
Biogeosciences, 7, 3783–3797, 2010
www.biogeosciences.net/7/3783/2010/
doi:10.5194/bg-7-3783-2010
© Author(s) 2010. CC Attribution 3.0 License.

Biogeosciences

Phytoplankton-bacteria coupling under elevated CO2 levels:
a stable isotope labelling study

A. de Kluijver 1, K. Soetaert1, K. G. Schulz2, U. Riebesell2, R. G. J. Bellerby3,4, and J. J. Middelburg1,5

1Netherlands Institute of Ecology (NIOO-KNAW), Centre for Estuarine and Marine Ecology, P.O. Box 140,
4400 AC Yerseke, The Netherlands
2Leibniz Institute for Marine Sciences (IFM-GEOMAR), Düsternbrooker Weg 20, 24105 Kiel, Germany
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Abstract. The potential impact of rising carbon dioxide
(CO2) on carbon transfer from phytoplankton to bacteria was
investigated during the 2005 PeECE III mesocosm study in
Bergen, Norway. Sets of mesocosms, in which a phytoplank-
ton bloom was induced by nutrient addition, were incubated
under 1× (∼350 µatm), 2× (∼700 µatm), and 3× present
day CO2 (∼1050 µatm) initial seawater and sustained atmo-
spheric CO2 levels for 3 weeks.13C labelled bicarbonate
was added to all mesocosms to follow the transfer of carbon
from dissolved inorganic carbon (DIC) into phytoplankton
and subsequently heterotrophic bacteria, and settling parti-
cles. Isotope ratios of polar-lipid-derived fatty acids (PLFA)
were used to infer the biomass and production of phyto-
plankton and bacteria. Phytoplankton PLFA were enriched
within one day after label addition, whilst it took another 3
days before bacteria showed substantial enrichment. Group-
specific primary production measurements revealed that coc-
colithophores showed higher primary production than green
algae and diatoms. Elevated CO2 had a significant positive
effect on post-bloom biomass of green algae, diatoms, and
bacteria. A simple model based on measured isotope ratios of
phytoplankton and bacteria revealed that CO2 had no signifi-
cant effect on the carbon transfer efficiency from phytoplank-
ton to bacteria during the bloom. There was no indication
of CO2 effects on enhanced settling based on isotope mix-
ing models during the phytoplankton bloom, but this could
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not be determined in the post-bloom phase. Our results sug-
gest that CO2 effects are most pronounced in the post-bloom
phase, under nutrient limitation.

1 Introduction

The ocean is one of the largest reservoirs of CO2 on earth
and one of the largest sinks for anthropogenic CO2 emissions
(Sabine et al., 2004). The biologically mediated flux of CO2
into the oceans, called the biological pump, is the transport
of organic matter (OM) produced at the oceans’ surface to
the ocean interior, sustaining a vertical CO2 gradient. The
strength of the biological pump is largely controlled by three
processes: primary production, community respiration and
the export rate of particulate organic matter (POM) into the
deep ocean. Community respiration in the euphotic zone,
dominated by heterotrophic bacteria, converts organic carbon
back into CO2 and thus decreases the oceans’ CO2 uptake ca-
pacity (Rivkin and Legendre, 2001). The coupling between
phytoplankton and heterotrophic bacteria is mainly via la-
bile dissolved organic matter (DOM). In the upper ocean an
important source for labile DOM and subsequently for het-
erotrophic bacteria is the release of carbon-rich substances by
phytoplankton, further referred to as exudation (Larsson and
Hagstr̈om, 1979). Phytoplankton exudation has been defined
as the release of excess photosynthates that accumulate when
carbon fixation exceeds incorporation into new cell material
(Fogg, 1983). The rate of exudation is linked to primary pro-
duction and is highest under nutrient-poor conditions, when
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nutrient limitation impedes phytoplankton growth, but not
photosynthetic carbon fixation (Fogg, 1983). Changes in pri-
mary production can potentially alter exudation and subse-
quently phytoplankton-bacteria coupling and the microbial
food-web. Increasing CO2 levels could stimulate primary
production (Riebesell et al., 1993), which could result in
an increased flow of inorganic carbon into carbon exudates.
Carbon exudates tend to accrete into transparent exopoly-
mer particles (TEP), which facilitate aggregation due to their
sticky nature (Engel et al., 2004b). These aggregates can fa-
cilitate carbon export to the deep ocean if the carbon is not
remineralised (Fig. 1).

Increased inorganic carbon consumption relative to nitro-
gen uptake at higher CO2 levels was observed in natural
plankton communities (Riebesell et al., 2007; Bellerby et al.,
2008). The additional community uptake of CO2, however,
was not reflected in higher standing stocks of organic mate-
rial in the surface layer (Fig. 1) (Riebesell et al., 2007; Schulz
et al., 2008; Egge et al., 2009). Although carbon export could
not be quantified directly, the authors proposed that the ex-
tra carbon was released as exudates that coalesced and sank
to the deep (Fig. 1). This implies that increasing CO2 con-
centrations could strengthen the biological pump and in this
way act as a negative feedback on increasing atmospheric
CO2 concentrations (Arrigo, 2007). However, this requires
that the additional organic material escapes remineralisation
by heterotrophic bacteria in the upper layer, which could not
be quantified. The community uptake did not account for car-
bon flows in and from phytoplankton to bacteria to separate
primary production from remineralisation (Fig. 1).

Traditionally, the carbon coupling between phytoplankton
and bacteria is derived from the relationship between pro-
duction and abundance of phytoplankton and bacteria (Cole
et al., 1988). The drawback of these methods is that net
processes are measured and that temporal and spatial decou-
pling and grazing cannot be quantified. The use of carbon
isotope tracers (13C, 14C) provides the possibility to directly
quantify the flux of carbon from dissolved inorganic carbon
(DIC) to phytoplankton and subsequently bacteria and this
method has been successfully used in previous mesocosm
experiments (Norrman et al., 1995; Lyche et al., 1996) and
in whole lake isotope tracer addition experiments (Kritzberg
et al., 2004; Pace et al., 2007). Since it is difficult to phys-
ically separate phytoplankton from bulk particulate organic
matter (POM), the isotope signal of POM has often been
used as a representative for phytoplankton, which can lead to
an underestimation of phytoplankton carbon uptake. Simi-
lar methodological limitations exist to determine the bacteria
isotope signature. A valuable alternative is the analysis of
isotope label in biomarkers specific for bacteria and phyto-
plankton groups (polar-lipid-derived fatty acids, PLFA). The
combined technique of isotope labelling and biomarker anal-
ysis has proven a very powerful tool to study carbon flows
in natural communities, especially in perturbation experi-
ments (Boschker and Middelburg, 2002; Van Den Meersche

