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Abstract

To date no study exists that directly addresses changes in dynamics of heterotrophic bacteria in surface waters
in relation to partial pressure of CO2 (pCO2). Therefore, we studied the effect of changes in pCO2 on bacterial
abundance and activities by using mesocosms with different pCO2 levels (;190, ;370, and ;700 ppmV, repre-
senting past, present-day, and future atmospheric pCO2, respectively). Abundance of total bacteria did not differ
with increasing pCO2 throughout the whole study period, whereas bacterial protein production (BPP) was highest
at highest pCO2. This effect was even more pronounced for cell-specific production rates, especially those of attached
bacteria, which were up to 25 times higher than those of free bacteria. During the breakdown of the bloom, however,
the abundance of both free and attached bacteria was significantly increased with pCO2. Differences in bacterial
growth rate (m) were smaller than those of BPP, but both m and BPP of attached bacteria were elevated under high
pCO2. Averages of total protease as well as a- and b-glucosidase activities were highest at elevated pCO2 levels,
but a statistically significant dependence on pCO2 was only evident for protease activity. There is a measurable but
indirect effect of changes in pCO2 on bacterial activities that are mainly linked to phytoplankton and presumably
particle dynamics.

The world’s oceans are currently absorbing one third of
the anthropogenic carbon emissions each year and will pre-
sumably absorb even higher percentages in the near future.
According to the Intergovernmental Panel on Climate
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even drop by 0.7 units over the next two centuries, which
may have no analog over the past 300 million years. The
majority of CO2 absorbed by the ocean will initially be
stored in the upper 200 m, with the potential to influence
pelagic ecosystems in surface waters.

There are many recent studies on phytoplankton carbon
acquisition mechanisms that indicate large effects on phys-
iology and composition due to changes in aquatic pCO2 (e.g.,
Burkhardt et al. 2001; Tortell et al. 2002). A doubling in
present CO2 levels will result in a significant reduction of
biogenic calcification of Foraminifera and coccolithophores
(Bijma et al. 1999; Riebesell et al. 2000). Reduced calcifi-
cation by planktonic organisms and a suggested higher loss
of POC at high pCO2 (Engel et al. 2005) significantly lowers
the vertical transport of calcium carbonate (and hence al-
kalinity) to the deep sea and overall particle flux to deeper
waters (Armstrong et al. 2002; Klaas and Archer 2002). On
the other hand, differences in CO2 uptake rates seem to in-
fluence the production of extracellular organic matter (e.g.,
an increase in concentration of transparent exopolymer par-
ticles [TEP] with increasing pCO2 (Engel 2002; Engel et al.
2004). Several studies indicate that TEP are major compo-
nents of marine aggregates and that they are enriched in
carbon relative to nitrogen or phosphorus (Engel and Passow
2001; Mari et al. 2001). Thus, the C : N : P ratio of sinking
particles in the ocean may also be sensitive to changes in
surface water CO2 concentration. These changes in quantity
and quality of dissolved and particulate organic matter may
substantially impact activities of free and particle-associated
bacteria.

In terrestrial ecosystems such as soil and peat bog sys-
tems, increasing levels in pCO2 often lead to increased bac-
terial numbers and activities that can be either linked to in-
creasing photosynthetic exudation (Zak et al. 2000) or to
changes in peroxidase activities. Although heterotrophic bac-
teria play a major role in organic matter cycling in marine
pelagic ecosystems (e.g., Cole et al. 1988; Azam 1998), there
are only speculations on the effect of increased oceanic pCO2

on dynamics of heterotrophic bacteria. Until now, only one
study has shown a direct effect of decreased seawater pH
from CO2 dissolution on bacterial production in the deep sea
(Coffin et al. 2004). An increase in bacterial production was
observed at all temperatures at a slightly elevated pH if cells
were repressurized. In another study (Rochelle-Newall et al.
2004), abundances of total bacteria and concentrations of
chromophoric dissolved organic matter (CDOM) in meso-
cosms were independent of pCO2. To reliably predict bac-
terioplankton dynamics in the presence of increased oceanic
pCO2, there is a great need for repeated studies under con-
trolled environmental conditions. Therefore, we have used
mesocosms with CO2 concentrations adjusted to glacial (190
ppmV), present (370 ppmV), and future (700 ppmV) pCO2

levels (Houghton et al. 2001). By using a nutrient ratio with
elevated levels of silicate, we intended to initiate the devel-
opment of a diatom bloom and to monitor the temporal
course of several ecosystem parameters, in particular bac-
terial abundance, production, and hydrolytic ectoenzyme ac-
tivities. Our study shows that changes in pCO2 levels lead
to significant differences in bacterial activities, especially of
attached bacteria.

