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Abstract

The effect of elevated seawater carbon dioxide (CO2) on the activity of a natural bacteri-
oplankton community in an Arctic fjord system was investigated by a mesocosm pertur-
bation study in the frame of the European Project on Ocean Acidification (EPOCA). A
pCO2 range of 175–1085 µatm was set up in nine mesocosms deployed in the Kongs-5

fjorden (Svalbard). The bacterioplankton communities responded to rising chlorophyll
a concentrations after a lag phase of only a few days with increasing protein production
and extracellular enzyme activity and revealed a close coupling of heterotrophic bac-
terial activity to phytoplankton productivity in this experiment. The natural extracellular
enzyme assemblages showed increased activity in response to moderate acidification.10

A decrease in seawater pH of 0.5 units roughly doubled rates of β-glucosidase and
leucine-aminopeptidase. Activities of extracellular enzymes in the mesocosms were di-
rectly related to both seawater pH and primary production. Also primary production and
bacterial protein production in the mesocosms at different pCO2 were positively corre-
lated. Therefore, it can be suggested that the efficient heterotrophic carbon utilization in15

this Arctic microbial food web had the potential to counteract increased phytoplankton
production that was achieved under elevated pCO2 in this study. However, our results
also show that the transfer of beneficial pCO2-related effects on the cellular bacterial
metabolism to the scale of community activity and organic matter degradation can be
mitigated by the top-down control of bacterial abundances in natural microbial commu-20

nities.

1 Introduction

After early investigations that suggested heterotrophic bacterial remineralization to be
low in perennially cold environments (Pomeroy and Deibel, 1986), a multitude of field
observations and experimental studies over the last two decades revealed a fully active25

microbial loop in the polar oceans (Rivkin et al., 1996; Rich et al., 1997; Yager et al.,

10468

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/10467/2012/bgd-9-10467-2012-print.pdf
http://www.biogeosciences-discuss.net/9/10467/2012/bgd-9-10467-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 10467–10511, 2012

Results from a
mesocosm

perturbation study

J. Piontek et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2001). Also in the Kongsfjorden (Svalbard, 79◦ N, 12◦ E), where the present study took
place, heterotrophic bacteria contribute substantially to the biomass of the microbial
community and play an important role in the structure and function of the microbial food
web in all seasons (Iversen and Seuthe, 2011; Seuthe et al., 2011). During the vernal
bloom in April bacteria are subject to intense grazing by heterotrophic dinoflagellates5

and ciliates, thereby acting as an important trophic link for organic carbon in microbial
food webs. In the following nutrient-limited post-bloom period the microbial food web
enters a regenerative state that is characterized by an efficient recycling of produced
carbon by the microbial loop (Iversen and Seuthe, 2011; Seuthe et al., 2011). Hence,
metabolic activity of heterotrophic bacterioplankton can be expected to be a major con-10

straint on fluxes of labile organic carbon and nutrients in this high-latitude ecosystem.
The bottom-up regulation of bacterial activity in Arctic microbial food webs is

mainly achieved by interactions with temperature and dissolved organic matter (DOM)
(Pomeroy and Wiebe, 2001; Kirchman et al., 2005, 2009a). Psychrophilic and psy-
chrotolerant heterotrophic bacteria in polar marine environments are physiologically15

adapted to low temperatures by biochemical properties of their cell constituents like
cold-active enzymes of reduced activation energy and membrane lipids that sustain flu-
idity at subzero temperatures (Deming, 2002). Nevertheless, bacteria in polar oceans
often act far below their temperature optimum, so that cold ambient temperature has
a high potential to reduce their metabolic activity and growth that, in turn, determine20

the rate of bacterial DOM degradation (e.g. Simon et al., 1999; Huston et al., 2004).
More recently, the availability of labile and semilabile DOM was proposed as a major
constraint on bacterial activity in the Arctic Ocean (Kirchman et al., 2009a). Concen-
trations of dissolved organic carbon (DOC) determined in Arctic seawater are in the
range of temperate oceans but comprise a large terrestrial fraction that is discharged25

by rivers and meltwater runoff (Anderson, 2002; Dittmar and Kattner, 2003). These
terrestrial compounds do not provide labile carbon for bacterial utilization and conse-
quently do not support much bacterial growth (Meon and Amon, 2004; Hansell et al.,
2004). Thus, Arctic marine systems are not only characterized by low temperature but
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also by a deficiency of carbon and energy resources for heterotrophic microbial growth
(Kirchman et al., 2009a).

There is growing evidence that impacts of climate change are amplified by the Arctic
environment, making the Arctic Ocean in particular sensitive to warming and acidifica-
tion. A temperature increase of 0.4 ◦C in the Arctic over the past 150 yr corresponds5

to a rate two to three times higher than the global average, amplified by a decreasing
surface albedo at enhanced ice and snow melting (Overpeck et al., 1997). The ad-
ditional freshwater input from ice melting, in turn, reduces the alkalinity of seawater
and hence the buffering capacity of the Arctic Ocean to acidification (Steinacher et al.,
2009). Investigating the relevance of seawater pH for the structure and functioning of10

marine microbial communities gained little attention in past marine research, although
substantial natural variability of pH occurs on short time scales and in marine micro-
habitats like particle aggregates and biofilms (Ploug et al., 1997; Dexter and Chan-
drasekaran, 2000). Biochemical studies demonstrated that fundamental processes of
the marine microbial metabolism like numerous enzymatic reactions and the respira-15

tory electron transfer are strongly dependent on pH conditions (e.g. Groudieva et al.,
2004; Kolber, 2007). Ongoing systematic changes in seawater pH, however, strongly
require a better mechanistic understanding of pH and pCO2 effects on the regulation
of both autotrophic and heterotrophic microbial activity in natural communities to as-
sess consequences of ocean acidification for food web processes and organic matter20

turnover.
Our study was part of the joint EPOCA mesocosm experiment conducted in Kongs-

fjorden (Svalbard), 2010. The Kongsfjorden system in West Spitsbergen is mainly af-
fected by the northbound transport of Atlantic water masses by the West Spitsbergen
Current. It is an open fjord system without sill and, therefore, largely affected by mixing25

processes on the adjacent shelf (Hop et al., 2006). Nine mesocosms were deployed in
the fjord during June and July, 2010, to investigate the CO2 sensitivity of Arctic pelagic
organisms and resulting consequences for the production and turnover of organic mat-
ter. More specifically, we tested in the framework of this experiment (i) whether bacterial
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protein production and rates of extracellular enzymes in the natural Kongsfjorden plank-
ton community change under elevated pCO2 and (ii) how changes in pCO2 can induce
systematic effects on heterotrophic bacterial activity in this perennially cold marine en-
vironment.

