for Ulva sp. and Sargassum
sp. (Fig. 1). From an ecosystem perspective, this
means that the δ13C of carbon respired by seaweeds
will often be at least 3‰ higher than that measured
in the vegetation. This difference is relatively small,
and should therefore not significantly alter what is

Fig. 2. Relationship between respiratory quotient and car-
bon stable isotope discrimination in respiration (Δr) for (a)
Ulva sp., (b) Pterocladia capillacea and (c) Sargassum sp.
Each symbol represents a single incubation. Continuous
lines: linear regression fits of all symbols in a single figure.
Equations refer to the regression fits. Asterisks indicate that
the regression coefficient is significant (p < 0.05,  Student
t-test for regression). 15L, 25L and 25D: refer to Fig. 1



Carvalho & Eyre : 13C discrimination in seaweed respiration 47

presently known about DIC dynamics in most coastal
areas. However, in ecosystems where seaweeds are a
major portion of the biomass, like some shallow
coastal lagoons (Valiela et al. 1997, Eyre & Maher
2010, Maher & Eyre in press), this effect might be of
more relevance. In other aquatic ecosystems that are
less rich in DIC, like many lakes (Bade et al. 2004)
and rivers (Finlay 2004), this difference of 3‰ be -
tween plant and respired CO2 δ13C could also be
important in understanding DIC dynamics, and con-
sequently the relative importance of respiration by
primary producers compared to other potential influ-
encing factors.

Potentially more important than the stable isotope
of the respired carbon as a constituent of DIC, the
value of 3‰ for Δr may influence the interpretation of
the δ13C values of the organisms themselves. In previ-
ous studies, the δ13C of a given seaweed has been in-
terpreted as being solely a result of photosynthetic
processes (Raven et al. 2002, Carvalho et al. 2009a,
Mercado et al. 2009), being used as a direct estimation
of Δp (the stable carbon isotope discrimination in pho-
tosynthesis). Δp is a useful parameter that allows deter-
mination of whether a seaweed uses HCO3

− or CO2 in
photosynthesis (Maberly et al. 1992, Raven et al.
2002). However, it is possible to estimate Δp using a
simple mass balance that also accounts for the respira-
tory effect. The amount of carbon in a seaweed at a
given time can be described as: cj = ci + cp − cr, where
c is carbon mass, j and i are 2 consecutive instants in
time, p is photosynthesis and r is respiration. In order
to simplify calculations, we are deliberately ignoring
carbon loss through exudation or grazing. This is rea-
sonable if it is assumed that the δ13C of the lost parts is
similar to those that remain, which is probable for al-
gae with small thalli, or if the losses are small, which is
probably true for exudation in healthy algae (Carlson
& Carlson 1984). For δ13C, the equation is: δ13Cj × cj =
δ13Ci × ci + δ13Cp × cp − δ13Cr × cr.
Δp is defined as the difference between DIC δ13C

and plant δ13C. Assuming an isotopic steady state in
the organism (reasonable if the biomass is high rela-
tive to gas exchange rates), it is possible to state that
δ13Cj = δ13Ci = δ13Ca (the δ13C in the alga). We can de -
fine cp as a multiple of cr by stating that cp = θ × cr

(where θ is the ratio cp/cr), and define δ13Cr as a func-
tion of δ13Ca as δ13Cr = δ13Ca + Δr. After some simple
algebra, we can rewrite the isotopic mass balance as:
δ13Cp = δ13Ca + Δr /θ.