Materials and methods

Experimental set up—This study was part of the outdoor
mesocosm project Pelagic Ecosystem CO2 Enrichment Study
(PeECE) conducted in the Raunefjorden (60.38N, 5.28E) at
the Large Scale Facility in Bergen, Norway, in May 2003.
To simulate a large CO2 gradient, we installed nine partly
submerged mesocosms (ca. 20 m3, 9.5 m water depth) with
three different CO2 levels and three replicates each. Due to
limitations in time and resources, only one mesocosm of
each treatment was sampled for analyses of dissolved amino
acids and bacterial parameters. All other mesocosms served
as indirect controls to compare phytoplankton bloom devel-
opment and dynamics of organic matter among the different
pCO2 treatments.

The setup of the experimental system was designed by the
Institute for Environmental Process Engineering (IUV, Bre-
men). In brief, rotary vane compressors (Becker, DT-4.8)
were used to aerate the water and fumigate the gas-tight tents
(95% light transmission) with air either enriched with pure
CO2 (pureness 2.7), natural air, or air depleted in CO2. The
achieved pCO2 levels in the three treatments corresponded
to 190 ppmV (past mesocosm), 370 ppmV (present meso-
cosm), and 700 ppmV (future mesocosm) atmospheric pCO2

levels. In each mesocosm, seawater pCO2 was monitored on-
line, whereas pH was monitored on-line in only one of the
mesocosms and less frequently in the others. The pH was
maintained by running natural air through a CO2 absorber
(Na2CO3 platelets with a pH indicator). After 3–4 d of CO2

adjustment, the desired pCO2 levels in water were reached
(day 0) and the CO2 aeration of the water column was
stopped. Throughout the study, the whole water column was
gently mixed with an airlift using the same air as for gassing
the tents. The gassing of the tents was continued to keep the
pCO2 of the overlying atmosphere at a constant level. For
further details see Engel et al. (2005).

To initiate the development of a diatom bloom, 9 mmol
L21 NO3, 0.5 mmol L21 PO4, and 12 mmol L21 Si(OH)4 were
added to unfiltered, nutrient-poor, post–spring bloom sea-
water from the fjord on days 0 and 7 of the experiment. The
upper 4 m of water column were separated from the lower
part (.5 m) of the mesocosm by an artificially induced sa-
linity gradient. In all tanks the salinity of the upper 4 m was
ca. 30 and reached up to 34.2 below 5 m depth. Integrated
water samples of the upper 4 m of the water column were
taken by using 4 m long polyethylene tubes (10 cm in di-
ameter), which were sealed with rubber stoppers. The sam-
ples were then transferred into 20-L carboys and immedi-
ately brought to the laboratory.

Chlorophyll a—For chlorophyll analysis, 100 mL of sea-
water was filtered on 0.45 cellulose nitrate filters in duplicate
and immediately extracted in 90% acetone at 48C overnight.
Chlorophyll a (Chl a) concentration was measured by using
a Turner Design Fluorometer (model 10-AU) and a standard
solution of pure Chl a for calibration. Standard deviation of
the duplicate measurements were usually ,10%.

Amino acids—Ten-milliliter subsamples were filtered
through 0.22 mm low protein binding syringe acrodisc filters
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(Pall Corporation) and stored frozen at 2208C until further
analysis of amino acids by high-performance liquid chro-
matography (HPLC). Concentrations of dissolved free amino
acids (DFAA) were analyzed by HPLC after ortho-phthal-
dialdehyde derivatization. Dissolved combined amino acids
(DCAA) were hydrolyzed with 6 mol L21 HCl at 1558C for
1 h and analyzed as DFAA.

Bacterial numbers and cell size—For enumeration of free
and particle-associated bacteria, 1 or 5 mL of seawater were
filtered onto black 0.2 and 5.0 mm pore size Nuclepore mem-
branes, respectively. The filters were stained with DAPI
(4969diamidino-2-phenolindole) and stored frozen at 2208C
until counting. Filters were counter-stained with 0.1% acri-
dine orange to reduce the background fluorescence of inor-
ganic matter. Bacteria were counted by epifluorescence mi-
croscopy (Axioplan, Zeiss, Germany) at 31,000
magnification. The number of free bacteria was calculated
by subtracting the number of particle-associated bacteria (5.0
mm filters) from that of total bacteria (0.2 mm filters). Cell
sizes of free and attached bacteria were microscopically de-
termined by using a calibrated imaging analysis system with
an automated sizing function (analySIS, Germany). Bacterial
cell volume was calculated from the cell’s area assuming
either a coccoid or rod shape.