2 Material and methods5

2.1 Mesocosm set up and sampling

A mesocosm study was conducted on Spitsbergen (Svalbard, 79◦ N, 12◦ E) between
30 May and 7 July 2010, in the framework of the European Project on Acidification
(EPOCA). Kiel Off-Shore Mesocosms for Future Ocean Simulations (KOSMOS) were
deployed in the Kongsfjorden, (78◦56,2′ N, 11◦53,6′ E), an Arctic glacial fjord system10

located on the west coast of Spitsbergen that is influenced by both Atlantic and Arc-
tic water masses (Hop et al., 2002). A detailed description of the mesocosm set up
is given by Riebesell et al. (2012) and Schulz et al. (2012). Briefly, nine mesocosms,
each consisting of a 15 m long polyurethane bag, were deployed close to the shore-
line. Each mesocosm enclosed about 45 m3 of seawater. A pCO2 gradient that ranged15

initially from 250–1085 µatm was adjusted by the stepwise addition of CO2-enriched
seawater during days −1–4. Two mesocosms at in situ pCO2 of 175–180 µatm served
as controls. The low in situ pCO2 reflected the post-bloom stage of a Phaeocystis-
dominated bloom event (F. Buchholz, personal communication, 2010). In the first phase
of the experiment (days 4–13), the development of the mesocosm plankton communi-20

ties was observed without any further manipulation under nutrient-deplete conditions.
Nine days after the adjustment of target pCO2-levels (on day 13), 5 µmol nitrate l−1,
0.3 µmol phosphate l−1, and 2.5 µmol silicate l−1 were added to enhance phytoplankton
production.

Depth-integrated samples of the water column enclosed by the mesocosm bags were25

taken by the use of a motor-operated water sampler (Hydrobios, Kiel, Germany) that
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permanently and evenly collected water while being lowered from the surface to 12 m
depth (Riebesell et al., 2012). Depth-integrated samples of all mesocosms and the fjord
were analysed for extracellular enzyme activity and bacterial protein production daily
or every second day.

2.2 Rates of extracellular enzymes5

Activity of extracellular enzymes was determined by the use of fluorogenic sub-
strate analogues (Hoppe, 1983). Accordingly, rates of β-glucosidase, leucine (leu)-
aminopeptidase, and alkaline phosphatase were assessed from the hydrolysis of 4-
methylumbelliferyl-β-glucopyranoside, L-leucyl-4-methylcoumarinylamid-hydrochlorid,
and 4-methylumbelliferyl-phosphate, respectively. The substrate analogues were10

added to whole seawater samples at final concentrations of 1, 5, 10, 20, 50, 80,
100, and 200 µmol l−1 to achieve concentration kinetics. The fluorescence emitted
by 4-methylumbelliferone (MUF) and 7-amino-4-methyl-coumarine (AMC) after enzy-
matic cleavage of the substrate analogues was detected at 355 nm excitation and
460 nm emission wavelength. Relative fluorescence units were converted into con-15

centrations of MUF and AMC, respectively, after calibration with standard solutions of
2–100 nmol l−1. Calibration factors were determined at five different pH values ranging
from 7.6 to 8.4 to consider the pH dependence of MUF and AMC fluorescence.

Enzymatic rates were calculated from the increase in MUF and AMC concentration,
respectively, over time. An initial fluorescence measurement was conducted immedi-20

ately after the addition of the substrate analogue followed by 3–4 measurements within
24 h of incubation in the dark at 2 ◦C. On days 12, 14, 20, and 24 of the mesocosm study
additional incubations at 5.5–6.5 ◦C were conducted. Instead of using single end point
measurements, the slope of the linear regression between MUF and AMC concentra-
tions, respectively, and time was applied for rate calculations. Two analytical replicates25

per sample revealed on average a standard deviation of 9 %. Experimental data were
fitted to a kinetic model using the Michaelis-Menten equation to determine the maxi-
mum velocity (Vmax) and the half-saturation constant Km of the enzymatic reactions.
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2.3 Bacterial protein production

Bacterial protein production (BPP) was estimated from the uptake of 14C-leucine that
was added to depth-integrated samples of mesocosms and fjord at 40 nmol l−1 final
concentration. Incubations were terminated by the addition of trichloracetic acid (TCA)
at a final concentration of 5 % and processed by the micorcentrifuge method (Smith5

and Azam, 1992). Briefly, samples were centrifuged at 14 000x g to gain a cell pellet
that was washed twice with 5 % TCA. Incorporation into the TCA-insoluble fraction was
measured by liquid scintillation counting after resuspension of the cell pellet in scintil-
lation cocktail. Tests revealed a linear increase of leucine uptake over at least 50 h, so
that extended incubation times of up to 24 h could be applied at low bacterial activity.10

Two series of incubations were conducted in a temperature-controlled walk-in room
at 2 ◦C (BPP2 ◦C) and in situ in 1 m water depth, respectively. Duplicate incubations re-
vealed an analytical error ≤10 % for both incubation modes. Leucine incorporation was
converted into BPP applying a conversion factor of 1.5 kgCmol−1 leucine, assuming no
intracellular isotope dilution (Simon and Azam, 1989).15

2.4 Cell-specific activity

Cell-specific rates of extracellular enzymes and BPP were determined by dividing the
rate scaled to volume by total bacterial abundance. Specific growth rates (µ) were
calculated according to

µ = BPP/B (1)20

where BPP is bacterial protein production (ngCl−1 d−1) and B bacterial biomass
(ngCl−1) (Kirchman, 2001).

In order to calculate cell-specific rates and specific growth rates as precisely as pos-
sible bacterial cell numbers were determined in the mesocosm subsamples that were
used for the analysis of extracellular enzyme activity and BPP. Bacterial abundances25

were determined by flow cytometry (FACSCalibur, Becton Dickinson) after nucleic acid
10473
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staining with SybrGreen I (Invitrogen). Bacterial cell numbers were estimated after vi-
sual inspection and manual gating of the bacterial subpopulation in the cytogram of
side scatter vs. green fluorescence. Yellow-green fluorescent latex beads (Polyscience)
and TruCount beads (Becton Dickinson) were used to normalize the counted events to
volume (Gasol and del Giorgio, 2000). Bacterial cell numbers were converted into bac-5

terial biomass assuming a carbon content of 10 fgCcell−1 (Caron et al., 1995).

