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Abstract. The effect of elevated seawater carbon dioxide1l Introduction
(COy) on the activity of a natural bacterioplankton commu-
nity in an Arctic fjord system was investigated by a meso- After early investigations suggesting that heterotrophic bac-
cosm perturbation study in the frame of the European Projecterial remineralisation is low in perennially cold environ-
on Ocean Acidification (EPOCA). A#CO, range of 175— ments (Pomeroy and Deibel, 1986), a multitude of field ob-
1085 patm was set up in nine mesocosms deployed in theervations and experimental studies over the last two decades
Kongsfjorden (Svalbard). The activity of natural extracellu- revealed a fully active microbial loop in the polar oceans
lar enzyme assemblages increased in response to acidificéRivkin et al., 1996; Rich et al., 1997; Yager et al., 2001).
tion. Rates of3-glucosidase and leucine-aminopeptidase in- The bottom-up regulation of bacterial activity in Arc-
creased along the gradient of mesocgs@0,. A decrease tic microbial food webs is mainly achieved by interac-
in seawater pH of 0.5 units almost doubled rates of bothtions with temperature and dissolved organic matter (DOM)
enzymes. (Pomeroy and Wiebe, 2001; Kirchman et al., 2005, 2009a).
Heterotrophic bacterial activity was closely coupled to Psychrophilic and psychrotolerant heterotrophic bacteria in
phytoplankton productivity in this experiment. The bacterio- polar marine environments are physiologically adapted to
plankton community responded to rising chlorophyiton- low temperatures. Nevertheless, they often act far below their
centrations after a lag phase of only a few days with in-temperature optimum, so that cold ambient temperature has a
creasing protein production and extracellular enzyme activ-high potential to reduce their metabolic activity and growth,
ity. Time-integrated primary production and bacterial proteinthereby decreasing the rate of bacterial DOM degradation
production were positively correlated, strongly suggesting(e.g., Simon et al., 1999; Huston et al., 2004). More recently,
that higher amounts of phytoplankton-derived organic matterthe availability of labile and semilabile DOM was proposed
were assimilated by heterotrophic bacteria at increased prias a major constraint on bacterial activity in the Arctic Ocean
mary production. Primary production increased under high(Kirchman et al., 2009a). Thus, Arctic marine systems are
pCOs in this study, and it can be suggested that the efficientnot only characterised by low temperature, but also by a defi-
heterotrophic carbon utilisation had the potential to counter-ciency of carbon and energy resources as a second regulating
act the enhanced autotrophic €fixation. However, our re-  factor of heterotrophic microbial growth (Kirchman et al.,
sults also show that beneficialCO,-related effects on bac- 2009a).
terial activity can be mitigated by the top-down control of  There is growing evidence that impacts of climate change
bacterial abundances in natural microbial communities. are amplified in the Arctic environment, making the Arctic
Ocean particularly sensitive to warming and acidification. A
temperature increase of 0@ in the Arctic over the past
150yr corresponds 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).
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The additional freshwater input from ice melting reduces the2 Material and methods
alkalinity of seawater and, hence, the buffering capacity of
the Arctic Ocean to acidification (Steinacher et al., 2009).2.1 Mesocosm set up and sampling
Investigating the relevance of seawater pH for the structure
and functioning of marine microbial communities gained lit- A mesocosm study was conducted on Spitsbergen (Svalbard)
tle attention in marine research before ocean acidificatiorbetween 30 May and 7 July 2010, in the framework of the
induced by anthropogenic emissions became evident. HowEuropean Project on Acidification (EPOCA). Kiel Off-Shore
ever, substantial natural variability of pH occurs on short timeMesocosms for Future Ocean Simulations (KOSMOS) were
scales and in marine microhabitats like particle aggregatesleployed in the Kongsfjorden, (786.2 N, 11°53.6 E), an
and biofilms (Ploug et al., 1997; Dexter and ChandrasekaranArctic glacial fjord system located on the west coast of Spits-
2000), and might co-determine biological activity. Biochem- bergen that is influenced by both Atlantic and Arctic water
ical studies demonstrated that fundamental processes of theasses (Hop et al., 2002). A detailed description of the meso-
marine microbial metabolism like numerous enzymatic re-cosm set up is given by Riebesell et al. (2012) and Schulz
actions and the respiratory electron transfer are strongly deet al. (2012). Briefly, nine mesocosms, each consisting of
pendent on pH conditions (e.g., Groudieva et al., 2004; Kol-a 15m long polyurethane bag, were deployed close to the
ber, 2007). Therefore, ongoing systematic changes in seawahoreline. Each mesocosm enclosed about #6hseawa-
ter pH andpCO, imply effects on the regulation of both au- ter. A pCO, gradient that ranged from 250-1085 patm was
totrophic and heterotrophic microbial activity in natural com- adjusted by the stepwise addition of g&@nriched seawater
munities, suggesting consequences of ocean acidification faduring days—1 to 4. Two mesocosms at in SiftO, of 175—
food web processes and organic matter turnover. 180 patm served as controls. The low in $iGO; reflected