Fig. 1. Carbon fluxes between the major food-web compartments of
this study and the previous published CO2 effect on these compart-
ments and fluxes in the PeECE III 2005 mesocosm study.1Riebesell
et al. (2007) found increased cumulative DIC drawdown at in-
creasedpCO2 during the bloom and inferred enhanced export at
highpCO2; 2Egge et al. (2008) demonstrated increased cumulative
14C incorporation at higherpCO2 in the post-bloom phase;3Schulz
et al. (2008);4Allgaier et al. (2008).

et al., 2004; Pace et al., 2007). Furthermore, label incor-
poration into phytoplankton biomarkers can be used to de-
termine group-specific growth-rates (Dijkman et al., 2009).
Here, we applied the isotope labelling technique to quantify
phytoplankton-bacteria coupling under different CO2 levels.
More specifically, we address potential effects of CO2 on
phytoplankton production and growth, and transfer of freshly
produced organic matter to the microbial food web and into
settling particles (Fig. 1). The results contribute to the previ-
ous published results on PeECE III by unravelling the carbon
interactions between the major planktonic food-web com-
partments.

2 Material and methods

2.1 Set-up and sampling

The PeECE III mesocosm experiment was carried out at the
Marine Biological Station, University of Bergen, Norway,
between 16 May and 10 June 2005. Nine mesocosms (M1
to M9) of 9.5 m deep and with a volume of 27 m3 each
were filled with unfiltered, nutrient-poor post-bloom water
from the fjord, and manipulated to achieve 3 sets of differ-
ent CO2 levels in mesocosms by aeration of the water col-
umn and the overlying atmosphere with CO2-enriched air.
The partial pressures of carbon dioxide (pCO2) at the start
of the experiment were about 350 µatm (1× CO2, M7–9),
700 µatm (2× CO2, M4–6), and 1050 µatm (3× CO2, M1–
3). These concentrations are expected during to happen dur-
ing the first half and towards the end of this century under
a business-as-usual CO2 emission scenario. Nitrate (final
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concentration 15 µmol l−1) and phosphate (final concentra-
tion 0.7 µmol l−1) were added to the mesocosms to initiate
a phytoplankton bloom. A more detailed description of the
experimental set-up can be found in (Schulz et al., 2008).
13C-labeled bicarbonate was added to the upper 5 m of the
mesocosms between day 0 and day 1 to a final addition of
ca 2.3 µmol kg−1, corresponding to about 0.1% of total DIC.
Water samples for polar lipid fatty acids (PLFA) were taken
from the upper layer of each mesocosm daily (day 0–18) or
every second day (day 20, 22 and 24). The samples were fil-
tered on pre-combusted GF/F filters and stored frozen until
further analysis. Sediment traps were placed in each meso-
cosm at 7.5 m depth and they were collected every 3 days, on
day 4, 7, 10, 13, 16, and 19.

2.2 PLFA and DIC analysis

The lipids were extracted by a modified Bligh and Dyer
method (Bligh and Dyer, 1959; Boschker et al., 1998).
The lipids were fractionated in different polarity classes
by column separation on a heat-activated-silicic acid col-
umn and subsequent elution with chloroform, acetone and
methanol. The methanol fractions, containing most of the
polar-lipid fatty acids, were derivatised to fatty acid methyl
esters (FAME). The standards 12:0 and 19:0 were used as
internal standards. PLFA concentrations were determined
by gas chromatograph-flame ionization detection (GC-FID).
The δ13C of individual PLFA were measured using gas
chromatography-combustion isotope ratio mass spectrome-
try (GC-C-IRMS (Middelburg et al., 2000; Van Den Meer-
sche et al., 2004). DIC was analyzed by coulometric titration
(Bellerby et al., 2008) and its isotope ratio by a Finnigan
GasBench coupled to a Mat 252 mass spectrometer.

2.3 Data analysis

Stable isotope data are expressed in the delta notation
(δ13C) relative to VPDB standard and the13C fraction
(13C/(12C +13C))= 13r was derived from the delta notation.
Total amount of labelled biomass (total13C) is calculated as

total13C=(13rsample−
13rcontrol) ·concentration(µgCl−1) (1)

where13Ccontrol is the isotope fraction at day 0, see Middel-
burg et al. (2000) and Van Den Meersche et al. (2004) for
details. To be able to directly compare labelling of phyto-
plankton and bacteria biomass between the different meso-
cosms, the data were corrected for small differences in initial
13C-DIC concentrations. This correction factor was calcu-
lated for each mesocosm as total13C-DIC at day 1 relative
to the average total13C-DIC of all mesocosms at day 1. The
correction factor ranged from 0.75 to 1.09.

Out-gassing of13C-DIC was calculated according to
Delille et al. (2005) with chemical enhancement factors. The
concentration of13CO2 (aq) was derived from13C-DIC as

described in Zeebe and Wolf-Gladrow (2001) with fraction-
ation factors from Zhang et al. (1995) with CO2 concentra-
tions measured by Bellerby et al. (2008). An approximation
of δCO2-air of −8‰ was used, because no exact measures
were available (Fry, 2006).

The sum of PLFA ai15:0 and i15:0 was used to char-
acterize heterotrophic (gram-positive) bacteria and in the
section on methodological comparison, the PLFA 18:1ω7c
(gram-negative bacteria) was included. The sum of PLFA
22:6ω3, 20:5ω3, 18:4ω3, 18:5(n-3, 6, 9, 12, 16), 18:5ω3, and
18:3ω3 were used to characterize phytoplankton dynamics
(Boschker and Middelburg, 2002; Dijkman and Kromkamp,
2006; Dijkman et al., 2009). Phytoplankton communities
were further divided into diatoms (PLFA 16:2ω4, 16:4ω1
and 20:5ω3), coccolithophores (PLFA 18:5ω3 and 18:5(n-
3, 6, 9, 12, 16)), and green algae (16:4ω3 and 18:3ω3) (Di-
jkman and Kromkamp, 2006; Dijkman et al., 2009). Phy-
toplankton composition based on PLFA was also estimated
with the Bayesian compositional estimator (Van Den Meer-
sche et al., 2008) with the input ratio from (Dijkman and
Kromkamp, 2006). The final step involved conversion from
PLFA to cell biomass. Bacterial biomass was calculated
using a conversion factor of 0.0059 g C (ai+i)15:0 per g C
biomass, which is the product of 0.056 g C PLFA per g C
biomass (Brinch Iversen and King, 1990; Middelburg et al.,
2000) and 0.105 g C ai15:0+i15:0 per g C PLFA (calculated
from Boschker et al., 1998 and references cited therein). Cal-
culated in the same way, the sum of ai15:0+i15:0+18:1ω7c
encompassed 25% of PLFA and the final conversion factor
was 0.0137 g C (ai+i15:0, 18:1ω7c) per g C biomass. We
used a carbon content of 20 fg cell−1 to convert bacterial
biomass to cells (Lee and Fuhrman, 1987). The conver-
sion factors for phytoplankton (groups) were derived from
data on fatty acid composition in (Dijkman and Kromkamp,
2006). Chlorophyll-a (chl-a) concentrations were converted
to biomass assuming a C to chl-a ratio of 45 based on litera-
ture values. Although conversion factors are disputable, they
do not affect the general patterns nor inferred transfer dynam-
ics from phytoplankton to bacteria. Group-specific growth
rates (µ, d−1) during the bloom (from day 5 to day 9) were
calculated as