2.5 14C primary production

Primary production was determined by the use of the radiotracer NaH14CO3 (Stee-
mann Nielsen, 1952; Gargas, 1975). Briefly, samples spiked with 8 µmol l−1 NaH14CO3
were incubated in situ at 1 m depth for 24 h. After incubation samples were filtered onto10

0.4 µm polycarbonate filters. Particulate primary production was determined from the
particulate matter collected on the filters. Subsamples of the filtrate were used to de-
termine exudation. Both filters and filtrate were acidified to remove inorganic carbon
prior to analysis by liquid scintillation counting. A detailed method description is given
by Engel et al. (2012).15

2.6 Supplemental experiments

2.6.1 Enrichment assay

An enrichment assay was conducted to investigate effects of labile carbon and inor-
ganic nitrogen input on bacterial activity and growth. For this purpose, a sample in-
tegrated over 12 m depth was collected close to the mesocosm site in Kongsfjorden20

during the days of mesocosm deployment on 2 June 2010. Whole seawater samples
of 20 ml each were supplemented in triplicate with glucose and ammonium separately
and in combination at final concentrations of 20 µmol l−1 and 10 µmol l−1, respectively.
Samples without any addition served as control. Rates of extracellular enzyme activity,
BPP, and bacterial cell numbers were determined according to the methods described25
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above in the initial fjord sample and in all incubations after 4 days in the dark at in situ
temperature of 2 ◦C.

2.6.2 Acidification assay

The biochemical sensitivity of the natural extracellular enzyme assemblages to de-
creasing seawater pH was investigated by an acidification assay. Depth-integrated5

samples collected in the fjord and one non-acidified control mesocosm on day 25 of
the study (2 July 2010) were acidified by the addition of 225–750 µl 0.1 N hydrochloric
acid to 200 ml of sample. Samples were allowed to equilibrate at 2 ◦C in the dark for 3 h
before pH was measured with a proton-sensitive combined pH-temperature electrode
(WTW, Sentix 41; standard DIN/NBS buffers) and the initial sampling was conducted.10

Non-manipulated samples of the fjord and the mesocosm served as control incuba-
tions at in situ pH. Measurements for β-glucosidase and leu-aminopeptidase activity
were accomplished at 4 time points within 24 h after the initial time point.

2.7 Data analysis

To test the effect of temperature on BPP and extracellular enzyme activity, Q10 factors15

were calculated as

Q10 = (r2/r1)10/(T2−T1) (2)

where r2 and r1 are the rates at high (T2) and low (T1) temperature, respectively.
The hydrolysis potential for polysaccharides and proteins (µmol l−1) was calculated

by integrating Vmax of β-glucosidase and leu-aminopeptidase (µmol l−1 d−1), respec-20

tively, over time according to∑n

t=m
rt (3)

where m and n are the initial and final time point, respectively, and rt the rate of an
individual day. Since rate measurements for extracellular enzymes were conducted
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every second day of the experiment rates for the missing days were interpolated by

rt =
(rt−1 + rt+1)

2
(4)

where rt−1 is the measured rate of the previous day and rt+1 the measured rate of
the day after. To examine differences in bulk polysaccharide and protein hydrolysis the
difference between time-integrated enzymatic rates of the 7 acidified mesocosms and5

the mean of the two control mesocosms could be calculated and is referred to as ∆
hydrolysis potential.

Differences were tested for significance by means of t-test, paired t-test and, if tests
for normality or equal variance failed, Wilcoxon signed rank test. Linear and non-linear
regression analyses were conducted using the software Sigma Plot 12.1 (Systat). Sig-10

nificance was accepted for p ≤ 0.05.

3 Results

3.1 Enrichment assays

The substrate supply to the bacterioplankton community in the Kongsfjorden was
tested for limiting resources by an enrichment assay at the beginning of the meso-15

cosm study. The amendment of glucose led to a stimulation of bacterial growth within 4
days of incubation. Adding glucose alone or in combination with ammonium increased
cell numbers and BPP by 1.4 and 1.8 times the control incubation, respectively. Sole
ammonium enrichment did not result in significant changes (Fig. 1). These results show
that growth of the bacterioplankton community in the fjord was limited by the deficiency20

of labile carbon or energy when the mesocosm study started. Cell-specific Vmax of leu-
aminopeptidase remained constant over incubation time and showed similar values of
32.7–36.9 amolcell−1 h−1 in non-amended controls and in amended incubations after
four days (Fig. 1). This suggests that independent of carbon or energy limitation also
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the demand for organic nitrogen was high and could not be compensated by the sup-
ply of an inorganic nitrogen source. The initial β-glucosidase Vmax of 3.3 amolcell−1 h−1

decreased during incubation in all treatments. Nevertheless, rates determined after 4
days revealed significant differences between incubations with and without glucose (t-
test, p<0.001). Cell-specific Vmax of β-glucosidase in glucose-amended incubations5

were reduced by approximately 37 % to 2.0–2.2 amolcell−1 h−1, while rates in controls
and ammonium-amended samples decreased strongly by approximately 83 % to 0.5–
0.7 amolcell−1 h−1 (Fig. 1).

3.2 Bacterial protein production and specific growth rates

The synthesis of cellular proteins by heterotrophic bacterioplankton showed a similar10

temporal development in all mesocosms. Lowest BPP2 ◦C of 19–56 ngCl−1 h−1 was de-
termined shortly after CO2 manipulation (days 2–7). Thereafter, BPP2 ◦C did not show
a continuous increase but elevated values during days 12–16 and 22–29 after the first
and the second maximum of chlorophyll a concentrations, respectively (Fig. 2). Maxi-
mum BPP2 ◦C of 168–268 ngCl−1 h−1 was attained either on day 22 or day 28, repre-15

senting on average an increase by a factor of 6.4 over 18–22 days of the experiment.
Specific growth rates of bacteria showed an opposite temporal development. Maximum
specific growth rates of 0.24–0.37 d−1 were determined during the initial days of the ex-
periment. Specific growth rates declined strongly after day 8 so that highest BPP2 ◦C at
the end of the experiment coincided with lowest specific growth rates of 0.02–0.09 d−1

20

(Fig. 2).
BPP2 ◦C in the fjord samples was in the range of the mesocosm samples on 11 of 20

sampling days. On 8 sampling days BPP2 ◦C in the fjord exceeded the maximum meso-
cosm value at the same day. Highest fjord BPP2 ◦C of 421 ngCl−1 h−1 was determined
on day 10, when the rate was almost twice the maximum mesocosm value (Figs. 2–3).25
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3.3 Activity of hydrolytic extracellular enzymes

Rates of extracellular β-glucosidase, leu-aminopeptidase, and phosphatase were mea-
sured in mesocosm and fjord samples to assess the hydrolytic activity of the three
major types of extracellular enzymes that drive the turnover of organic polymers in
seawater. Vmax of β-glucosidase and leu-aminopeptidase started to increase in all5

mesocosms during days 6–8, shortly after CO2 manipulation and in coincidence with
the development of a first chlorophyll a maximum. Activities remained rather con-
stant between days 12 and 20 followed by further increasing rates of both enzymes
(Figs. 4–5). Maximum Vmax in the mesocosms ranged from 3.1–4.8 nmol l−1 h−1 and
62.1–86.7 nmol l−1 h−1 for β-glucosidase and leu-aminopeptidase, respectively, and10

were determined during the last days of the experiment.
The temporal development of cell-specific rates was different from that of bulk

rates. Cell-specific Vmax in the mesocosms increased from days 4 to 12 up
to 0.9–1.4 amolcell−1 h−1 and 12.2–20.0 amolcell−1 h−1 for β-glucosidase and leu-
aminopeptidase, respectively, but showed only minor variation afterwards (Figs. 4–5).15

Hence, an increasing amount of bacterial enzymes released into seawater by a grow-
ing bacterioplankton community and not enhanced cellular metabolic activity increased
the hydrolytic potential of the bacterioplankton community after day 12.