Our study was part of the joint EPOCA mesocosm ex-the post-bloom stage of haeocystiglominated bloom
periment conducted in Kongsfjorden (Svalbard), 2010. Theevent (F. Buchholz, personal communication, 2010). In the
Kongsfjorden system in West Spitsbergen is an open fjordfirst phase of the experiment (days 4—13), the development of
system without sill and, therefore, largely affected by mix- the mesocosm plankton communities was observed without
ing processes on the adjacent shelf. On the shelf northboundny further manipulation under inorganic nutrient-deplete
transported Atlantic water is mixed with Arctic water and conditions of 0.1 umol £ nitrate, 0.5-0.7 pmolt* ammo-
freshwater derived from glacier melt and precipitation. The nium and 0.06—0.09 umolt! phosphate. Nine days after the
mixing of these water sources varies seasonally and interadjustment of targgtCO,-levels (on day 13), 5 umolt?! ni-
annually, resulting in a warmer and more saline regime undetrate, 0.3 umol £ phosphate and 2.5 umoft silicate were
strong influence of Atlantic water and in colder and fresheradded. A detailed description and analysis of nutrient con-
conditions during a state of Arctic dominance (Hop et al., sumption and phytoplankton growth is given by Schulz et
2006). Heterotrophic bacteria contribute substantially to theal. (2012).
biomass of the microbial community and play an important Depth-integrated samples of the water column enclosed
role in the structure and function of the microbial food web in by the mesocosm bags were taken by the use of a motor-
all seasons (Rokkan lversen and Seuthe, 2011; Seuthe et abperated water sampler (Hydrobios, Kiel, Germany) that per-
2011). Intense grazing by heterotrophic dinoflagellates andnanently and evenly collected water while being lowered
ciliates leads to cascading effects on carbon transfer througfrom the surface to a 12m depth (Riebesell et al., 2012).
the microbial food web during the vernal bloom in April. In  Depth-integrated samples of all mesocosms and the fjord
the following nutrient-limited post-bloom period the micro- were analysed for extracellular enzyme activity and bacterial
bial food web enters a regenerative state that is characterisgarotein production daily or every second day.
by an efficient recycling of produced carbon by the microbial
loop (Rokkan Iversen and Seuthe, 2011; Seuthe et al., 2011p2.2 Rates of extracellular enzymes
Hence, metabolic activity of heterotrophic bacterioplankton
can be expected to be a major constraint on fluxes of labiléActivity of extracellular enzymes released into seawater and
organic carbon and nutrients in this high-latitude ecosystemattached to outer cell surfaces was determined by the use
Nine mesocosms were deployed in the Kongsfjorden duringof fluorogenic substrate analogues (Hoppe, 1983). Accord-
June and July 2010, to investigate thegX@nsitivity of Arc-  ingly, rates ofg-glucosidase, leucine (leu)-aminopeptidase
tic pelagic organisms and resulting consequences for the praand alkaline phosphatase were assessed from the hy-
duction and turnover of organic matter. More specifically, wedrolysis ~ of  4-methylumbelliferyB-glucopyranoside,
tested in the framework of this experiment (i) whether bac- L-leucyl-4-methylcoumarinylamid-hydrochlorid and 4-
terial protein production and rates of extracellular enzymesmethylumbelliferyl-phosphate, respectively. The substrate
in the natural Kongsfjorden plankton community change un-analogues were added to whole seawater samples at
der elevategh CO;, and (ii) how changes ipCO, caninduce  final concentrations of 1, 5, 10, 20, 50, 80, 100 and
systematic effects on heterotrophic bacterial activity in this200 pmol =1 to determine enzyme kinetics. The fluo-
perennially cold marine environment. rescence emitted by 4-methylumbelliferone (MUF) and
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7-amino-4-methyl-coumarine  (AMC) after enzymatic scintillation cocktail. Duplicate incubations had an analytical
cleavage of the substrate analogues was detected at 355 nenror < 10 % for both incubation modes. Leucine incorpora-
excitation and 460nm emission wavelength. Relativetion was converted into BPP applying a conversion factor of
fluorescence units were converted into concentrations ofl.5kg C mol? leucine, assuming no intracellular isotope di-
MUF and AMC, respectively, after calibration with standard lution (Simon and Azam, 1989).