µ = ln
13C biomasst+1t

13C biomasst
/1t (2)

Data from sediment traps were only analyzed for isotope
ratios of specific PLFA and not for concentrations because
these were biased due to significant over trapping (Schulz et
al., 2008). The material in the traps was subdivided in phy-
toplankton and bacteria using PLFA, similarly as for the sus-
pended particulate matter. The fraction of material derived
from the upper layer in the settled material was calculated
with the mixing equation (Fry, 2006). The equation used is:

fupper layer=

(
δ13Csediment− δ13Ccontrol

)
/(

δ13Cupper layer− δ13Ccontrol

)
(3)
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where δ13Ccontrol is the isotope ratio at day 0 and
δ13Cupper layer is the isotope ratio of the pelagic PLFA, av-
eraged over the days of settlement. This fraction provides
a measure of exchange between upper and deeper layer and
can therefore be used as an indication of sinking.

Within the PeECE III study, POC, inorganic nutrients, and
chl-a (Schulz et al., 2008), pigments (Riebesell et al., 2007;
Schulz et al., 2008), and bacterial numbers (Allgaier et al.,
2008; Paulino et al., 2008) were published earlier and used
for comparative purposes in this study.

2.4 Model

A simple source-sink isotope ratio model was used to deter-
mine label transfer from phytoplankton to bacteria (Hamilton
et al., 2004; Van Oevelen et al., 2006). The following equa-
tion was used

dδ13Cbac

dt
= rbac · fphyto · δ13Cphyto − rbac · δ13Cbac (4)

whererbac = bacteria turnover (d−1) andfphyto = fraction
of 13C derived from phytoplankton.

The weighted1δ13C of phytoplankton was used as a forc-
ing function and the weighted1δ13C of bacteria was used
for model calibration. The original data were used to fit the
model, instead of13C-DIC normalized data, but they would
give similar results. The assumption for this model is that
biomass is constant with time. The model equations were
implemented in R, using the packages FME and deSolve
(Soetaert and Petzoldt, 2009; Soetaert et al., 2009).

The time sequence of the model was 0–24 days and initial
conditions were set to 0. Parameter calibration was done with
pseudo-randomization followed by Levenberg-Marquardt al-
gorithm (Press et al., 2001). The parameters were fur-
ther assessed with the Markov-Chain-Monte-Carlo technique
(MCMC) (Gelman et al., 1996). During the MCMC, the
model was run 5000 times for each mesocosm, resulting in
approximately 1500–1750 accepted runs per mesocosm. The
mean and standard deviation were calculated for each param-
eter.

The dependency of heterotrophic bacteria on recently fixed
carbon was also calculated using mean isotope ratios over the
last 10 days of the experiment (1δ13Cbac/1δ13Cphyto). This
simple calculated ratio should approachfphyto at steady-state
(Van Oevelen et al., 2006).

2.5 Statistics

Results are reported as mean± standard deviation. In order
to test if measured concentrations of phytoplankton and bac-
teria differed significantly (p < 0.05) over time amongpCO2
levels, repeated measures ANOVAs and Bonferroni post-hoc
tests were applied using the software Statistica® (stat Soft,
Inc., US, 2009). Prior to analyses, data were checked for nor-
mality, homogeneity of variance, and sphericity. Significant

(p < 0.05) differences in phytoplankton growth rates and
model parameters were assessed using one-way ANOVA.

3 Results

3.1 Phytoplankton dynamics

PLFA specific for phytoplankton were used to depict phy-
toplankton dynamics and their carbon concentrations were
converted to total carbon biomass. The addition of nutrients
induced a phytoplankton bloom as depicted by both PLFA
(Fig. 2a) and chlorophyll-a (Fig. 2b). During the experiment
3 different phases in phytoplankton dynamics could be ob-
served: before the bloom (day 0–5), the bloom (day 5–9),
and the post bloom (after day 9). Based on nutrient dy-
namics, 4 phases were identified by Riebesell et al. (2008)
and Tanaka et al. (2008). From start until day 6, there was
no nutrient depletion, during day 7–9 silicate was depleted,
during day 10–12 silicate and phosphate were depleted and
from day 13 onwards, all nutrients were depleted. The de-
velopment of the bloom as depicted by PLFA reflects the
dynamics of phosphate concentrations. When phosphate be-
came depleted, the phytoplankton bloom collapsed (Fig. 2a,
h). Phytoplankton biomass (based on PLFA) was low in the
first five days of the experiment, with values<0.2 mg C L−1.
After day 5 the phytoplankton bloom started and phytoplank-
ton biomass rapidly increased up to 0.71±0.10 mg C L−1 at
day 9, the peak of the bloom assessed using PLFA (Fig. 2a).
The bloom collapsed after day 9 to 0.16±0.043 mg C L−1

at day 10 and stayed around this concentration until the
end of the experiment. Phytoplankton biomass (based on
chl-a) increased from 0.064±0.0091 mg C L−1 at day 0 to
0.55±0.11 mg C L−1 at day 10, the peak of the bloom. From
then on, the bloom continuously decreased until starting val-
ues were reached again around day 16 (Fig. 2b) (Schulz et
al., 2008).