The temporal development of ∆ hydrolysis potential reveals an elevated enzymatic
potential for polysaccharide and protein degradation in the three mesocosms of high-20

est pCO2 during the first 20 days of the study (Fig. 6). After the second chlorophyll a
maximum on day 21 bacterial abundances in the mesocosms diverged and the differ-
ences between the three high-CO2 mesocosms and the controls were either reduced
or compensated (Fig. 6).

Maximum rates of β-glucosidase and leu-aminopeptidase in the fjord were deter-25

mined on day 8 and −3, respectively. For both enzymes elevated rates were measured
during and shortly after the chlorophyll a maximum on days 10–14. After day 16 rates
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of both enzymes did not show substantial variation in the fjord despite continuously
increasing bacterial cell numbers (Fig. 3; Brussaard et al., 2012).

Mesocosms and fjord showed similar Km values for leu-aminopeptidase activity with
mean values of 54 and 50 µmol l−1, respectively. In contrast, the Km values of β-
glucosidase were significantly higher in the mesocosms (average 94 µmol l−1) (Mann-5

Whitney rank sum test, p<0.05), revealing a lower affinity to substrates than in the
fjord (average 52 µmol l−1) (Table 1).

The ratio of leu-aminopeptidase: β-glucosidase activity is a measure for the protein
relative to polysaccharide hydrolysis. This activity ratio changed in mesocosms and
fjord over time. The temporal development in mesocosms and Kongsfjorden diverged10

after day 12 when the ratio increased in the mesocosms but remained lower in the fjord
samples. Hence, the comparison of mesocosms and fjord reveals a higher potential
for protein turnover at relatively lower polysaccharide degradation in the mesocosms
after day 12. The divergence in the activity ratio of the two enzymes coincided with the
divergence of the molar ratios of DON : DOC in mesocosms and fjord. The share of15

DON in the mesocosms was substantially lower than in the Kongsfjorden after day 12
of the experiment (Fig. 7).

Concentration kinetics of extracellular phosphatase showed that substrate concen-
trations of 200 µmol l−1, the maximum applied in our incubations, were not saturating
at several time points, so that Vmax was not reached. Therefore, rates derived from20

a non-saturating substrate concentration of 10 µmol l−1 are presented (Fig. 8). Hence,
phosphatase rates are not directly comparable with rates of β-glucosidase and leu-
aminopeptidase in this study, since rates shown for these two enzymes represent Vmax.
The temporal development of phosphatase activity shows a clearly different pattern
than do β-glucosidase and leu-aminopeptidase. Rates show three activity maxima in all25

mesocosms during the experiment (Fig. 8). The first maximum in phosphatase activity
during days 4–8 coincided with the first maximum in chlorophyll a concentrations. The
second phosphatase maximum occurred at chlorophyll a minimum concentrations be-
tween the first and the second chlorophyll a peak during days 12–18. A third maximum
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in phosphatase activity developed simultaneously with the third chlorophyll a maximum
between days 22 and 28. However, this third phosphatase maximum had lower rates
than the two previous maxima in most mesocosms (Fig. 8).

Phosphatase activity in the fjord increased from the beginning of the experiment until
day 10 (Fig. 3). After a strong decrease in rates during days 12–14 phosphatase activity5

was below the detection limit in samples of the Kongsfjorden from day 16 until the
end of the experiment. Extracellular phosphatase activity in the fjord was significantly
related to chlorophyll a concentrations over the whole duration of the experiment (linear
regression, r2 =0.55, p<0.001, n=17; not shown).

3.4 Temperature dependence of bacterial protein production and extracellular10

enzymes

The seawater temperature increased during the mesocosm study from 2.0 ◦C at the
beginning of June to 5.2 ◦C one month later. There were no temperature differences
between the nine mesocosms and also Q10 values determined for extracellular enzyme
activity and BPP did not show significant variation between the mesocosms on the indi-15

vidual sampling days. However, Q10 values varied significantly over the duration of the
study, revailing that the temperature sensitivity of the enzyme assemblages changed
within two weeks. Q10 values for β-glucosidase and leu-aminopeptidase determined at
four time points between day 12 and 24 ranged from 2.0–11.4 and 1.1–4.4 (mean val-
ues of all mesocosms), respectively. Activity of β-glucosidase was consistently more20

temperature sensitive than leu-aminopeptidase activity. Also Q10 values determined for
BPP at nine sampling days showed high temporal variability and ranged from 0.1–11.7
(Fig. 9). The Q10 values for both enzymes and for BPP were related to phytoplankton
exudation that can be considered as a measure for the input of labile organic matter.
The Q10 values determined for the two extracellular enzymes at lower exudation levels25

of 0.9 and 0.7 µmolCl−1 d−1, respectively, were significantly higher than those at in-
creased exudation of 1.5 µmolCl−1 d−1 (Mann-Whitney rank sum test, p<0.001). Also
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Q10 values for BPP decreased significantly with increasing exudation (linear regres-
sion, r2 =0.51, p=0.03) (Fig. 9).
Q10 values for BPP are derived from a comparison of rates determined at 2 ◦C and

at in situ temperature. Since 2 ◦C represents the initial fjord temperature during meso-
cosm deployment and CO2-manipulation, the difference between bPP at the two tem-5

peratures represent the surplus of bacterial biomass production that can be attributed
to seawater warming during the experiment. Summing up this surplus over the exper-
iment, it can be estimated that rising in situ temperature alone increased bPP in the
mesocosms by a factor of 1.3–1.7, corresponding to 27–61 µgCl−1.