Bacterial production and growth—Rates of bacterial pro-
tein production (BPP) were determined by incorporation of
14[C]-leucine (14C-Leu; Simon and Azam 1989) and bacterial
cell multiplication (BCM) by incorporation of 3[H]-thymi-
dine (3H-TdR; Fuhrman and Azam 1982). Both parameters
were simultaneously measured in a dual label approach.
Triplicates and a formalin-killed control were incubated with
14C-Leu (1.15 3 1010 Bq mmol21; Amersham) and 3H-TdR
(277.5 3 1010 Bq mmol21; Amersham) at a final concentra-
tion of 50 nmol L21, which ensured saturation of uptake
systems of both free and particle-associated bacteria. Incu-
bation was performed in the dark at in situ temperature for
1 h. After fixation with 2% formalin, samples were filtered
onto 5.0 mm (attached) and 0.2 mm (total isotope incorpo-
ration) nitrocellulose filters (Sartorius) and extracted with
ice-cold 5% trichloroacetic acid (TCA) for 5 min. Thereafter,
filters were rinsed twice with ice-cold 5% TCA, dissolved
with ethyl acetate, and radio-assayed by liquid scintillation
counting. Standard deviation of triplicate measurements was
usually ,15%. BPP of free bacteria was calculated by sub-
traction of attached BPP from total BPP. The amount of in-
corporated 14C-Leu was converted in BPP by using an intra-
cellular isotope dilution factor of 2. A conversion factor of
0.86 was used to convert the protein produced into carbon
(Simon and Azam 1989). BCM and growth rates (m) were
calculated from 3H-TdR incubations, assuming an isotope
dilution factor of four and a conversion factor of 2 3 1018

cells mol21 3H-TdR (Simon 1990). Whereas the BCM is a
direct measurement of the cell proliferation, m can be either
calculated from BPP or BCM assuming exponential bacterial
growth. Net growth rates (mn) were calculated from changes
in total bacterial numbers during initial bacterial increase
(days 0–8), decline (days 8–12), and late growth (days 12–
20). The specific mortality (or loss) rate was calculated from

the difference between average m and mn for each growth
phase.

Hydrolytic ectoenzyme activities—Aminopeptidase, a-
and b-glucosidase activities were measured using L-leucine-
methyl coumarinyl amide (Leu-MCA) and methyl-umbelli-
feryl-a- and b-D-glucoside (a-, b-D-Gluc-MUF) as
substrate analogues. For each substrate, three samples and a
formalin-killed control were incubated at in situ temperature
in the dark for ca. 1 h. Final concentrations of substrate
analogues were 100 mmol L21, which ensured maximum hy-
drolysis as determined by saturation kinetics. Fluorescence
of both fluorochromes was measured in a TD 700 fluorom-
eter (Turner Design) using filters ranging from 300 to 400
nm (excitation) and 410 to 610 nm (emission).

Statistical analyses—Statistical analyses were done by
post hoc standard least square contrast analyses after analysis
of covariance (ANCOVA) with time as the covariate and
pCO2 as the nominal predictor. Tanks 1, 4, and 7 were equiv-
alent to future, present, and past pCO2, respectively. Signif-
icance was given at values ,0.05. We have also separately
performed the same statistical analyses for the exponential
phase (days 0–12) and the decline (days 14–20) of the algal
bloom. Since we only had four time points for the postbloom
but seven for the exponential phase of the bloom, the re-
sulting significance levels for all measurements in the post-
bloom are rather uncertain. However, levels of significance
only increased for numbers of free and attached bacteria in
the postbloom and, hence, are given separately.

Using linear regression analysis, mn was calculated from
changes in total bacterial numbers. Differences in regression
lines of the treatments in each phase were tested for signif-
icance using comparison of slopes (interaction terms of AN-
COVA). All statistical analyses were performed with the
software JMP 4.02 (SAS Institute Inc.).

Results

Bloom development—The addition of inorganic nutrients
to natural fjord water on day 0 led to the development of a
pronounced algal bloom, which reached its maximum be-
tween days 12 and 13 of the experiment (Fig. 1a–c). Peak
concentrations of Chl a reached 3.3 mg Chl a L21 in the
future, 4.2 mg Chl a L21in the present, and 3.6 mg Chl a L21

in the past mesocosm. In addition to Chl a, substantial dif-
ferences in algal species composition were observed within
different CO2 treatments (Martin-Jézéquel et al. pers.
comm.). Coccolithophorids (mainly Emiliania huxleyi) de-
veloped first in the future mesocosm, followed by diatoms,
which reached almost equal numbers from day 15 on. In
contrast, the present mesocosm was almost exclusively dom-
inated by coccolithophorids. In the past mesocosm, coccol-
ithophorids and diatoms contributed to equal proportions un-
til day 15, but thereafter coccolithophorids became
increasingly dominant. Phytoplankton bloom development
led to a constant decrease of nitrate and phosphate, which
reached their detection limit in all mesocosms at maximum
Chl a values on days 12 and 13 (U. Riebesell unpubl. data).
Whereas concentrations of particulate organic carbon (POC)
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Fig. 1. Concentration of Chl a and BPP : BCM ratio of total as
well as attached bacteria in (a) future, (b) present, and (c) past
mesocosms. For further explanation see text.