No CO2 effects on phytoplankton concentrations and dy-
namics were observed before and during the bloom (day 0–
9). During the post-bloom the phytoplankton biomass based
on PLFA was significantly lower in the 1× CO2 treatment
than in the 2× and 3× CO2 treatments (repeated measures
ANOVA, F (2,6)= 25.66,p < 0.005) (Table 1). The largest
differences in biomass occurred between day 12 and day
17. The development of phytoplankton biomass as deter-
mined with PLFA (Fig. 2a), chl-a (Fig. 2b) and particulate
organic carbon (POC) are summarized in Fig. 3a. The range
in biomass is similar for all methods, with values from 0–
1.2 mg C L−1. The timing of the bloom, however, is different
for all methods. The peak of the bloom was at day 9 with
PLFA, at day 10 with chl-a, and at day 11 for POC.
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Fig. 2. Concentrations of(A) total phytoplankton carbon based on PLFA,(B) total phytoplankton carbon based on chlorophyll-a and PLFA
derived carbon estimates for(C) diatoms,(D) coccolithophores,(E) green algae,(F) bacteria. Concentrations of(G) dissolved inorganic
nitrogen,(H) phosphate and silicate in the different CO2 treatments. Average and SD of the three replicates are shown.

Phytoplankton was further subdivided into the major phy-
toplankton groups. Conversion of typical PLFA biomark-
ers for each group into biomass revealed that diatoms were
the most abundant taxa, followed by coccolithophores and
a minority of green algae (Fig. 2c, d, and e). The differ-
ent taxa showed a similar response during the incubations,
peaking at day 9. Diatom biomass rapidly increased after
day 5 up to 0.50±0.081 mg C L−1 at the peak of the bloom
on day 9. The bloom declined to 0.11± 0.048 mg C L−1

at day 10 and remained low until the end of the incuba-

tions (Fig. 2c). A significant CO2 effect could be detected
in the post-bloom phase. The diatom biomass was signifi-
cantly higher in the 2× CO2 and 3× CO2 treatments than in
the 1× CO2 treatment, similar as for total phytoplankton (re-
peated measures ANOVA,F (2,6)= 15.51,p < 0.005) (Ta-
ble 1). The CO2 effect was mainly effective from day 12 to
day 17. Coccolithophore biomass rapidly increased after day
5 and reached a peak of 0.19±0.066 mg C L−1 at day 9. Coc-
colithophores declined after the bloom peak to concentra-
tions of 0.047±0.028 mg C L−1 at day 10 and remained low
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Table 1. Average non-labelled biomass (mg C l−1) and labelled biomass (µg C l−1) of major phytoplankton groups and bacteria in the
post-bloom phase (day 10–day 24) withp-values from post-hoc Bonferroni analyses after repeated measures ANOVA.

Organism Value 1× CO2 2× CO2 3× CO2 p 1×, 2× p 1×, 3× p 2×, 3×

Total phytoplankton
Biomass 0.13 0.15 0.17 0.009 0.001 0.22
Labelled biomass 0.12 0.14 0.15 0.061 0.010 0.49

Diatoms
Biomass 0.066 0.085 0.090 0.017 0.006 0.96
Labelled biomass 0.054 0.067 0.070 0.017 0.004 0.62

Coccolithophores
Biomass 0.030 0.032 0.034 1.00 0.86 1.00
Labelled biomass 0.027 0.028 0.029 1.00 1.00 1.00

Green algae
Biomass 0.011 0.014 0.017 0.072 0.003 0.080
Labelled biomass 0.0089 0.012 0.015 0.23 0.011 0.14

Bacteria
Biomass 0.086 0.11 0.12 0.014 0.002 0.34
Labelled biomass 0.067 0.083 0.089 0.061 0.013 0.67

Values in bold are significant (p < 0.05)

Fig. 3. Comparison of(A) phytoplankton biomass based on PLFA,
Chl-a, and POC and(B) bacterial numbers based on PLFA, Flow
Cytometry (FCM), and microscopy. Average and SD of all meso-
cosms are shown.

during the rest of the experiment (Fig. 2d). The development
of coccolithophores in the post-bloom phase was indepen-
dent of CO2 (Table 1). The biomass of green algae was much
lower than that of diatoms and coccolithophores with a max-
imum of 0.052±0.0071 mg C L−1 at day 9 (Fig. 2e). The
development of green algae in the post-bloom phase was de-
pendent on CO2 levels. Green algal biomass remained higher
at elevated CO2 levels, but only between the 1× and 3× CO2
treatments were differences significant (repeated measures
ANOVA, F (2,6)= 17.61,p < 0.005) (Table 1).

3.2 Bacterial dynamics

Bacterial dynamics showed more fluctuation during the
experiment than phytoplankton (Fig. 2f). Initially, the
bacteria biomass declined to a minimum at day 5 of
0.018± 0.0060 mg C L−1. At the onset of the phytoplank-
ton bloom, bacterial biomass started to increase. The bac-
terial biomass based on PLFA reached concentrations of
0.16±0.051 mg C L−1 at the bloom peak on day 9 followed
by a rapid decline to 0.056± 0.017 mg C L−1 at day 10
(Fig. 2f). After day 10, bacterial concentrations started to in-
crease again to reach a second peak of 0.18±0.030 mg C L−1

at day 18. In the post-bloom phase, the bacterial biomass
was significantly higher at 3× CO2 and 2× CO2 compared
to 1× CO2 (repeated measures ANOVA,F (2,6)= 20.30,
p < 0.005) (Table 1). The CO2 effect was most pronounced
between day 12 and day 17.

Bacterial cell abundances as determined by PLFA (this
study, Fig. 2f), flow cytometry (FCM) (Paulino et al., 2008),
and microscopy (Allgaier et al., 2008) are summarized in
Fig. 3b. The range of cell numbers was similar for all
methods (109−1010 cells L−1), indicating that bacteria were
quantitatively retained on the GF/F filters used. However,
the development of bacteria during the experiment differed
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Fig. 4. Concentrations of13C labelled(A) DIC, (B) phytoplankton, phytoplankton groups(C), and(D) bacteria. Average and SD of the
three replicates are shown for (A–C) and average and SD of all mesocosm data are shown in (D).

for the three methods. The most striking difference oc-
curred around the phytoplankton peak. While flow cytometry
and microscopy revealed a minimum in bacterial abundance,
PLFA based numbers showed a maximum in bacterial abun-
dance.