3.5 Testing for effects of different mesocosm pCO2 levels on bacterial activity10

The design of the mesocosm experiment with 8 different pCO2 levels suggests the use
of a regression model to test data for significant relationships between seawater pCO2
and bacterial activity. Physiological performance and metabolic activity of heterotrophic
microbial organisms like bacteria may not be directly affected by changes in seawater
pCO2 but by co-occurring changes in pH. The range of mesocosm pCO2 from 175 to15

1085 µatm corresponded to pH values of 7.63–8.34. Regression analysis was carried
out with differences in proton concentration that could be calculated between each acid-
ified mesocosm and the non-acidified control mesocosms (∆ [H]+, nmol l−1). The result-
ing mean for ∆ [H]+ over time were correlated with time-integrated rates of BPP2 ◦C, β-
glucosidase and leu-aminopeptidase (Eq. 3) (Figs. 10–11). The temporal development20

of ∆ hydrolysis potential reveals an elevated enzymatic potential for polysaccharide
and protein degradation in the three mesocosms of highest pCO2 during the first 20
days of the study when similar bacterial abundances were determined in all meso-
cosms (Fig. 6). Therefore, regression analyses of time-integrated β-glucosidase and
leu-aminopeptidase rates were accomplished for the whole duration of the experiment25

(days 4–29) and also separately for the period of similar bacterial cell numbers (days
4–20). Cell-specific leu-aminopeptidase activity was directly related to differences in
proton concentration over the whole experiment (r2 =0.57, p<0.05) (Fig. 10). Hence,
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the cellular potential for enzymatic protein hydrolysis increased with gradual acidifica-
tion over the applied pCO2 range. Correlations of ∆ [H]+ with cell-specific enzymatic
rates integrated over days 4–20 revealed significant linear relationships for both β-
glucosidase (r2 =0.53, p<0.05) and leu-aminopeptidase activity (r2 =0.79, p<0.05)
(Fig. 10), and confirmed the trend of rising hydrolytic activity mediated by bacterial ex-5

tracellular enzymes at lowered seawater pH. A significant relationship between ∆ [H]+

and BPP2 ◦C could not be determined.
The pH manipulation was the primary source of variation in this experiment but

a comparison of bacterial activity in the mesocosms at different pCO2 should also con-
sider potential impacts of changing phytoplankton productivity under different pCO2.10

Although not linearly related to pCO2, the dependence of primary production on the
mesocosm pCO2 level was evident. The Arctic phytoplankton communities responded
with higher primary production to elevated CO2 in this mesocosms experiment (Engel
et al., 2012). Regression analysis revealed direct linear correlations of time-integrated
primary production with BPP (r2 =0.77, p<0.05) and cell-specific leu-aminopeptidase15

activity (r2 =0.57, p<0.05) (Fig. 11). Hence, bacterioplankton responded with rising
biomass production and protein degradation to elevated photosynthetic production of
organic substrates. Leu-aminopeptidase activity was significantly related to both sea-
water pH and primary production.

3.6 Acidification assay20

To exclusively test the direct influence of seawater pH on β-glucosidase and leu-
aminopeptidase activity samples of the Kongsfjorden and one control mesocosm (M3)
were acidified with dilute hydrochloric acid on day 25 of the experiment. The pH manip-
ulation was the only source of variation in this experiment, while a comparison of the
mesocosms at different pCO2 includes the divergence of other environmental and bio-25

logical parameters like phytoplankton community composition (Brussaard et al., 2012),
primary production (Engel et al., 2012), net community production (Silyakowa et al.,
2012) and nutrient utilization (Schulz et al., 2012). Rates of extracellular β-glucosidase
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and leu-aminopeptidase in non-manipulated subsamples with in situ pH were com-
pared with subsamples adjusted to three lower pH-levels ranging from 7.79–8.17. Both
enzymes showed highest rates at lowest pH, revealing that the in situ pH of the Kongs-
fjorden and the control mesocosm (M3) did not provide optimum conditions for these
enzymatic reactions. Cell-specific Vmax of β-glucosidase and leu-aminopeptidase in5

acidified Kongsfjorden samples increased by a factor of 2.1 and 1.8, respectively, when
the in situ pH of 8.29 was reduced to 7.79. The effect of acidification was less pro-
nounced in mesocosm samples. Here, cell-specific Vmax of both enzymes increased by
a factor of 1.2 at pH 7.79.

4 Discussion10

In the present mesocosm study, the microbial community of an open Arctic fjord system
was exposed to different pCO2 ranging from in situ values of 175 µatm to 1085 µatm
according to projections for the future ocean. Hence, changing pCO2 was the pri-
mary manipulation in this experiment. The parameters of the seawater carbonate sys-
tem must be considered as environmental factors that contribute among others to the15

bottom-up control of the microbial community. In the present study, also temperature
that increased substantially during the experiment and phytoplankton production that
changed over time and in response to different pCO2 had a high potential to affect
growth and metabolic activity of bacterioplankton. In the following the influence of sea-
water pH, temperature and phytoplankton production on heterotrophic bacterial activity20

and their role in the bottom-up regulation of bacterioplankton activity will be discussed.

4.1 Phytoplankton-bacterioplankton coupling

The coupling of phytoplankton and bacterioplankton becomes evident from a phasing
of biomass and production of the two groups (Ducklow and Yager, 2006; Kirchman
et al., 2009b). This co-variation of phytoplankton and bacterioplankton biomass and25
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production over time and space is characterized by a succession of phytoplankton fol-
lowed by bacterioplankton after a temporal lag of days to weeks. The duration of this
lag period in response to increasing phytoplankton biomass and production is deci-
sive for the degradation efficiency and the export of organic matter produced in bloom
situations (Kirchman, 2009b; Bird and Karl, 1999). The bacterioplankton community5

in the Kongsfjorden and in the mesocosms responded after a lag of only some days
with increasing activities to rising chlorophyll a concentrations, revealing that there was
neither a substrate threshold that needed to be exceeded nor any community intrinsic
factor impeding a fast bacterial response (Figs. 2–5). Previous studies have shown that
bacterial communities in polar marine systems can lag behind the development of ver-10

nal phytoplankton blooms by weeks (Billen and Becquevort, 1991; Bird and Karl, 1999).
Our study, however, was conducted in early summer after the main Phaeocystis spring
bloom in the Kongsfjorden. Therefore, it seems likely that bacterial cells did not return
from a starvation induced dormancy that allows maximum conservation of carbon and
energy during winter. A study accomplished in the Chuckchi Sea during summer has15

shown that the fraction of actively respiring bacterial cells and the cells’ substrate affin-
ity increased at elevated chlorophyll levels within some days, suggesting a substantial
physiological and metabolic flexibility of bacterioplankton communities at this time of
the year (Yager et al., 2001). Hence, the physiological state of the bacterial cells and
the community composition after the vernal bloom might facilitate a faster response to20

subsequent bloom events during summer and thus promote a faster onset of organic
matter recycling in cold marine systems.