Fig. 2. Concentrations of (a) dissolved free (DFAA) and (b)
dissolved combined amino acids (DCAA) in mesocosms with fu-
ture, present, and past CO2 concentrations. Standard deviations of
triple measurements were ,10%.

and algal numbers were significantly correlated throughout
the whole experiment, those of POC and Chl a were only
correlated until day 12. The better correlation between POC
and algal number during the declining phase of the bloom
indicates changes in algal physiology and formation of de-
trital matter. Concentrations of DOC remained almost con-
stant at about 100 mmol L21 in all mesocosms throughout
the experiment and reflected neither phytoplankton nor POC
development. The comparison between replicate mesocosms
revealed that chemical and biological parameters of our se-
lected mesocosms (mesocosms 1, 4, and 7) were in line with
the replicates of each CO2 treatment and did not include
outliers (U. Riebesell unpubl. data). Hence we are confident
that our results obtained from only one mesocosm of each
treatment are representative for the respective pCO2 level.

Amino acids—Concentrations of DFAA and DCAA
ranged between 0.4 and 1.6 mmol L21 and 2 and 17 mmol
L21, respectively (Fig. 2a,b). The first peak in DFAA con-
centrations occurred between days 6 and 8 and reached sim-
ilar concentrations in all three mesocosms. The second, less
pronounced peak on days 16–18 was highest in the past and

lowest in the future mesocosm (Fig. 2a). Concentrations of
DCAA were more variable between the mesocosms and with
time than those of DFAA. Maxima of DCAA occurred in
the future mesocosm on day 4 (8.5 mmol L21), in the present
mesocosm on day 8 (10 mmol L21), and in the past meso-
cosm on day 6 (17 mmol L21; Fig. 2b). Differences in DFAA
or DCAA concentrations between treatments were not sta-
tistically significant, except that DCAA concentration in the
future mesocosm was significantly lower than that in the past
mesocosm (Table 1). This statistical difference was, how-
ever, mainly the result of one data point; the peak concen-
tration of DCAA during the first maxima was very high in
the past mesocosm (Fig. 2b).

Bacterial numbers—Numbers of total and free bacteria
were similar in all mesocosms during the whole study pe-
riod, whereas numbers of attached bacteria were significantly
higher in the future mesocosm (Fig. 3; Table 1). However,
both concentrations of free (p , 0.0001, n 5 4) and attached
bacteria (p 5 0.0001, n 5 4) were significantly dependent
on pCO2 during the decline of the algal bloom (days 14–
20).

Highest numbers of total as well as free bacteria were
recorded between days 6 and 8. The peaks in numbers of
total and free bacteria on days 6 and 8 were paralleled by
those of DFAA and DCAA. Abundance of total and free
bacteria dramatically decreased when Chl a strongly in-
creased between days 8 and 12. Thereafter, numbers of total
and free bacteria slowly increased during the breakdown of
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Table 1. Statistical analyses using post hoc analyses after ANCOVA with time as the covariate and pCO2 as the nominal predictor. All
statistical analyses were performed with the software JMP 4.02. Mesocosms 1, 4, and 7 are equivalent to future, present, and past pCO2,
respectively.

Mesocosms DFAA DCAA
Free

bacteria
Attached
bacteria BPPtot BPPatt

cs
BPPtot

cs
BPPatt BCMtot BCMatt mtot

Variables
1 vs. 4
4 vs. 7
1 vs. 7

NS
NS
NS

NS
NS
0.0483

NS
NS
NS

0.0034
NS
0.0004

0.0077
NS
0.0281

0.0021
NS
0.0039

0.0436
NS
0.0770

0.0012
NS
0.0026

0.0327
0.0248
NS

0.009
NS
0.03

0.0265
0.0257
NS

Whole model
of variance

NS NS ,0.001 ,0.001 0.0005 0.0019 0.0009 0.0046 0.0499 0.0327 NS

pCO2 (nominal
predictor)

NS NS NS NS 0.0181 0.0036 NS 0.0017 0.0417 0.0307 0.03

NS, not significant; cs, cell-specific; tot, total; att, attached.

Fig. 3. Abundances of (a) total, (b) free, and (c) particle-asso-
ciated bacteria in mesocosms with future, present, and past CO2

concentrations. Standard deviations are given for 10 counting fields.

the algal bloom (Fig. 3a,b) when DFAA concentrations were
slightly enhanced. In contrast, concentrations of attached
bacteria increased rapidly until day 8 and further increased
at a slower rate during the peak and breakdown of the algal
bloom. Numbers of attached bacteria were appreciably high-
er in the future mesocosm compared with the other meso-
cosms after day 8 (Fig. 3c; Table 1). Lowest numbers of
total and free bacteria occurred on day 12 in all mesocosms,
when Chl a concentration was highest and that of DFAA
and DCAA relatively low. At this time the fraction of at-
tached bacteria was highest, reaching ca. 40% in the past
and present mesocosms and ca. 50% in the future mesocosm.
Thereafter, the abundance of attached bacteria increased
slower than that of free bacteria, resulting in decreasing per-
centages of attached bacteria during the decline of the algal
bloom. In general, bacterial numbers remained relatively low
during the algal bloom and its decline.

Bacterial sizes—Sizes of free bacteria ranged between
0.04 and 0.2 mm3, with larger bacteria common during the
peak and decline of the algal bloom (days 12–18). Attached
bacteria were significantly bigger and increased from 0.6 to
1.5 mm3 at the end of the experiment. Attached bacteria con-
tributed to 40%–80% of the total bacterial volume.