solutions of 2-100nmoltl. The fluorescence of MUF

and AMC is pH dependent. Therefore, calibration factors2-4 Cell-specific activity

were determined at five different pH values ranging from ) . _ _ L
7.6 to 8.4. MUF shows maximum fluorescence at a pH 10° _comprehenswe ana!y5|s of_m|cro_b|al growth dynam|cs_|n
and the calibration factor converting fluorescence into MUFthIS mesocosm experiment, including abu_ndance; of pico-
concentration was almost two times higher at pH 7.6 than aphytoplankton, nanophytoplankton, bacteria and VITUSES, 1S
than at pH 8.4. Assays using AMC as fluorescent marker ar&'Ve"n by Brussaard et al. (2012). In order to optimise cal-
less affected by pH differences due to the low basicity of thecula’uons of cell-specific rates for extracellular enzymes and

amino group. Accordingly, calibration factors determined BhPP, we additionagy detTrmirLed bacterial Ze:cl numbers in
for the applied pH range of 7.6 to 8.4 were not significantlyt e mesocosm subsamples that were used for our assays.
different. Bacterial abundances were determined by flow cytometry

Enzymatic rates were calculated from the increase in MUF(FACSCalibur, Becton Dickinson) after nucleic acid stain-
and AMC concentration, respectively, over time. An initial "9 With SybrGreen 1 (Invitrogen). Bacterial cell numbers
fluorescence measurement was conducted immediately aftdf€re estimated after visual inspection and manual gating

the addition of the substrate analogue followed by 3—4 mea® the bacterial subpopulation in the cytogram of side scat-
surements within 24 h of incubation in the dark &2 On ter vs. green fluorescence. Yellow-green fluorescent latex
days 12, 14, 20 and 24 of the mesocosm study additionapeads (Polyscience) and TruCount beads (Becton Dickinson)
incubations at 5.5-65C were conducted. Instead of using "€"® used to normalise the counted events to volume (Gasol

single end point measurements, the slope of the linear re@nd del Giorgio, 2000). Bacterial cell numbers were con-

gression between incubation time and the concentration of€"ed into ?acterial biomass assuming a carbon content of
the fluorescent marker was applied for rate calculations. Two10 fg Ccell i .(Caron etal., 1995).