In addition to the lag phase, also the dimension of bacterial activity achieved in re-
sponse to elevated phytoplankton production determines the rate at which freshly pro-
duced organic matter is recycled. Absolute values for growth rates and extracellular25

enzyme activities are a measure to assess the overall magnitude of bacterial activity,
although information is limited due to broad ranges observed in marine environments
and overlapping limits for cold and temperate marine ecosystems. The specific growth
rates of bacteria in polar marine systems are not necessarily lower than in oligotrophic
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temperate regions (Rivkin et al., 1996; Rich et al., 1997; Ducklow et al., 1999). Specific
growth rates determined in Kongsfjorden and the mesocosms are in the range of val-
ues published for both the Arctic Ocean (Kirchman et al., 2009b) and temperate marine
ecosystems (Ducklow et al., 1993; Ducklow 1999) (Fig. 2). Similarly, high variability of
cellular β-glucosidase and leu-aminopeptidase rates was found. Maximum and mean5

cell-specific rates of β-glucosidase and leu-aminopepitdase in the mesocosms and in
Kongsfjorden are in good accordance with values determined off the coast of Spitsber-
gen during summer (Sala et al., 2010) (Figs. 3–5). The activities are at the lower limit of
ranges published for temperate marine systems like the Central Atlantic (Baltar et al.,
2009) and the Baltic Sea (Nausch et al., 1998). Overall, the magnitude of bacterial ac-10

tivity in mesocosms and Kongsfjorden represents the overlap of higher levels in cold
marine environments and lower levels in the temperate ocean.

4.2 Microbial acquisition of organic matter by the use of extracellular enzymes

Organic substrates for bacterial utilization are mainly derived from complex high-
molecular-weight compounds that are enzymatically hydrolysed outside the micro-15

bial cells into molecules sufficiently small for uptake. In the marine environment, het-
erotrophic bacteria must be considered as the main producers of β-glucosidase and
leu-aminopeptidase, the most important polysaccharide- and protein-degrading extra-
cellular enzymes, respectively. Culture studies have shown that some species of ma-
rine phagotrophic protozoa, mainly flagellates, produce and release glucosidases and20

proteases but to the best of our knowledge there is no evidence to date that non-
bacterial producers are able to significantly influence the bulk rate of these two en-
zymes in natural marine communities (Karner et al., 1994). The temporal development
of cell-specific β-glucosidase and leu-aminopeptidase activity reveals information on
the modulation of enzyme activity in the mesocosms. Cell-specific enzymatic rates in-25

creased during the first chlorophyll peak, demonstrating a response of bacterial activity
to changing environmental conditions on the cellular level in this first phase of the ex-
periment. Afterwards increasing bulk activity was driven by the growing community and
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thereby increasing numbers of bacterial enzyme producers but not by the adjustments
of cellular rates. Accordingly, the bulk activity of extracellular enzymes was highest to-
wards the end of the mesocosm experiment when highest bacterial cell numbers were
determined, revealing that the enzymatic turnover of organic matter was strongly af-
fected by growth characteristics of the bacterioplankton community in this study.5

A variety of heterotrophic and autotrophic microbial organisms contributes substan-
tially to the enzymatic hydrolysis of organic phosphorus compounds. In addition to bac-
teria, also phytoplankton species and protozoa can be strong producers of extracellular
phosphatase in natural marine communities (Hoppe, 2003). In the present study, two
maxima of phosphatase activity coincided with chlorophyll a maxima, while only the10

phosphatase peak during days 12–18 developed at low chlorophyll a concentrations
(Fig. 8). Therefore, it seems likely that in particular before nutrient addition on day 12
autotrophic organisms recycled a significant share of organic phosphorus. As a conse-
quence, high chlorophyll a concentrations could be achieved without the availability of
inorganic phosphorus (Schulz et al., 2012).15

4.3 Growth limitation of bacterioplankton by organic matter resources

The availability of labile and semilabile carbon is considered to be a major factor reg-
ulating bacterial activity in the marine pelagic environment, including subpolar and po-
lar oceans (Kirchman et al., 2005, 2009a; Granéli et al., 2004; Cuevas et al., 2011).
Results of the enrichment assay conducted with Kongsfjorden samples at the begin-20

ning of the mesocosm study are in accordance with this conclusion, since the amend-
ment of labile carbon stimulated bacterial biomass production and growth (Fig. 1).
A recent study revealed high spatial variability of the limiting resource for bacterial
growth at coastal and fjord stations located in the west of Spitsbergen. Enhanced car-
bon consumption was evident in incubations of coastal samples, while mineral nutrient25

deficiency limited bacterioplankton production in fjord samples of high phytoplankton
biomass (Vadstein, 2011). Our incubations were accomplished during the initial days
of the mesocosm experiment when low levels of phytoplankton biomass and primary
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production prevailed (Engel et al., 2012; Schulz et al., 2012). Therefore, it can be as-
sumed that regeneration of nutrients was high and prevented mineral nutrient limita-
tion, while the input of fresh and labile organic compounds was low and thus limiting at
that time. High levels of leu-aminopeptidase activity in glucose-amended Kongsfjorden
samples show that also the demand for amino acids released from protein hydrolysis5

was high. Hence, the limitation of bacterial production and growth by the availability of
labile carbon was evident but also a deficiency of labile organic nitrogen compounds
must be assumed. The enclosure of the bacterioplankton community into the meso-
cosms likely intensified the shortage in organic nitrogen for bacterial consumption as
suggested by higher activity ratios of leu-aminopeptidase: β-glucosidase in the meso-10

cosms than in the fjord (Fig. 7). Higher activity ratios in the mesocosms coincided with
a lower share of DON and imply that the high organic nitrogen demand of the strongly
growing bacterioplankton populations in the mesocosms enhanced the need for enzy-
matic protein hydrolysis.

Overall, the enrichment assay and the activity ratios of leu-aminopeptidase: β-15

glucosidase in mesocosms and fjord demonstrate that organic matter resources had
a high potential to affect bacterial growth characteristics in this study. Furthermore,
results reveal an efficient adjustment of hydrolytic extracellular enzyme production to
changes in substrate availability and to potentially changing requirements.

4.4 Effects of temperature on bacterial activity20

Temperature is an extensively investigated constraint on bacterial activity in polar ma-
rine systems that has a high potential to change metabolic rates (e.g. Rivkin et al.,
1996; Pomeroy and Wiebe, 2001; Kirchman et al., 2009a). In the present study, in
situ temperature increased over time and enhanced the daily production of bacterial
biomass in the mesocosms substantially. The daily values for Q10, the most common25

measure for rate acceleration induced by temperature increase, varied significantly
from values ≤1 up to 12 over the duration of the experiment (Fig. 9). Q10 values ≤2
are characteristic for psychrophilic bacteria in polar waters that show low-temperature
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optima for metabolic processes, while higher Q10 values were observed for psychro-
tolerant bacterial strains that can cope with low seawater temperatures but show tem-
perature optima around 20 ◦C (Morita, 1975). Hence, maximum Q10 values of 12 sug-
gests that the community metabolism in the mesocosms was mainly driven by the
activity of psychrotolerant instead of phsychrophilic bacterial strains. Q10 values for5