Total and cell-specific bacterial protein production—BPP
of free living bacteria was similar in all mesocosms and
showed little temporal variability, with only a slight increase
during the declining phase of the bloom. Total BPP as well
as BPP of attached bacteria showed a pronounced temporal
pattern with lowest values during the height of the algal
bloom. Both were significantly higher in the future meso-
cosm (Table 1). Total BPP ranged between 0.8 and 11.8 mg
C L21 h21, with a small BPP peak in the future mesocosm
coinciding with elevated bacterial numbers and amino acids
on days 4–8 (Fig. 4a). Total BPP was much higher during
the decline of the algal bloom between days 14 and 18 (Fig.
4a) when POC (data not shown) was highest. During this
time bacterial numbers increased only a little and concentra-
tions of DFAA were slightly elevated. BPP of attached bac-
teria often surpassed that of free bacteria and comprised
most of the total BPP. BPP of attached bacteria was highest
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Fig. 4. Carbon production (BPP) of (a) total, (b) free, and (c)
particle-associated bacteria in mesocosms with future, present, and
past CO2 concentrations. Standard deviations of triple measurements
were ,15%.

Fig. 5. Cell-specific BPP of (a) total, (b) free, and (c) particle-
associated bacteria in mesocosms with future, present, and past CO2

concentrations.

between days 14 and 16 after the peak in Chl a, especially
in the future mesocosm (Fig. 4b,c; Table 1).

Differences in BPP between free and attached bacteria as
well as between CO2 treatments became more obvious when
calculating cell-specific rates (Fig. 5; Table 1). Cell-specific
BPP of all bacterial fractions was lowest during the height
of the bloom. However, cell-specific BPP of total and free
bacteria slightly increased during the decline of the algal
bloom (Fig. 5a,b). Cell-specific BPP of attached bacteria dif-
fered between mesocosms, with highest rates (up to 25.5 fg
cell21 h21) in the future mesocosm already on the second
day of the experiment. In the same mesocosm, cell-specific
BPP of attached bacteria was also high during the decline
of the algal bloom (up to 21.6 fg cell21 h21; Fig. 5c; Table
1).

Bacterial cell multiplication and growth rate—In general,
total BCM and m were similar to total BPP with two max-

ima, one on days 2–6 and the second during the declining
phase of the algal bloom (Figs. 6a and 7a). Both total BCM
and total m depended slightly but significantly on the pCO2

treatment, with lower values in the present mesocosm (Table
1). BCM and m of free bacteria were lowest on days 10 and
12 at the bloom peak (Figs. 6b and 7b). Thereafter, both
parameters were different for each treatment and did not
show any uniform temporal trend. BCM and m of attached
bacteria were higher in the future mesocosms, especially
during the first 10 d of the experiment (Figs. 6b and 7b).
Minimum values were observed in all mesocosms during the
bloom peak, just as for free bacteria. Differences in BCM
and m between attached and free bacteria were less pro-
nounced than in BPP.

BPP : BCM ratio—The BPP : BCM ratio is a good indi-
cation for bacterial growth characteristics (i.e., the amount
of protein produced per new cell; Simon 1990). Ratios were
high for total and attached bacteria at the peak of the algal
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Fig. 6. Bacterial cell multiplication rate (BCM) of (a) total, (b)
free, and (c) particle-associated bacteria in mesocosms with future,
present, and past CO2 concentrations. Standard deviations of triple
measurements were ,15%.

Fig. 7. Bacterial growth rate (m) of (a) total, (b) free, and (c)
particle-associated bacteria in mesocosms with future, present, and
past CO2 concentrations.

bloom (future mesocosm) and during the breakdown of the
bloom (Fig. 1a–c). Highest values of 52 fg protein new cell21

were measured on day 16 for attached bacteria in the future
mesocosm. They were also high on day 14 in the present
(31 fg protein new cell21), but much lower in the past me-
socosm (19 fg protein new cell21).

Hydrolytic ectoenzyme activities—Protease activity was
significantly higher in the future mesocosm compared with
protease activity in the present and past mesocosms (Fig. 8a;
Table 2). Peaks in protease activity, especially in the future
mesocosm, paralleled that of DFAA on day 6 and that of the
algal bloom (Chl a) on day 12 (Fig. 8a). Cell-specific pro-
tease activity was also significantly higher in the future me-
socosm compared with the present and past mesocosms (Ta-
ble 2).

The activity of a-glucosidase in the future mesocosm was
significantly higher than in the past mesocosm but did not
differ statistically from that in the present mesocosm (Table

2). Peaks in a-glucosidase activity, especially in the future
mesocosm, paralleled that of DFAA on day 6 and that of the
algal bloom (Chl a) on day 12 (Fig. 8b). Cell-specific a-
glucosidase activity showed only one peak in parallel to Chl
a and was highest in the future mesocosm. Differences be-
tween mesocosms were not statistically significant (Table 2).