Here we found that Δr = 3‰ and the literature sug-
gests a value of 2 for θ in seaweeds (Duarte &
Cebrian 1996, Middelburg et al. 2005). Therefore,
δ13Ca can be estimated as being 1.5‰ higher than

δ13Cp. If this effect is valid for seaweeds in general,
the limits indicating HCO3

− and CO2 use for these
organisms (Maberly et al. 1992, Raven et al. 2002)
would need to be shifted slightly. In other words, a
seaweed with δ13Ca = −11.5‰ would be classified as
able to use HCO3

−; based on the criteria of Maberly
et al. (1992), it would be classified as such only if the
value was >−10‰. At the other extreme, another alga
with a δ13Ca value of −31‰ would not be a 100% CO2

only user (in Maberly et al. 1992 or Raven et al. 2002,
any seaweed with a δ13Ca value <−30‰ would be so
classified). Using this modified criterion for the speci-
mens utilized in this study, we find that 8 Ulva sp.
and 7 Sargassum sp. thalli would have likely actively
taken up HCO3

− in their photosynthesis in the natural
ecosystem (Appendix 1). Of course, flexibility is
needed when addressing these issues, as all parame-
ters, notably Δr and θ, are subject to variation.
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                          Time         Vol           O2s           O2e         [DIC]s       [DIC]e       δ13Cs        δ13Ce         DW      % Org C     δ13Cp

Ulva sp.
15L                       54             25           9.50         5.58         0.18         0.31         −6.0         −4.6         0.159         26.7         −11.0
                            51             20           9.33         5.16         0.18         0.32         −4.8         −6.4         0.213         31.4         −12.3
                            27             24           9.49         7.44         0.18         0.30         −5.5         −5.5         0.205         31.6         −14.2
                            56             28           9.53         4.06         0.18         0.36         −6.8         −8.2         0.392         30.6         −11.4
                            30             22           9.55         4.04         0.19         0.31         −6.9         −6.8         0.177         30.2         −12.7
                            29             22           9.52         4.16         0.18         0.28         −6.9         −7.1         0.211         30.5         −12.5
                            58             25           9.50         2.74         0.19         0.30         −6.8         −6.3         0.211         29.6         −14.0

25L                       33             21           8.25         2.77         0.18         0.33         −6.5         −7.3         0.137         31.4         −13.1
                            16             26           7.80         2.28         0.19         0.30         −7.1         −6.5         0.213         31.4         −11.2
                            27             25           8.26         2.33         0.18         0.30         −7.8         −8.0         0.141         30.3         −10.9
                            24             25           8.29         1.68         0.18         0.30         −7.9         −7.7         0.194         28.3         −11.3
                            43             24           8.35         3.13         0.18         0.28         −7.5         −8.8         0.106         31.2         −13.1
                            59             25           8.22         2.95         0.20         0.29         −7.9         −8.4         0.109         28.3         −12.5
                            64             24           8.33         3.03         0.19         0.30         −8.6         −8.4         0.091         29.3         −12.9

25D                      41             25           8.29         3.81         0.19         0.27         −8.0         −8.3         0.124         29.2         −10.9
                            45             25           8.10         2.27         0.25         0.34         −4.5         −7.7         0.126         30.3         −10.9
                            38             23           8.12         3.21         0.21         0.30         −4.8         −7.9         0.187         28.2         −13.4
                            27             23           8.26         3.24         0.22         0.33         −4.3         −7.9         0.135         23.8         −13.1
                            38             23           8.99         3.21         0.20         0.33         −5.0         −7.6         0.194         29.1         −13.6
                            41             20           9.04         2.57         0.23         0.34         −4.3         −6.9         0.130         29.8         −10.1

Pterocladia capillacea
15L                       64             19           9.62         7.55         0.38         0.46         1.5         −0.2         0.116         36.0         −14.9
                            44             19           9.61         6.84         0.39         0.52         0.7         −2.1         0.195         35.5         −14.1
                            64             21           9.54         7.23         0.40         0.46         0.5         −1.5         0.182         35.6         −15.7
                            57             21           9.67         6.52         0.40         0.53         0.1         −2.4         0.207         35.1         −13.5
                            36             20           9.67         7.07         0.40         0.51         0.3         −2.0         0.197         36.9         −14.4
                            39             22           9.69         6.41         0.40         0.49         0.3         −1.9         0.263         35.2         −14.0
                            86             22           9.69         7.05         0.40         0.51         −0.3         −2.6         0.267         32.9         −14.9