β-glucosidase, leu-aminopeptidase, and BPP were related to rates of phytoplankton
exudation, strongly suggesting interactions of bacterial temperature sensitivity and sub-
strate availability. Low Q10 values for bacterial activity at elevated rates of phytoplankton
exudation reveal lower temperature sensitivity at high substrate availability. A similar re-
lationship between ambient substrate concentration and temperature sensitivity of bac-10

terial permeases was determined in an Arctic polynya. Here, Q10 values up to 11 were
determined for bacterial amino acid uptake at amino acid concentrations ≤50 nmol l−1,
while Q10 decreased at higher amino acid concentrations (Yager et al., 1999). The dif-
ferences in Q10 determined in our study cannot be induced by direct substrate–enzyme
interactions, since the fluorescent and radioactive markers for enzyme and BPP mea-15

surements, respectively, were added at saturating concentrations. It is likely that the
variability in Q10 is related to metabolic adaptations of the bacterioplankton community
to different levels of substrate input by phytoplankton production. These adaptations to
different substrate concentrations can be achieved by the use of different isoenzymes.
Isoenzymes catalyze the same reaction but can differ with respect to other kinetic20

and biochemical characteristics (Ferenci, 1996; Wick et al., 2001). The co-existence
of isoenzymes in natural marine assemblages was shown by biphasic and multiphasic
kinetics of extracellular enzyme activity and bacterial substrate uptake and by the iso-
lation of diverse isoenzymes for extracellular polysaccharide hydrolysis during a bloom
situation (Unanue et al., 1999; Tholosan et al., 1999; Arrieta and Herndl, 2002). Fur-25

thermore, laboratory studies revealed that extracellular isoenzymes produced by polar
marine bacteria can show different optimum temperatures for their catalytic reaction
(Nichols et al., 1999). Even isoenzymes produced by a single bacterial strain can differ
with regard to their temperature characteristics (Maki et al., 2006). Hence, a modulation
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of the community metabolism by isoenzymes that are produced in response to different
levels of substrate availability and show different temperature sensitivities could explain
short-term variability in Q10 values for bacterial activity in natural communities.

4.5 Bacterial activity under elevated pCO2

The general dependence of enzymatic reactions on pH is well-known for more than5

one hundred years and was confirmed for extracellular enzymes of aquatic habitats
about 20 yr ago (Arrhenius, 1889; Münster, 1991). Also extracellular enzyme activ-
ity of cold-adapted marine isolates was shown to respond with characteristic optimum
curves to a pH range from 2 to 12 (Groudieva et al., 2004). Recent studies revealed
that also moderate decreases in seawater pH as projected for the near future can sig-10

nificantly impact bulk rates of hydrolytic extracellular enzymes produced from natural
marine bacterioplankton communities (Grossart et al., 2006; Tanaka et al., 2008, Pio-
ntek et al., 2010; Yamada and Suzumura, 2010). Most of these studies show elevated
activity of different extracellular enzymes in response to seawater acidification. A meta-
analysis of ocean acidification effects on microbially driven biogeochemical processes15

has shown that effects on extracellular enzyme activity are among the most sensi-
tive ones (Liu et al., 2011). During our mesocosm study, the direct response of the
natural enzyme assemblages to lowered seawater pH was tested by an acidification
assay with dilute hydrochloric acid. A decrease of 0.5 pH units roughly doubled rates
of β-glucosidase and leu-aminopeptidase in the Kongsfjorden samples and strongly20

suggests direct biochemical effects of lowered seawater pH on the enzymatic reaction
velocities (Fig. 12). A comparison with the mean Q10 values for β-glucosidase and
leu-aminopeptidase activity in the Kongsfjorden reveals that the increase in rates af-
ter moderate acidification equals the rate increase at a temperature elevated by 3 ◦C.
Therefore, our results indicate that future changes in seawater temperature and pH25

have a similar potential to increase the hydrolytic activity of extracellular enzymes
in this fjord system. Also extracellular enzyme activities in the high-CO2 mesocosms
were enhanced and directly related to the rising hydrogen ion concentrations over the
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applied pCO2 gradient (Fig. 10). Hence, results of both acidification assay and meso-
cosm study confirm an acceleration of organic matter-degrading extracellular enzyme
activity at seawater pH projected for the near future. Enhanced extracellular enzyme
activity in the mesocosms, however, cannot be exclusively attributed to direct biochem-
ical pH effects. Instead, bacterial activity in the mesocosms was additionally stimulated5

by increased phytoplankton production under elevated pCO2. Primary production de-
termines the input of labile organic substrates for bacterial utilization. A positive linear
correlation of primary production with rates of leu-aminopeptidase strongly suggests
that an increased supply of organic compounds to bacterioplankton under elevated
pCO2 stimulated the cellular production of protein-degrading extracellular enzymes.10

Furthermore, a direct relationship between primary production and BPP shows that
enhanced primary production under elevated pCO2 enhanced not only the hydroly-
sis of organic matter but also its heterotrophic turnover. Thus, our results reveal that
the bacterioplankton community of the Kongsfjorden had the potential to efficiently de-
grade surplus organic substrates derived from increased autotrophic carbon fixation15

under elevated pCO2.
In the present mesocosm study lower bacterial abundances developed in the high-

CO2 mesocosms after day 20 due to higher viral lysis rates (Brussaard et al., 2012).
This top-down regulation of bacterial cell numbers and thus enzyme producers strongly
affected the bulk hydrolytic potential of β-glucosidase and leu-aminopeptidase in the20

mesocosms (Fig. 6). In accordance with the bottom-up regulation by seawater pH and
primary production, high-CO2 mesocosms showed a higher hydrolytic potential until
day 20. This pattern changed and the trend of enhanced bulk hydrolysis under high
pCO2 was attenuated or even inverted when bacterial abundances diverged during the
last phase of the experiment and top-down regulation led to lower bacterial cell num-25

bers at high pCO2 (Fig. 6; Brussaard et al., 2012). Also the community composition of
bacterioplankton changed after day 20, showing a higher diversity of particle-attached
bacteria in high-CO2 mesocosms (Sperling et al., 2012). Therefore, also increased
competitive relationships may have reduced community performance (Becker et al.,
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2012). The complex regulation of extracellular enzyme activity within natural plankton
communities can partly explain why bulk enzymatic rates were affected to a varying
degree under high pCO2 in recent perturbation studies elsewhere (Liu et al., 2011;
Grossart et al., 2006; Tanaka et al., 2008).