3.3 Labelling

13C-labeled DIC addition resulted in an increase ofδ13C-
DIC with 100.5±11.9‰, from −1.73±1.01‰ at day 0 up
to 98.8±12.5‰ at day 1. The large variation was caused by
addition of different amounts of13C bicarbonate to individ-
ual mesocosms. During the experiment, the isotope ratio of
DIC gradually decreased in all mesocosms to about 74‰ at
day 25. Labelled DIC concentrations were 2.29 µmol C L−1

at day 1 and gradually decreased to 1.62±0.05 µmol C L−1

at day 25 (Fig. 4a). The decrease in labelled DIC was inde-
pendent of CO2 levels. The loss of label from gas exchange
between water and air was calculated only for the first 5 days,
when biomass was still low. Label loss due to gas exchange
was negligible for all treatments (<0.1%). A large part of
labelled DIC was lost due to mixing with the deeper water
layers. Assuming a mixing efficiency of 12% as calculated
in Schulz et al. (2008), mixing with the deeper layers could
explain 63±10% of label loss.

The transfer from DIC to phytoplankton was very rapid;
label enrichment in phytoplankton-specific PLFA was al-
ready detectable at day 1. The labelling of phytoplankton
steadily increased from day 1 onwards and reached a maxi-
mum of 86.9±10.4‰ at day 10, denoting that phytoplankton
carbon reached steady-state with dissolved inorganic carbon.
The ratios of phytoplankton isotope signature relative to DIC
isotope signature, averaged over the last 10 days (day 15–24),
are presented in Table 2. The average value was 1.04±0.033
over all mesocosms, implying complete turnover of algal
biomass during the experimental period. The development
of label incorporation into phytoplankton matched with to-
tal phytoplankton dynamics; the labelled biomass was low
in the first 5 days and then increased to a bloom peak at
day 9 of 0.67±0.10 µg C L−1. The labelled biomass rapidly
declined to 0.15± 0.046 µg C L−1 at day 10 and remained
around this level until the end of the experiment (Fig. 4c).
Labelled phytoplankton biomass in the post-bloom phase
was significantly higher in the 3× CO2 treatment than in the
1× CO2 treatment, similar as for non-labelled phytoplankton
biomass. The difference between the 1× CO2 and 2× CO2
treatments was not significant for labelled biomass in con-
trast to non-labelled biomass (repeated measures ANOVA,
F (2,6)= 11.51,p < 0.01) (Table 1). The CO2 effect was
most pronounced from day 12 to day 17.
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Table 2. Model parameters and steady-state ratios for each mesocosm± standard deviation.

Mesocosm rbac (model) fphyto (model) 1δphytoplankton/1δDIC
∗ 1δbacteria/1δphytoplankton

∗

7–1× CO2 0.197±0.0305 0.924±0.0427 1.05 0.882
8–1× CO2 0.197±0.0291 0.908±0.0434 1.03 0.857
9–1× CO2 0.208±0.0230 0.942±0.0370 1.00 0.905

Average 1× CO2 0.201±0.00667 0.925±0.0170 1.03±0.023 0.8810±0.0241

4–2× CO2 0.208±0.0267 0.921±0.0356 1.01 0.885
5–2× CO2 0.191±0.0243 0.925±0.0375 1.02 0.879
6–2× CO2 0.230±0.0516 0.888±0.0513 1.10 0.851

Average 2× CO2 0.209±0.0195 0.911±0.0203 1.04±0.050 0.872±0.0181

1–3× CO2 0.270±0.0475 0.860±0.0371 1.04 0.857
2–3× CO2 0.223±0.0258 0.904±0.0258 1.02 0.873
3–3× CO2 0.192±0.0303 0.920±0.0410 1.08 0.864

Average 3× CO2 0.228±0.0395 0.895±0.0308 1.04±0.031 0.865±0.00769

∗ average ratios over the last 10 days (day 15–24)

The labelling of the different phytoplankton groups was
similar to labelling of total phytoplankton. Labelling of the
different phytoplankton groups is presented as an average of
all mesocosms in Fig. 4c. The CO2 effects on the differ-
ent phytoplankton groups were similar as for non-labelled
biomass. Significant CO2 effects were found in the post-
bloom phase for diatoms, where biomass was higher in the
3× and 2× CO2 treatments than in the 1× CO2 incubations
(repeated measures ANOVA,F (2,6)= 17.02, p < 0.005)
and for green algae, where biomass was significantly higher
in the 3× CO2 treatment compared to the 1× CO2 treatment
(repeated measures ANOVA,F (2,6)= 10.84,p = 0.01) (Ta-
ble 1). The specific growth rate during the bloom, as de-
termined from label incorporation in biomass from day 5
to day 9, was highest for coccolithophores with a value of
0.76±0.11 d−1, followed by green algae (0.63±0.11 d−1),
and diatoms (0.59±0.054 d−1) (Fig. 5). Total phytoplank-
ton growth rate was 0.64± 0.075 d−1. The growth rate of
coccolithophores was significantly higher than the growth
rates of green algae and diatoms (ANOVA,F (2,24)= 7.40,
p < 0.005). Although the growth rates for each single group
were not significantly affected by CO2 treatment, it appeared
that for coccolithophores, green algae and total phytoplank-
ton, the growth rate was highest under current CO2 levels
(1× CO2) (Fig. 5).

The transfer of label to bacteria was much slower than
the label transfer from DIC to phytoplankton. It was only
at day 3 or 4, depending on the mesocosm, that enrich-
ment could be detected in bacterial specific PLFA (Figs. 4d
and 6). Average enrichment was 3.9±3.1‰ on day 3 and
7.4± 5.8‰ on day 4. The isotope ratio steadily increased
until 72.3±8.8‰ at day 14, denoting isotope equilibrium.
The ratios of bacterial isotope signature to phytoplankton

Fig. 5. Phytoplankton group-specific growth rates during the bloom
period, day 5–9. Average and SD are shown.

isotope signature over the last 10 days (day 15–day 24) are
presented in Table 2 for each mesocosm. The average ra-
tio over all mesocosms was 0.87±0.017 implying that 87%
of the bacterial carbon was derived from recently fixed phy-
toplankton material. The other 13% was derived from non-
labelled material. The dynamics of labelled bacteria were
comparable with non-labelled bacteria; biomass was low in
the first 5 days and showed some fluctuation in time. The
peak in biomass was reached at day 18 with concentrations
of 0.14±0.022 µg C L−1 and declined afterwards (Fig. 4c).
The labelled bacterial biomass was significantly higher in
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the post-bloom phase in the 3× CO2 treatment compared to
1× CO2, but not in the 2× CO2 treatment as for non-labelled
biomass. The CO2 effect was mainly present between day
12 and 17 (repeated measures ANOVA,F (2,6)= 10.48,
p < 0.05) (Table 1).