25L                       42             20           8.62         5.40         0.40         0.47         0.5         −1.9         0.132         35.7         −15.0
                            51             20           8.51         4.55         0.39         0.50         0.2         −2.8         0.136         35.8         −15.0
                            60             22           8.58         3.24         0.38         0.59         −0.4         −4.4         0.303         34.0         −15.6
                            48             21           8.47         3.09         0.39         0.52         −0.5         −3.5         0.147         36.3         −15.6
                            41             21           8.51         3.65         0.38         0.50         −0.5         −3.4         0.175         28.3         −15.1
                            46             21           8.41         5.67         0.39         0.45         −0.7         −2.5         0.131         30.5         −15.9

25D                      54             21           8.57         4.94         0.39         0.52         −1.0         −3.8         0.268         35.3         −16.3
                            55             12           8.35         2.83         0.40         0.56         −0.9         −4.6         0.210         35.6         −14.4
                            65             12           8.45         4.17         0.39         0.49         −1.3         −3.5         0.196         36.6         −15.6
                            43             12           8.30         2.89         0.41         0.52         −1.7         −3.6         0.327         37.1         −14.7
                            43             12           8.30         3.60         0.40         0.50         −0.9         −3.4         0.292         35.4         −15.6
                            54             12           8.24         3.48         0.38         0.50         −1.0         −3.6         0.219         34.4         −16.3
                            52             23           8.34         1.54         0.38         0.56         −1.1         −4.5         0.339         35.0         −15.6

Sargassum sp.
15L                       61             24           9.43         6.57         0.54         0.62         5.0         3.5         0.201         28.7         −10.2
                            57             21           9.61         5.08         0.52         0.68         4.1         2.1         0.377         30.0         −12.8
                            50             22           9.45         7.07         0.51         0.63         3.6         2.0         0.202         31.2         −13.1
                            69             23           9.63         7.53         0.52         0.62         3.1         1.9         0.189         27.4         −14.4
                            57             23           9.68         5.19         0.52         0.68         2.4         −0.4         0.245         29.3         −16.3
                            36             23           9.65         6.99         0.56         0.65         2.0         0.4         0.229         27.9         −10.0

25L                       63             20           8.52         4.10         0.55         0.64         2.3         0.1         0.113         29.5         −13.2
                            60             21           8.47         4.03         0.54         0.66         1.9         0.1         0.156         26.1         −11.5
                            66             22           8.53         4.20         0.54         0.65         1.2         −0.4         0.181         29.8         −13.9
                            52             22           8.46         3.96         0.54         0.64         0.9         −1.1         0.265         28.4         −14.3
                            38             22           8.49         4.16         0.55         0.64         0.7         −1.2         0.309         29.6         −14.5

25D                      40             21           8.48         5.25         0.55         0.61         1.1         −0.3         0.283         25.4         −11.5
                            36             21           8.57         4.59         0.55         0.61         1.0         −0.7         0.169         28.6         −13.9
                            35             22           8.30         3.65         0.55         0.61         1.1         −0.7         0.287         27.8         −14.0
                            53             21           8.54         4.73         0.53         0.60         0.7         −0.6         0.244         25.5         −10.1 
                            48             23           8.27         4.88         0.53         0.62         1.0         −0.2         0.197         29.6         −11.1

Appendix 1
Full list of results for the incubations. Time: incubation time (min); Vol: incubation water volume (ml); O2: dissolved oxygen
concentration (mg l−1); [DIC]: dissolved inorganic carbon concentration (mmol l−1); δ13C: stable carbon isotope composition (‰);
DW: dry weight (g) of the alga used in the incubation;% Org C: % of organic carbon in the alga used in the incubation; s: start 

of the incubation; e: end of the incubation; p: plant; 15L, 25L and 25D: refer to Fig. 1
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