5 Concluding remarks5

The present study investigates how elevated seawater pCO2 can impact the metabolic
activity of a natural bacterioplankton community in an Arctic fjord system. A short lag
phase of extracellular enzyme activities and BPP after increasing phytoplankton pro-
duction revealed high flexibility and pulse-responsiveness of two bacterial processes
that substantially contribute to the heterotrophic carbon recycling and nutrient rem-10

ineralization. Changes in seawater pCO2 induced beneficial effects on bacterial activ-
ity by two principal mechanisms. Firstly, acidification increased rates of extracellular
β-glucosidase and leu-aminopeptidase, strongly suggesting direct pH effects to en-
hance extracellular hydrolytic activity under elevated pCO2. Secondly, BPP and leu-
aminopeptidase activity were directly related to primary production at changing pCO2.15

This suggests that elevated phytoplankton production under high CO2, as observed
in the present mesocosm experiment and in previous CO2-perturbation studies (e.g.
Egge et al., 2009), is efficiently channelled into the microbial food web in natural plank-
ton communities. Therefore, enhanced heterotrophic carbon utilization may counter-
balance increased autotrophic carbon fixation under high CO2 and prevent enhanced20

carbon export. However, the top-down control of bacterial abundances led to higher
cell losses at high CO2 in the present mesocosm study and partly counteracted effects
of lowered pH and enhanced primary production on the bulk hydrolysis of polysac-
charides and proteins. Our results strongly suggest further investigation of acidification
effects on both the biochemical sensitivity of bacterial isoenzymes and the regulation25

of bacterial activity in natural communites to better evaluate impacts of climate change
on heterotrophic microorganisms and their feedback potential to ocean acidification.
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Stuhr, A. and Riebesell, U.: Temporal biomass dynamics of an Arctic plankton bloom in re-
sponse to increasing levels of atmospheric carbon dioxide, Biogeosciences, under review,
2012.20

Seuthe, L., Iversen, R. K., and Narcy, F.: Microbial processes in a high-latitude fjord (Kongsfjor-
den, Svalbard): II. Ciliates and dinoflagellates, Polar Biol., 34, 751–766, 2011.

Silyakowa, A., Bellerby, R. G. J., Nondal, G., Czerny, J., Schulz, K. G., Engel, A., Tanaka, T.,
De Lange, T., and Riebesell, U.: Net community production and stoichiometry of nutrient
consumption in a pelagic ecosystem of a northern high latitude fjord: mesocosm CO2 per-25

turbation study, Biogeosciences, under review, 2012.
Simon, M. and Azam, F.: Protein content and protein synthesis rates of planktonic marine bac-

teria, Mar. Ecol.-Prog. Ser., 51, 201–213, 1989.
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Table 1. Half-saturation constant Km for β-glucosidase and leucine-aminopeptidase activity in
mesocosms and Kongsfjorden samples.

ß-glucosidase leu-aminopeptidase
mesocosms fjord mesocosms fjord

mean Km (pmol l−1) 94 52 54 50
median Km (pmol l−1) 50 34 51 40
range (pmol l−1) 3–696 3–252 2–188 19–126
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Figure 1
Fig. 1. Bacterial growth characteristics (upper panel; BPP: bacterial protein production) and
extracellular enzyme activities (lower panel) in samples of the Kongsfjorden with and without
amendments of ammonium (NH4) and glucose (glu) (t0: initial sampling, t4: sampling after 4
days of incubation).
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Fig. 2. Temporal development of bacterial protein production (BPP2 ◦C) and specific growth rates
(d−1) at 2 ◦C in mesocosms of low (175–250 µatm; blue symbols), medium (340–600 µatm;
grey symbols), and high pCO2 (675–1085 µatm; red symbols). BPP2 ◦C is normalized to volume
(ngCl−1 h−1; upper panel) and bacterial abundance (fmolCcell−1 d−1; lower panel). Green lines
represent chlorophyll a (Chl a) concentrations in the mesocosms.
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Fig. 3. Temporal development of bacterial production and growth (BPP2 ◦C, specific growth rate;
upper panel) and extracellular enzyme activities (leu-aminopeptidase, β-glucosidase, phos-
phatase; lower panel) in the Kongsfjorden.
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Fig. 4. Temporal development of extracellular β-glucosidase activity in mesocosms of low
(175–250 µatm; blue symbols), medium (340–600 µatm; grey symbols), and high pCO2 (675–
1085 µatm; red symbols). Maximum reaction velocities (Vmax) are normalized to volume
(nmol l−1 h−1; upper panel) and bacterial abundance (amolcell−1 h−1; lower panel). Green lines
represent chlorophyll a (Chl a) concentrations in the mesocosms.
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Fig. 5. Temporal development of extracellular leucine (leu)-aminopeptidase activity in meso-
cosms of low (175–250 µatm; blue symbols), medium (340–600 µatm; grey symbols), and high
pCO2 (675–1085 µatm; red symbols). Maximum reaction velocities (Vmax) are normalized to vol-
ume (nmol l−1 h−1; upper panel) and bacterial abundance (amolcell−1 h−1; lower panel). Green
lines represent chlorophyll a (Chl a) concentrations in the mesocosms.
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Fig. 6. Temporal development of ∆ hydrolysis potential for polysaccharide (upper panel) and
protein degradation (lower panel) in acidified mesocosms. The shaded area represents the time
period after the second chlorophyll a maximum when bacterial abundances in the mesocosms
diverged (see text for further explanation).
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Fig. 7. Activity ratios of leucine (leu)-aminopeptidase: β-glucosidase (upper panel) and molar
ratios of DON : DOC (lower panel) in mesocosms (grey line) and Kongsfjorden (black circles).
Mean values (±SD) of all mesocosms are shown.
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Fig. 8. Temporal development of extracellular phosphatase activity in mesocosms of low
(175–250 µatm; blue symbols), medium (340–600 µatm; grey symbols), and high pCO2 (675–
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normalized to volume (nmol l−1 h−1). Green lines represent chlorophyll a (Chl a) concentrations
in the mesocosms.
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Fig. 9. Q10 values for extracellular enzyme activities (β-glucosidase, leu-aminopeptidase) and
bacterial protein production (BPP) in relation to phytoplankton exudation at different sampling
days (e.g. d14: day 14 of the experiment).
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Fig. 10. Relationships between seawater pCO2/delta proton concentration (∆ [H+]) and ex-
tracellular enzyme activities. Separate correlations are shown for rates integrated over days
4–20 (open symbols) the whole experiment (filled symbols). Lines represent significant linear
regressions.
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Fig. 11. Relationships between primary production and bacterial protein production (BPP)
(upper panel) and primary production and extracellular enzyme activities (diamonds: leu-
aminopeptidase, squares: β-glucosidase) (lower panel). Black lines represent significant linear
regressions.
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Figure 12

Fig. 12. Activity of extracellular β-glucosidase and leu-aminopeptidase in samples of Kongsfjor-
den and one control mesocosm (M3) at in situ pH (fjord: 8.29, M3: 8.31) and after acidification
with dilute hydrochloric acid (pH 7.79–8.17).
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Figure 13

Fig. 13. Pathways of direct pH effects and indirect pCO2 effects on extracellular enzyme activity
in the mesocosm plankton community. (1) Biochemical pH effect on enzymatic reaction veloc-
ity, (2) Effect of primary production (PP) on bacterial enzyme production, (3) Effect of PP on
bacterial protein production (BPP), (4) Effect of bacterial abundance on bulk enzymatic activity.
See text for further explanation.
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