analytical replicates per sample had on average a standard CeII-_specmc rgt.e.s of extracellular enzymes and BPP were
deviation of 9%. Boiled mesocosm and fiord water SerVeddetermlned by dividing the rate scaled to volume by total bac-

as blank and did not show any increase in fluorescence ovdf'ial abundance. Specific growth rates (vere calculated
time. Experimental data were fitted to a kinetic model using@ccording to

the Michaelis-Menten equation to determine the maximum, _ gpp/ g 1)
velocity (Vmax and the half-saturation constak, of the
enzymatic reactions. where BPP is bacterial protein production (ngCHd—1)

and B bacterial biomass (ng C1) (Kirchman, 2001).
2.3 Bacterial protein production ) )
2.5 14C primary production
Bacterial protein production (BPP) was estimated from the
uptake ofl“C-leucine that was added to depth-integrated
mesocosm and fjord samples at a final concentration og
40 nmol L. Two series of duplicate incubations were con-
ducted in the dark in a temperature-controlled walk-in room
at 2°C (BPR-c) and in situ in 1 m water depth, respectively.
Tests revealed a linear increase of leucine uptake over at lea
50 h, so that extended incubation times of up to 24 h could
be applied at low bacterial activity. Incubations were termi-
nated by the addition of trlchloracetllc acid (TCA) .at a final uid scintillation counting. A detailed method description is
concentration of 5%. Both incubations at@ and in situ .
included one control per mesocosm and fjord that was im-9'ven by Engel etal. (2012).
mediately poisoned after the addition of the radiotracer with, g Supplemental experiments
TCA (5% final concentration). All samples were processed
by the micorcentrifuge method (Smith and Azam, 1992).2.6.1 Enrichment assay
Briefly, samples were centrifuged at 1400@ to gain a
cell pellet that was washed twice with 5% TCA. Incorpora- An enrichment assay was conducted to investigate effects
tion into the TCA-insoluble fraction was measured by liquid of labile carbon and inorganic nitrogen input on bacterial
scintillation counting after resuspension of the cell pellet in activity and growth. For this purpose, a sample integrated

Primary production was determined by the use of the radio-
acer NaH*COs (Steemann Nielsen, 1952; Gargas, 1975).
riefly, samples spiked with 8 uCit! NaH"*CO; were in-
cubated in situ at 1 m depth for 24 h. After incubation sam-
ples were filtered onto 0.4 um polycarbonate filters. Particu-
I&te primary production was determined from the particulate
matter collected on the filters. Subsamples of the filtrate were
used to determine exudation. Both filters and filtrate were
acidified to remove inorganic carbon prior to analysis by lig-
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over 12m depth was collected close to the mesocosm site,,
in Kongsfjorden during the days of mesocosm deploy—zrl (4)
ment on 2 June 2010. Three replicates of 20 mL seawatei=mn

were supplemented separately with 20 uol glucose and wherem andn are the initial and final time point, respec-

-1 - - .
10 pmol L ammonium (final concentrations). Furthermore, tively, andr, the rate of an individual day. Since rate mea-

triplicate samples were amended with glucose and ammo-
S N : o surements for extracellular enzymes were conducted every
nium in combination to test whether ammonium addition can

stimulate the assimilation of labile carbon. Samples Withoutf‘:'econdI da;(/j%fthe experiment rates for the missing days were
any addition served as control. Rates of extracellular enzym('anterpo ated by
activity, BPP, and bacterial cell numbers were determined ac-  (r,_1 +r,,1)

cording to the methods described above in the initial fiord”t =~ 5> ®)
sample and in all incubations after 4 days in the dark at in

situ temperature of 2C. wherer,_1 is the measured rate of the previous day and

the measured rate of the day after.
2.6.2 Acidification assay The difference between time-integrated enzymatic rates of