Similar to a-glucosidase, total and cell-specific activities
of b-glucosidase were highest during the peak of the algal
bloom (Fig. 8c) and in the future mesocosm, but neither total
nor cell-specific b-glucosidase activities differed significant-
ly with pCO2 (Table 2).

Discussion

The recent and projected increase in oceanic pCO2 may
have profound consequences for oceanic phytoplankton
communities and particle dynamics (Tortell et al. 2002; Zon-
dervan et al. 2002; Engel et al. 2005). Since marine hetero-
trophic bacteria play a major role in nutrient and organic
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Fig. 8. Hydrolytic activities of (a) protease, (b) a-glucosidase,
and (c) b-glucosidase in mesocosms with future, present, and past
CO2 concentrations. Standard deviations of triple measurements
were ,10%.

Table 2. Statistical analyses using post hoc analyses after ANCOVA with time as the covariate and pCO2 as the nominal predictor. All
statistical analyses were performed with the software JMP 4.02. Mesocosms 1, 4, and 7 are equivalent to future, present, and past pCO2,
respectively.

Mesocosms Protease activity
cs

protease activity a-glucosidase
cs

a-glucosidase b-glucosidase
cs

b-glucosidase

Variables
1 vs. 4
4 vs. 7
1 vs. 7

0.0174
NS
0.0174

0.0084
NS
0.0318

NS
NS
0.0468

NS
NS
NS

NS
NS
NS

NS
NS
NS

Whole model of
variance

,0.0019 0.033 NS NS NS NS

pCO2 (nominal
predictor)

0.0211 0.0188 NS NS NS NS

cs, cell-specific; NS, not significant.

matter cycling (Azam 1998), it is important to know whether
changes in oceanic pCO2 will also affect the dynamics of
the bacterioplankton in the sea. We used an experimental
setup that allowed us to establish and maintain different at-
mospheric pCO2 levels in large outdoor mesocosms contain-
ing a natural plankton assemblage in order to investigate the
impact of pCO2 on bacterioplankton dynamics during the
development and decline of phytoplankton blooms.

Temporal dynamics—Concentrations of DOC did not
change over time, whereas both DFAA and DCAA showed
a pronounced temporal pattern, which was similar for all
treatments. This suggests that the composition of dissolved
organic matter (DOM) may have substantially changed over
time. Although algal concentrations were still low, the high-
est peaks in DCAA occurred between days 4 and 8 and were
accompanied or followed by those in DFAA. The coinciding
peak in protease activity may indicate that DFAA were hy-
drolysis products of DCAA degradation (Grossart and Simon
1998). At the same time, numbers of free bacteria, BCM,
and m increased as well. It is possible that elevated concen-
trations of DFAA and DCAA were the result of protein re-
lease by phytoplankton due to lysis or grazing.

The abundance of bacteria was relatively low both at the
peak of the algal bloom and during its breakdown. Low
numbers of bacteria and low bacterial activities at the height
of the algal bloom may also be induced by antibacterial ac-
tivities of the algae. Many algae species, including E. hux-
leyi, are known to produce antimicrobial substances (Wolfe
et al. 1997), which effectively suppress bacterial growth.
However, as E. huxleyi was more important in the present
tank rather than the future mesocosm, and as the bacterial
numbers exhibited a steep decline, this mechanism cannot
easily account for the observed differences.

A comparison between m, calculated from BCM (gross
growth rate) and mn, estimated from changes in cell concen-
tration, indicates times during which loss processes were
high. Whereas m was relatively constant during the whole
experiment with an average value of 0.18 d21, estimated mn

is best divided into three phases: (1) the initial rapid growth
up to day 8, (2) the rapid decline between days 8 and 12,
and (3) the final growth period after day 12. In the future
mesocosm, mn was 0.36, 20.86 (net loss), and 0.14 d21 dur-
ing all three phases, respectively (Table 3). For each growth
phase, mn of total bacteria between the different mesocosms
were statistically tested and showed significant differences
in phase 1 (future vs. past mesocosm, p 5 0.0017) and in
phase 2 (future vs. past, p ,0.0001, and present vs. past, p
5 0.0012). All other tests were not significant.

During the initial growth phase, the difference between m
and mn was rather small and may easily be explained by
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Table 3. Net growth rates (mn) calculated from the change in
total bacterial numbers during initial bacterial increase (days 0–8),
decline (days 8–12), and late growth (days 12–20). R2 values are
given for linear regression analysis.