3.4 Model

The transfer from phytoplankton to bacteria was quantified
using a simple source-sink model (Eq. 1). The initial parame-
ters range was 0–1 d−1 for bothrbacandfphyto. The Bayesian
approach produced a good fit to the data of all mesocoms
(Fig. 6) and we were able to individually fit the parameters.
Because of the large number of MCMC runs, reliable param-
eter distributions were obtained. The solid black lines are the
model output, using the medians of the modelled bacterial ra-
tios. The dark grey areas represent the 95% posterior limits
of the model uncertainties. The light grey areas present the
95% posterior limits in predicting new observations (Malve
et al., 2005, 2007). The turn-over rates for bacteria (rbac)
were 0.20±0.01 d−1, 0.21±0.02 d−1, and 0.23±0.04 d−1,
for 1× CO2, 2× CO2, 3× CO2 treatments, respectively (Ta-
ble 2). The fractions of bacterial carbon derived from phy-
toplankton (fphyto) were 0.92± 0.02 d−1, 0.91± 0.02 d−1,
0.89±0.03 d−1, for 1× CO2, 2× CO2, 3× CO2 treatments,
respectively (Table 2). The parameters were not significantly
different for the different CO2 treatments, but a trend with
CO2 concentrations could be observed. The value offphyto
decreased with increasing CO2 concentrations and the value
of rbac increased with increasing CO2 concentrations.

3.5 Settled material

The isotope ratios of the material in the sediment traps were
used to investigate whether sinking of organic matter from
the upper layer to the deeper layer in the mesocosms was af-
fected by the different treatments. The average isotope ratios
of biomarker PLFA from the upper layer and the average iso-
tope ratio of unlabeled PLFA (day 0) were used in the isotope
mixing model to calculate the fraction in the traps derived
from the upper layer. The fraction represents the exchange
of material between upper and deeper layers. The fraction
increased in time and was 0.29±0.051 at day 4 and grad-
ually increased to 0.90±0.028 at day 16 for phytoplankton
(Fig. 7a). Exchange was slightly faster in the beginning for
bacterial PLFA than for phytoplankton PLFA. The fraction
for bacteria was already 0.43±0.12 at day 7, while it was
only 0.33±0.030 for phytoplankton. The exchange for bac-
teria gradually increased to 0.80±0.077 at day 19 (Fig. 7b).
Isotope mixing, which is an indication for sinking, was inde-
pendent of CO2 treatment.

4 Discussion

The combined use of stable isotopes and biomarkers provides
a powerful tool to elucidate and quantify carbon fluxes in nat-
ural plankton communities (Boschker and Middelburg, 2002;
Van Den Meersche et al., 2004; Pace et al., 2007). Here we
applied the combined technique to determine the uptake of
dissolved inorganic carbon by phytoplankton and subsequent
transfer within the plankton community under different CO2
levels. To our best knowledge, this is the first time that this
approach is used to directly examine the transfer from phyto-
plankton to bacteria under changing CO2 levels. The broad
range of measured parameters (Riebesell et al., 2008) pro-
vided the opportunity to adequately describe the community
response and to validate the use of PLFA as biomarkers. The
high reproducibility of data between the different mesocosms
resulted in robust outcomes of this experiment.

4.1 Phytoplankton and bacterial dynamics

The addition of inorganic nutrients initiated a phytoplankton
bloom. The collapse of the bloom coincided with phosphate
depletion at day 10 (Fig. 2a, h). The phytoplankton biomass
at the bloom peak based on PLFA was∼0.7 mg C L−1, which
corresponds to a moderate bloom. The peak in phytoplank-
ton biomass as observed with PLFA occurred earlier (day 9)
than the observed peak with chlorophyll-a (day 10) and POC
(day 11) (Fig. 3a). The disagreement between bloom dy-
namics revealed with chlorophyll-a and PLFA is most likely
due to function and structure of biomarkers and their turn-
over after cell death. PLFA are structural components of the
cell membrane that rapidly decay after cell death. Consis-
tent with pigment data (Riebesell et al., 2007; Schulz et al.,
2008), PLFA data revealed that the bloom was dominated by
prymnesiophytes (or coccolithophores) and diatoms (Fig. 2c,
d, e). The group-specific dynamics, however, were different
between pigment and PLFA analysis. In our study, no dif-
ference in diatom and coccolithophores succession was ob-
served with PLFA. However, Riebesell et al. (2007), showed
that diatoms peaked 1–2 days before coccolithophores, based
on pigment analyses. The difference in succession of di-
atoms and coccolithophores with HPLC can be explained by
earlier depletion of silicate (day 7) compared to phosphate
(day 10) (Fig. 2h) (Schulz et al., 2008). Phytoplankton cell
numbers for different groups were determined in this study
with flow cytometry, but showed much more variability in
time than PLFA and pigment analyses. POC reflects the
total organic carbon pool including extracellular polymeric
substances and phytoplankton detritus, which explains the
ongoing build-up after the bloom peak (Fig. 3a) (Engel et
al., 2002; Van den Meersche et al., 2004). Label incorpora-
tion into PLFA has proven to be a valuable tool to determine
group-specific growth rates (Dijkman et al., 2009). High net
growth rates were observed during the bloom with coccol-
ithophores growing significantly faster than green algae and
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Fig. 6. Model simulations of13C transfer from phytoplankton to heterotrophic bacteria for individual mesocosms. Phytoplankton1δ13C
data (dashed line) are used as forcing function for model prediction (solid line; Bacteria (Bac) model) of bacterial1δ13C data (open dots;
Bac measured). Dark and light grey areas give 95% limits on model uncertainty and in predicting new observations, respectively (see text).

diatoms (Fig. 4). Our findings agree with the results obtained
with the dilution method combined with pigment analysis
during PeECE III, where prymnesiophytes growth rates were
higher than diatom growth rates during the bloom (Suffrian
et al., 2008).

The collapse of the phytoplankton bloom did not result
in a noticeable increase in bacterial biomass and we did not
observe a distinct heterotrophic phase in the second part of
the experiment (Fig. 3). Bacterial dynamics correlated with
phytoplankton dynamics during the phytoplankton bloom,
with simultaneous higher concentrations of phytoplankton
and bacteria. Overall, bacterial biomass increased during
the experiment. In the PeECE III experiment, bacteria dy-
namics were also determined by microscopy (Allgaier et al.,

2008) and flow cytometry (FCM) (Paulino et al., 2008). Bac-
terial dynamics based on PLFA biomarkers revealed a dif-
ferent pattern compared to dynamics based on microscopy
and FCM. A striking difference between the different meth-
ods was between day 5 and 9. While microscopy and flow
cytometry showed a minimum in bacterial numbers during
the bloom build-up, PLFA showed a peak in bacterial abun-
dance (Fig. 3b). This discrepancy can be explained by un-
derestimation of bacterial number by FCM and microscopy
due to shading by phytoplankton and a large number of
phytoplankton-attached bacteria.
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Fig. 7. The fractions in the sediment traps derived from the upper
layer for (A) phytoplankton and(B) bacteria. Average and SD are
shown for the triplicate mesocosms.