the 7 acidified mesocosms and the mean of the two control
The biochemical sensitivity of the natural extracellular en- mesocosms was calculated and is referred ta\ dsydrol-
zyme assemblages to decreasing seawater pH was invesijsis potential Hence, positive values fok hydrolysisrep-
gated by an acidification assay. Depth-integrated samplegsesent an enhanced hydrolytic potential in acidified meso-
collected in the fjord and one non-acidified control meso-cosms, while negative values reveal a lower hydrolytic po-
cosm on day 25 of the study (2 July 2010) were acidifiedtential relative to the control mesocosms. Calculating daily
by the addition of 225-750 uL 0.1 N hydrochloric acid to values forA hydrolysisexplores the temporal variation of
200 mL of sample. Samples were allowed to equilibrate atdifferences in the hydrolytic potential between acidified and
2°C in the dark for 3 h before pH was measured with a com-non-acidified mesocosms (Fig. 6).
bined pH-temperature electrode (WTW, Sentix 41; standard Differences were tested for significance by means of t-
DIN/NBS buffers) and the initial sampling was conducted. test, paired t-test and ANOVA. Wilcoxon signed rank test
Non-manipulated samples of the fjord and the mesocosmand ANOVA on ranks were applied, if tests for normality or
served as control incubations at in situ pH. Measurementgqual variance failed. Linear and nonlinear regression analy-
for B-glucosidase and leu-aminopeptidase activity were acses were conducted using the software Sigma Plot 12.1 (Sy-
complished at 4 time points within 24 h after the initial time stat). Significance was accepted fok 0.05.
point.

2.7 Data analysis 3 Results

To test the effect of temperature on BPP and extracellulad.1 Enrichment assays

enzyme activityQ 1o factors were calculated as ] ]
The substrate supply to the bacterioplankton community

Q10= (rp/r)'Y "1 (2)  in the Kongsfjorden was tested for limiting resources by
an enrichment assay at the beginning of the mesocosm
study. The amendment of glucose alone and in combina-

respectively, for enzyme assays (see also Sect. 2.2). BP ion with ammonium led to a significant increase in BPP,
P Y y ys | o e acterial abundance arglglucosidase activity in compar-
at elevated temperature was derived from in situ incuba-

. . : -~ “ison to the non-amended control within 4 days of incuba-
tions (see also Sect. 2.3). It is likely that these incubation Y

were exposed to slight temperature changes during incub;[-Ion (one-way ANOVA,p < 0.05; Fig. 1, Table 1). Sole am-

tion time. Accordinaly. temperature sensitivity of BPP is es- monium enrichment did not result in significant changes
t:matled f.rom Ingly, peratu ity ! (one-way ANOVA, p > 0.05; Fig. 1, Table 1). These results

show that growth of the bacterioplankton community in the
)10/ (Tin sin~2°C) (3)  fiord was limited by the deficiency of labile carbon or en-

ergy when the mesocosm study started. Cell-spedifigx
whereTin siy ranged from 3.2C for incubations on day 14  of |eu-aminopeptidase remained constant over incubation
to 7.7°C on day 22, andin sty andrin si integrate the tem-  time and showed similar values of 32.7—36.9 amoldeii—1

whererp and rq, are rates at high7p) and low (1) tem-
perature, respectively; and 7> were 2°C and 5.5-6.5C,

Qio = (insitu/72°C

perature variability of a day-night cycle. in non-amended controls and in amended incubations after
The hydrolysis potential for polysaccharides and pro-four days (Fig. 1). This suggests that independent of car-
teins (umol 1) was calculated by integratingmax of 8- bon or energy limitation also the demand for organic nitro-
glucosidase and leu-aminopeptidase (umdid ), respec-  gen was high and could not be compensated by the supply
tively, over time according to of an inorganic nitrogen source. The initigkglucosidase

Biogeosciences, 10, 29344, 2013 www.biogeosciences.net/10/297/2013/
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600 35 Table 1. Statistical analysis of the enrichment assays. Significance

) bacteral abuncance levels of ANOVA (panova) and post-hoc comparisons versus

500 1 [ the control ppost-hoc tesk are given. One-way ANOVA with post-
hoc comparison by the Holm-Sidak method was carried out for
bacterial protein production (BPP), bacterial abundance and leu-
aminopeptidase. Data f@-glucosidase activity were not normally
distributed and, therefore, ANOVA on ranks combined with post-

hoc comparison by Dunnett's Method was applied.