Days

Future

mn

(d21) R2

Present

mn

(d21) R2

Past

mn

(d21) R2

0–8
8–12
12–20

0.36
20.86

0.14

0.91
0.94
0.88

0.33
20.79

0.09

0.90
0.94
0.82

0.26
20.61

0.10

0.74
0.97
0.81

grazing of nanoflagellates and protozooplankton, which in
turn were presumably controlled by their predators. The sud-
den steep decrease in mn at a time when m decreased much
less suggests a sudden destructive event such as a viral in-
fection. Viral numbers strongly increased and reached their
maximum shortly after the first peak in bacterial numbers on
day 11 (Mühling et al. unpubl. data). Thereafter, viral num-
bers remained high when bacterial numbers were extremely
low at the peak of the algal bloom. In addition, high aggre-
gation and presumably increased sedimentation rates in the
future mesocosm (U. Riebesell unpubl. data) may have also
contributed to higher loss rates in this tank, resulting in sim-
ilar bacterial numbers in all tanks during the development
and decline of the phytoplankton bloom, although bacterial
activity in the future mesocosm was higher.

During the final phase of the experiment, bacterial num-
bers only very slowly increased, although the gross growth
rate m was slightly higher than it was initially and organic
matter concentrations were high. During this period the
BPP : BCM ratio was relatively high in all mesocosms (Fig.
1a–c), indicating a changed physiology and biomass of the
newly formed cells relative to earlier. It is possible that virus
infections were still reducing bacterial concentrations and
grazing pressure on the larger cells may have been heavier
at this time. Increased cell sizes of bacteria as well as ag-
gregated and/or attached bacteria provide food for additional
predators (Kiørboe et al. 2004), which require larger food
particles.

pCO2 related effects on bacterial dynamics—During this
study we measured bacterial abundance, production, growth
rate, and hydrolytic ectoenzyme activities of both free and
particle-associated bacteria to better resolve effects of dif-
ferent pCO2 on bacterioplankton dynamics. Significantly
higher values as a function of pCO2 were observed for total
BPP, protease activity, and cell-specific protease activity as
well as for BPP, cell-specific BPP, BCM, and m of attached
bacteria (Tables 1 and 2). Although statistically not signifi-
cant, appreciably higher average rates in the future meso-
cosm were also observed for a- and b-glucosidase activity
as well as for the respective cell-specific activities. It may
be concluded that during our experiment concentrations and
activities of attached bacteria as well as all determined hy-
drolytic ectoenzyme activities were appreciably higher in the
mesocosm, thus mimicking future pCO2 conditions com-
pared with the other mesocosms.

Total bacterial concentrations were dominated by free bac-

teria, whereas total BPP was dominated by attached bacteria.
Although numbers of attached bacteria were also signifi-
cantly higher in the future mesocosm relative to the present
and past mesocosms, statistical analysis indicated that time,
rather than pCO2, was responsible for that pattern (Table 1).
Significant differences in the concentration of both free and
attached bacteria between mesocosms occurred in the second
half of the study during the decline of the bloom. This in-
dicates that differences in pCO2 may have an increased effect
on abundances of free and attached bacteria when the release
of algal-derived organic matter is high during the decay of
the algal bloom (Smith et al. 1995). A similar study in which
smaller mesocosms have been used did not find any pCO2-
dependent differences in total bacterial numbers (Rochelle-
Newall et al. 2004). These authors did not distinguish be-
tween free and attached bacteria or between different growth
phases of the algae, which may account for the observed
differences.

Studies on pCO2-related effects on bacterial activities are
scarce and also do not distinguish between activities of free
and attached bacteria. Results of the only other available
study, which investigated the impact of changes in pCO2

onto bacterial production, were ambiguous, with changes in
ambient pressure and temperature having a larger effect than
those of pH (Coffin et al. 2004). If the bacterial assemblage,
coming from a depth of 600 m, was repressurized, mild acid-
ification (pH 6.95) induced by CO2 injection appeared to
enhance bacterial production, whereas bacterial production
appeared to be suppressed at pH 5.6. All of these experi-
ments were performed in darkness and do not account for
changes in photosynthetic activity and, hence, availability
and quality of bacterial substrates. The pH of the future me-
socosm of our experiment increased from 7.8 to 8.1 due to
photosynthetic activity during the bloom. The minimum pH
in our experiment (7.8, 8.1, and 8.3 for future, present, and
past mesocosms, respectively) was appreciably higher (less
acidic) compared with that in the experiments by Coffin et
al. (2004). Moreover, experiments by Coffin et al. (2004)
were performed with bacterial communities from the deep
ocean, which are distinctly different from those at the surface
(Giovannoni et al. 1996). Possibly, large shifts in pH affect
the integrity of bacterial cells and reduce their metabolic
rates. Changes observed during the mesocosm study pre-
sented here were observed on the timescale of days to
weeks, rather than hours to days. In our experiments, a con-
tinuous supply of labile bacterial substrates, such as proteins
and carbohydrates, may have prolonged the effect of rising
CO2 concentrations due to increased photosynthetic release.
Bacteria in the experiment of Coffin et al. (2004) were pre-
sumably limited in labile bacterial substrates after 70 h of
incubation. This suggests that a continuous supply of labile
organic matter is necessary to sustain the positive effect of
high pCO2 on bacterial activities. For example, the amount
and quality of phytoplankton-derived organic matter signif-
icantly differ with pCO2 (Engel et al. 2004, 2005).