4.2 Phytoplankton-bacteria coupling

Phytoplankton derived organic matter is an important food-
source for heterotrophic bacteria, resulting in a tight coupling
between phytoplankton and bacterial production and abun-
dance (Cole et al., 1988). Based on13C label dynamics,
we observed a transfer from freshly produced phytoplankton
material to heterotrophic bacteria. The label was detected in
bacteria 2–3 days after incorporation in phytoplankton. At
the end of the experiment 87% of bacterial carbon was de-
rived from newly produced phytoplankton material (Fig. 4,
Table 2). Overall the first part of the isotope curves mainly
reflect uptake and turn-over dynamics, whereas the latter
parts of the labelling experiment reflect food source clarifi-
cation (Fry, 2006). To quantify turn-over dynamics and food
source clarification in relation to CO2 levels we applied a
simple source-sink model as used in (Hamilton et al., 2004;
Carpenter et al., 2005; Van Oevelen et al., 2006). In this
model it is assumed that loss processes do not affect the iso-
tope ratio (Figs. 2f, 4d). This is correct only if losses (e.g.

bacterial respiration) operate on the bulk tissue. The sources
however enrich the isotopic composition of the bacteria with
the signature of the source compartment. We chose to assess
the interactions with this simple model, with a few parame-
ters, because it was possible to directly test the effect of CO2
on the parameters of the system. In the first 7 days the model
slightly overestimates the isotope ratio of bacteria (Fig. 6).
The explanation for this is thatfphyto is in fact not constant
in time; it will change in response to phytoplankton abun-
dance.

The parameters obtained with our model are consistent
with values described previously and obtained in other ways.
Bacterial turn-over rates based on phytoplankton production
ranged from 0.19 d−1 to 0.27 d−1 with an average of 0.21 d−1

in this study (Table 2). An average bacterial production of
20% of primary production was found in a literature sur-
vey by Cole et al. (1988). The fraction of bacterial biomass
derived from phytoplankton products ranged from 0.86 to
0.94 with an average of 0.91, meaning that 91% of carbon
in bacteria was coming from freshly produced phytoplank-
ton material. The model derived dependency factors (fphyto)
are slightly higher than those based on the ratio1δ13Cbac/
1δ13Cphyto (Table 2), because of a slight decrease in bacte-
rial isotope ratios at the end of the experiment. Dependency
factors smaller than 1 indicate that bacteria also used the un-
labeled algal carbon just fixed prior to incubation or used the
unlabeled, background DOC pool, or the presence of an in-
active bacteria population. Measurements of13C-DOC are
required to test for these possibilities.

Few studies have used tracer dynamics and combined
modelling to estimate carbon fluxes in natural plankton com-
munities, making comparison limited. A similar experiment
was conducted by Norman et al. (1995) who studied13C car-
bon transfer from phytoplankton to bacteria in an estuarine
mesocosm experiment. At the end of their incubations, iso-
tope ratios in bacteria were lower than those of POC, indicat-
ing that bacteria relied partly on not freshly produced mate-
rial. A similar estimation of fluxes has been reported by Ly-
che et al. (1996) who traced14C in different size fractions as
probes for primary and secondary production in a mesocosm
study with lake communities. Their values were slightly dif-
ferent from ours (Table 2), with bacteria assimilation rates
of 0.485 d−1 and a fraction of 0.704 derived from the phy-
toplankton. In contrast, Pace et al. (2007) observed almost
complete dependence of heterotrophic (gram-positive) bac-
teria on phytoplankton in a clear-water lake. In their study,
the whole lake was enriched with13C-DIC and traced into
phytoplankton and bacteria, derived from 13C incorporation
in PLFA biomarkers. Van Den Meersche et al. (2004) studied
phytoplankton-bacteria interactions in a tracer experiment
with estuarine water and also used PLFA biomarkers. They
found a 100% dependency of bacteria on freshly produced
phytoplankton material, revealed by similar isotope ratios in
bacteria and phytoplankton PLFA at the end of the experi-
ment.
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We found a delay of 2–3 days in carbon transfer from phy-
toplankton to bacteria in all mesocosms (Fig. 6). The time lag
is consistent with previous studies on phytoplankton-bacteria
coupling. Duarte et al. (2005) observed a time-lag of 0–4
days between phytoplankton production and bacterial pro-
duction in Southern Ocean plankton incubations. Ducklow
et al. (1999) also observed lag periods of several days in
bacterial response to phytoplankton bloom development in
Southern Ocean plankton incubations. Van Den Meersche
et al. (2004) observed a∼1 day delay in labelling of bacte-
ria compared to phytoplankton. Studies on biomass stand-
ing stocks of phytoplankton and bacteria during phytoplank-
ton spring blooms also revealed some uncoupling and de-
lay in response of bacteria to phytoplankton, varying from
several days to weeks (Kirchman et al., 1994; Lochte et al.,
1997), while a close coupling was observed by Lancelot and
Billen (1984). There are several possible explanations for
these “lags” or “uncoupling”. The most obvious explanation
is the presence of unlabeled DOM at the start of the experi-
ment, which is later replenished by labelled DOM. DOM re-
lease by phytoplankton can occur passively (leakage and vi-
ral lysis) or actively under nutrient starvation (Van Den Meer-
sche et al., 2004). Possibly, DOM release was low in the first
part of the experiment (before and during the bloom) because
it occurred mainly passively and the major DOM release took
place during the bloom collapse, although this was not re-
flected in standing-stock measurements of DOC (Schulz et
al., 2008). Other explanations that concern more the physio-
logical state of the bacteria have been summarized by Duck-
low et al. (1999). They suggested that most, if not all, marine
bacteria exist predominantly in a state of dormancy, under
severe carbon, phosphate, and/or energy starvation. Another
possibility is that the apparent lag phase reflects logistic (s-
shaped) growth curves. A third scenario concerns the hy-
pothetical existence of non-dividing subpopulations of cells
which are progressively overgrown by the growing popula-
tions. The high dependency of bacteria on phytoplankton
(Table 2) and the small increase in DOM standing stocks
(Schulz et al., 2008) during the experiment indicate a strong
coupling between phytoplankton and heterotrophic bacteria.
Probably there was strong grazing pressure on bacteria that
kept the bacterial standing stock low. Bacterivory was indeed
high during the experiment as determined by measuring up-
take of fluorescent labelled bacteria by protists (Tanaka and
Løvdal, unpublished data, 2005).