r25
400 -

r20
300 -

BPP
(ngcLth?)

r1l5

bacterial abundance
(*10° cells mL™)

200 -
r 10

Bacterial

100
[os BPP abundance g-glucosidase leu-aminopeptidase

0 0.0 PANOVA < 0.001 0.02 0.02 0.413

I B-glucosidase Ppost-hoc test
354 [ leu-aminopeptidase glu < 0.001 0.003 < 0.05

L ao NHg4 0.783 0.655 > 0.05 -
301 glu,NH;  <0.001 0.004 <005 -

251 b 30

2.0 1

in the fjord increased from the beginning of the experiment
until day 10. After a strong decrease of rates during days 12—
101 b 14, phosphatase activity in Kongsfjorden samples was below
051 the detection limit from day 16 until the end of the experi-
oo . ment (Fig. 2). Fjord and mesocosms showed sinflarval-

.ﬂ conrol  NH gu gl NH, ues for leu-aminopeptidase activity with mean values of 54
and 50 pmol 1, respectively. In contrast, thi,, values of
B B-glucosidase were significantly lower in the fjord (average
52 umol L) (Mann-Whitney rank sum tesp < 0.05), re-
vealing a higher affinity to substrates than in the mesocosms
(average 52 umolt!) (Table 2). Extracellular phosphatase
activity in the fjord was significantly related to chlorophyll
concentrations over the whole duration of the experiment
(linear regression;2 = 0.55, p < 0.001,z = 17; not shown).

r 20

B-glucosidase
(amol cell* h'™)
(amol cell* h'™")

151

leu-aminopeptidase

’3

Fig. 1. Bacterial growth characteristics (upper panel; BPP: bacte-
rial protein production) and extracellular enzyme activities (lower
panel) in samples of the Kongsfjorden with and without amend-
ments of ammonium (Nk) and glucose (glu) (tO: initial sampling,
t4: sampling after 4 days of incubation).

3.3 Bacterial protein production and specific

1h—1 g i i
Vmax Of 3.3amolceff-h™ decreased during incubation growth rates

in all treatments. Cell-specifi®/nax of B-glucosidase in

glucose-amended incubations were reduced by approXithe synthesis of cellular proteins by heterotrophic bacte-
mately 37 % to 2.0-2.2amol cefth~*, while rates in con-  yigplankton showed a similar temporal development in all
trols and ammonium-amended samples decreased stronglyiesocosms (Fig. 3). Lowest BPR of 19-56ngCL1h-1

by approximately 83% to 0.5-0.7 amol cellh™* (attomol  \as determined shortly after G@nanipulation (days 2—7).

[amol] = 108 mol) (Fig. 1). Thereafter, BPP-¢ did not show a continuous increase, but
elevated values during days 12-16 and 22—29 after the first
3.2 Bacterial activity in Kongsfjorden during and the second maximum of chlorophyliconcentrations,
early summer respectively. Maximum BPRc of 168-268ngCLlh—1

was attained either on day 22 or day 28, representing on
In mid-June, during days 3-12 of the mesocosm studyayerage an increase by a factor of 6.4 over 18-22 days of
a chlorophyll  maximum of 2.3ugL"' developed in the experiment (Fig. 3). Specific growth rates of bacteria
the Kongsfjorden (Schulz et al., 2012). Concomitant with showed an opposite temporal development. Maximum spe-
maximum chlorophylla concentration highest BBR: of  cific growth rates of 0.24-0.37d were determined during
421ngCLth~! was determined in the fjord on day 10 of the initial days of the experiment. Specific growth rates de-
the experiment, when the rate was almost twice the maxcglined strongly after day 8 so that highest BRPPat the end
imum mesocosm value (Figs. 2-3). Elevated rates3of  of the experiment coincided with lowest specific growth rates
glucosidase and leu-aminopeptidase were measured during 0.02-0.09 d* (Fig. 3).
and shortly after the chlorophytl maximum. After day 16
rates of both enzymes did not show substantial variation
in the fjord despite continuously increasing bacterial cell
numbers (Fig. 2; Brussaard et al., 2012). Phosphatase activity

www.biogeosciences.net/10/297/2013/ Biogeosciences, 10,28Y2013
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-,
)