In laboratory experiments with natural phytoplankton, the
formation of TEP, which form from phytoplankton exudates,
was increased at elevated pCO2 concentrations (Engel 2002),
but maximal TEP concentrations were observed at pCO2

concentrations not much higher than ambient. Possibly, a
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lack of adaptation of the algal cells to higher pCO2 concen-
trations resulted in the lack of a further increase in the TEP
production at higher than ambient pCO2 concentrations dur-
ing that investigation. During a mesocosm study similar to
the one we describe here, the production of TEP normalized
to cell abundance of the dominating autotroph and E. huxleyi
was highest in the future treatment (Engel et al. 2004). An
increased production of TEP, which would provide surfaces
for bacteria (Passow and Alldredge 1994) and promote ag-
gregation (Passow et al. 1994), would favor attached bac-
teria. It has long been known that fresh phytoplankton ex-
udates and the formation of particles from fresh exudates
stimulates activities and growth of attached bacteria (e.g.,
Johnson and Cooke, 1980). Bacteria associated with aggre-
gates also exhibit higher activity levels and ectoenzyme pro-
duction compared with free bacteria (Smith et al. 1995;
Grossart and Ploug 2001). In our study, the positive rela-
tionship between enzyme activity and pCO2 was especially
strong for protease activity, which is mainly generated by
particle-bound bacteria (Simon et al. 2002, and references
therein).

The development of the phytoplankton community com-
position was different in the different pCO2 treatments (Mar-
tin-Jézéquel et al. pers. comm.). For example, the future me-
socosm was initially dominated by the coccolithophorids,
whereas the proportion of diatoms strongly increased in the
later stage of the bloom. Changes in phytoplankton com-
position also led to changes in bacterial community structure
(Pinhassi et al. 2004; Grossart et al. 2005) and subsequently
in bacterial activities (Riemann et al. 2000). Comparison of
the bacterial community in our mesocosms using denaturing
gradient gel electrophoresis (DGGE) of PCR-amplified 16S
rRNA gene segments, however, revealed only minor differ-
ences in bacterial community structure with pCO2 and over
time (Mühling et al. unpubl. data). The observed minor dif-
ferences may be partly due to the fact that Mühling et al.
did not distinguish between free and attached bacteria and
that they have solely used eubacterial PCR primers, which
may limit the resolution of specific bacteria. To our knowl-
edge there is no study that has yet addressed the bacterial
community attached to E. huxleyi. However, from our studies
on bacteria attached to diatoms, we know that the bacterial
community structure dramatically changes with the physio-
logical status of the alga (Grossart et al. 2005). For the di-
atom Thalassiosira rotula, we also found significant changes
in the role of bacteria for organic matter utilization and ag-
gregation processes (H.-P. Grossart unpubl. data). Further-
more, quantity and quality of phytoplankton-derived dis-
solved and particulate matter greatly differs among
coccolithophorids (E. huxleyi) and diatoms (Skeletonema
costatum; Biersmith and Benner 1998). In addition to the
alga’s physiology, changes in phytoplankton community
structure in the different pCO2 treatments differed over time
and, hence, quantity and quality of phytoplankton-derived
organic matter may have been highly variable over time. A
recent study (Engel et al. 2004) shows that aggregation of
dissolved polysaccharides derived from E. huxleyi can act as
a potential sink of DOC. Similar changes in particle dynam-
ics may have occurred in our study and suggest an impact
predominately on concentrations and activities of attached

bacteria (see above). Phytoplankton exudates and subsequent
aggregate formation have a significant impact on attached
bacteria (e.g., Smith et al. 1995). A higher rate of exudation
at lower primary production could be the direct result of
elevated atmospheric CO2 concentrations or could at least in
part be the consequence of the different phytoplankton com-
munity composition.

Throughout the whole study, BPP of especially attached
bacteria and protease activity differed significantly as a func-
tion of pCO2. In addition, numbers of free and attached bac-
teria depended on pCO2, but only at the decline of the algal
bloom. Through separation of free and attached bacteria by
means of differential filtration we could demonstrate that the
increase in bacterial activity at higher pCO2 was mainly due
to activities of attached bacteria. The relationship between
pCO2 and activity of attached bacteria is most likely an in-
direct one caused by pCO2-induced changes in photosyn-
thetic production of dissolved and particulate organic matter.
Our study reveals evidence that pCO2-induced shifts in par-
ticle quality (Engel et al. 2005) and particle dynamics (Engel
et al. 2004) affect bacterial activities and, hence, organic
matter cycling and sinking flux. Under realistic global
change scenarios, increasing seawater CO2 concentrations
will go hand in hand with rising surface ocean temperatures,
increased stratification, and decreasing nutrient supply to the
surface layer. These environmental changes may compensate
or amplify direct effects of increasing CO2 levels and the
related changes in seawater chemistry. To predict the effect
of changing pCO2 on bacterial dynamics and organic matter
cycling in the sea, we need to broaden the focus by including
the combined effects of all projected changes in environ-
mental conditions.
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