4.3 Sinking of fresh produced material

The establishment of the halocline separated the surface layer
and deep layer and the sediment traps were located in the
deep layer. Unfortunately, windy conditions caused mixing
of the water in the mesocosms and resuspension of already
settled material, especially on day 12 when a heavy storm
occurred (Schulz et al., 2008). These circumstances made it
difficult to use absolute numbers of phytoplankton and bac-

terial biomass in the sediment traps. Consequently we limit
our analysis to isotope ratios and to the first 12 days, which
can still give some insight in sinking of freshly produced ma-
terial. Mixing between the upper and deeper layer was not
so important, since at day 10 only about half of the mate-
rial in the sediment traps was derived from the upper layer
(Fig. 7). An interesting observation is that bacteria derived
material settled more rapidly than phytoplankton material.
Close relationships exist between bacteria and detritus. Bac-
teria rapidly colonize detritus and enhance further aggrega-
tion of detritus and subsequent sinking (e.g. Biddanda and
Pomeroy, 1988). Because of turnover of PLFA after phy-
toplankton death, the detritus will contain less phytoplank-
ton PLFA and there is thus a preferential sinking of bacteria
over phytoplankton (as determined with PLFA), which could
be another explanation for the low standing stock in bacte-
ria (Figs. 2f and 3b). Because POC consists both of living
biomass and detritus, the stable isotope ratio of POC would
be a better source for estimating organic matter dynamics.
During this study we did not measure13C content of POC,
so we could only use phytoplankton PLFA.

4.4 CO2 effects and implications for ocean acidification

In this study, we aimed to advance our understanding of the
effect of elevatedpCO2 levels on phytoplankton and bacte-
rial dynamics and on the interactions between them. Further-
more we aimed to gain insight on the effect of CO2 on sink-
ing of freshly produced material. Our results clearly show an
effect of CO2 on total and labelled standing stocks of bac-
teria and phytoplankton in the post-bloom phase, but not on
carbon transfer from DIC to phytoplankton and subsequently
bacteria. Unfortunately, during the post-bloom phase a heavy
storm mixed the mesocosms, making it difficult to quantify
settling processes. The phytoplankton bloom was indepen-
dent of CO2 concentrations in this study (Figs. 2 and 4).
These results agree with other results obtained in PeECE
III on phytoplankton bloom development. Phytoplankton
bloom development based on pigments (Riebesell et al.,
2007; Schulz et al., 2008), flow cytometry (Paulino et al.,
2008), and particulate organic carbon (Schulz et al., 2008)
was also found to be CO2 independent during the PeECE
III mesocosm experiment. Previous CO2 enrichment meso-
cosm studies also showed little effect on particulate organic
matter production, although the effect of CO2 is species de-
pendent. In PeECE I, some phytoplankton groups like coc-
colithophores were sensitive to changes in CO2, where other
groups like diatoms were not (Delille et al., 2005; Engel et
al., 2005).

Interestingly, we did observe CO2 related effects in the
post-bloom phase of the experiment. Green algae and di-
atoms seemed to benefit from increasedpCO2 as their
biomass was significantly higher under high CO2 levels in
the post-bloom phase (Fig. 2, Table 1). Current CO2 lev-
els are generally considered to be a non-limiting resource for
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diatoms and green algae, because they have efficient carbon
concentrating mechanisms (CCMs) (Giordano et al., 2005).
But the operation of these mechanisms requires energy, so
when energy becomes limited, higher CO2 concentrations
can be beneficial. In a recent study from Feng et al. (2009),
diatom abundance increased with increasingpCO2 in ship-
board community incubations. Moreover, Egge et al. (2009)
reported higher total community primary production rates in
the post-bloom phase of the PeECE III experiments in high
CO2 treatments (Fig. 1).

We found no indication of enhanced sinking of phyto-
plankton at increasing CO2 levels based on isotope ratios in
the sediment traps (Fig. 7). However, the results should be
interpreted with caution. Sinking of freshly produced mate-
rial would mainly occur during and after the bloom collapse
and we do not have reliable sediment trap data for that period
due to the storm event. An enhanced carbon consumption
was based on DIC budgets (Riebesell et al., 2007; Bellerby et
al., 2008), but was not reflected in standing stocks of biolog-
ical material. The concentrations of TEP (Egge et al., 2009),
POC and DOC were independent of CO2 (Fig. 1) (Schulz et
al., 2008). Riebesell et al. (2007) suggested that the discrep-
ancy may have been caused by an enhanced particle sinking.
Unfortunately, our sediment trap data could not be used to
confirm or falsify this hypothesis.

The development of bacterial biomass showed a similar re-
sponse to CO2 as phytoplankton, with a significantly higher
biomass at higher CO2 in the post-bloom phase compared
to presentpCO2 levels (Figs. 2f and 4d, Table 1). In the
post-bloom phase, our results concerning bacterial dynam-
ics differ from those of other bacteria results from PeECE
III studies. No differences in bacterial abundance under
the different CO2 levels were observed with flow cytome-
try and with microscopy (Allgaier et al., 2008; Paulino et
al., 2008). Previous studies have shown that the response
of heterotrophic bacteria to changing CO2 levels is linked
to phytoplankton rather than being a direct effect of pH or
CO2 (e.g. Grossart et al., 2006). The increased biomass at
higher pCO2 could be a direct result of increased phyto-
plankton biomass at higherpCO2 in the post-bloom phase.
We did not observe enhanced coupling between phytoplank-
ton and bacteria under higherpCO2 with the isotope transfer
model during the bloom (Fig. 6, Table 2). Due to label satu-
ration, the coupling could only be studied before and during
the bloom and not in the post-bloom phase. Phytoplankton
carbon exudation generally increases at the end of a phyto-
plankton bloom when nutrients become limited and a CO2
effect is thus more likely to occur in this phase (Van den
Meersche et al., 2004; Engel et al., 2004a). For future CO2
studies on phytoplankton-bacteria coupling, it can be helpful
to use nutrient-limited plankton incubations or to add carbon
tracer in the post-bloom phase.
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