Table 2. Half-saturation constant,, for g-glucosidase and
leucine-aminopeptidase activity in mesocosms and Kongsfjorden
samples.

=
o

r 300

B-glucosidase leu-aminopeptidase

Chla(ugL™)

BPP,c(ngCL™ h™)
specific growth rate (d

1o | 200 Los mesocosms fiord mesocosms fjord
oz meank, (umol L~1) 94 52 54 50

05 1 L 100 mediank,,, (umolL~1) 50 34 51 40
ot range (umol 1) 3696 3-252 2-188 19-126

=
=)
S)
o
-
Y}

—&— B-glucosidase
minopeptidase
= phosphatase

=3
3

)
IS

The temporal development & hydrolysis potentiale-
veals an elevated enzymatic potential for polysaccharide and
protein degradation in the two mesocosms of high<30;
during the first 20 days of the study (Fig. 6). After the sec-

|, ond chlorophylla maximum on day 21 bacterial abundances
P R in the mesocosms diverged (Brussaard et al., 2012) and the
y differences between the two high-g@esocosms and the
controls were either reduced or balanced (Fig. 6).

The ratio of leu-aminopeptidasg:glucosidase activity is
a measure for the protein relative to polysaccharide hydroly-
Fig. 2. Temporal development of bacterial production and growth SiS- This activity ratio changed in mesocosms and fjord over
(BPP,+, specific growth rate; upper panel) and extracellular en-time (Fig. 7). The temporal development in mesocosms and
zyme activities (leu-aminopeptidasg;glucosidase, phosphatase; Kongsfjorden diverged after day 12 when the ratio increased
lower panel) in the Kongsfjorden. in the mesocosms, but remained lower in the fjord sam-
ples. 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.
i _ . The divergence in the activity ratio of the two enzymes coin-
Rates of extracellulgs-glucosidase, leu-aminopeptidase and cjged with the divergence of the molar ratios of DON:DOC
phosphatase were measured in mesocosm and fjord sanl mesocosms and fiord (Fig. 7).
ples to assess the hydrolytic activity of the three major gyiracellular phosphatase ~ activity did not follow
type; of extrace]lular enzymes that drive th_e turnover of or-prichaelis-Menten  kinetics at several time points. The
ganic polymers in seawatéfmax Of f-glucosidase and leu- ea50ns remain speculative, but potential explanations
aminopeptidase started to increase in all mesocosms duringy 14 be either extracellular phosphatase activity of mi-
days 6-8, shortly after COmanipulation and the develop-  ¢rq7g0plankton that may not follow Michaelis-Menten
ment of a first chlorophylk maximum (Figs. 4-5). Rates of  yinetics (Gambin et al., 1999; Hoppe, 2003) or artefacts
B-glucosidase increased further until the end of the experiq,ced by MUF-phosphate addition in excess of sat-

iment (Fig. 4). Also leu-aminopeptidase activity increased , ation (Sebastian and Niell, 2004). In the following,
rapidly, but declined 2—4 days before the end of the experi-

i - _ phosphatase rates determined at 10 pmdl Lsubstrate
ment (Fig. 5). Mlax|mlunvmax|nthe mesocosnfs r?nged from  concentration Viopm) are shown that do not represent the
3.1-4.8nmolC* h™ and 62.1-86.7 nmolt-h~ for 8-

; X i ) reaction velocity at substrate saturation (Fig. 8). Hence,
glucosidase and leu-aminopeptidase, respectively, and werg,qsphatase rates are not directly comparable with rates
determined during the last days of the experiment. of B-glucosidase and leu-aminopeptidase that represent

_The temporal development of cell-specific rates wasy_ (Figs. 4-5). The temporal development of phosphatase
different from that of bulk rates. Cell-specifi®max in 4ctivity shows a clearly different pattern tharglucosidase
the mesocosms |n(1:reased from days 4 to 112 UP t9nd leu-aminopeptidase. Rates show three activity maxima
0.9-1.4amolcefi*h™" and 12.2-20.0amolcefth™ for i 4 mesocosms during the experiment (Fig. 8). The first
p-glucosidase and leu-aminopeptidase, respectively, but,ayimum in phosphatase activity during days 4-8 coincided
showed only minor variation afterwards (Figs. 4-5). Hence,\ith the first maximum in chlorophyl concentrations. The

an in_creasing amount of bacteria_l enzymes released by @o:0ng phosphatase maximum occurred at chlorophyl
growing bacterioplankton community and not enhanced celyyinimum concentrations between the first and the second

lular metabolic activity increased the hydrolytic potential of chlorophylla peak during days 12—18. A third maximum in
the bacterioplankton community after day 12. phosphatase activity developed simultaneously with the third

@
3

40 4

ax B-glucosidase (nmol L

20 4

Vnax leu-aminopeptidase (nmol L * h‘])
V1o Phosphatase (nmol L *hY
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153 158 163 168 173 178 183 188 193
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3.4 Activity of hydrolytic extracellular enzymes
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Fig. 3. Temporal development of bacterial protein production (BRf and specific growth rates {d) at 2°C in mesocosms of low (175—
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normalised to volume (ng C1t! h—1), green lines represent chlorophyltoncentrations (Chi, ug L™1). Lower panel: BPPR.c normalised
to bacterial abundance (cell-specific BRR, fmol C cell"1 d—1) and corresponding specific growth rate &.

chlorophylla maximum between days 22 and 28. However, variability and ranged from 0.1-11.7 (Fig. 9). Tiiag val-
this third phosphatase maximum had lower rates than theues for both enzymes an@j, values for BPP were related

two previous maxima in most mesocosms (Fig. 8). to phytoplankton exudation that can be considered as a mea-
sure for the input of labile organic matter. Tl values
3.5 Temperature dependence of bacterial protein determined for the two extracellular enzymes at lower ex-
production and extracellular enzymes udation levels of 0.9 and 0.7 umol CEd~1, respectively,

were significantly higher than those at increased exuda-
The seawater temperature increased during the mesocostion of 1.5 pmol C L1d~1 (Mann-Whitney rank sum test,
study from 2.0C at the beginning of June to 5.2 one  ; <0.001). AlsoQ?%, values for BPP decreased significantly
month later (Schulz et al., 2012). There were no temper-yith increasing exudation (linear regressiof= 0.51, p =
ature differences between the nine mesocosms (ANOVA0‘03) (Fig. 9).
on ranks, p >0.05) and alsoQ10 and Q7, values deter- 03, values for BPP are derived from a comparison of
mined for extracellular enzyme activity (Eq. 2) and BPP rates determined at°Z and at in situ temperature. Since
(Eq. 3), respectively, did not show significant variation 2oc represents the initial fiord temperature during meso-
between the mesocosms on the individual sampling dayggsm deployment and G@manipulation, the difference be-
(B-glucosidase: ANOVAp > 0.05; leu-aminopeptidase and ween BPP at the two temperatures gives an estimate for
BPP: ANOVA on ranksp > 0.05). HoweverQio and Q7 the surplus of bacterial biomass production that can be at-
varied significantly over the duration of the study, revealing triputed to seawater warming during the experiment. Sum-
that the temperature sensitivity of the enzyme assemblagemng up this surplus over the experiment, it can be esti-
changed within two weeksQ10 values forS-glucosidase  mated that rising in situ temperature alone increased BPP in
and leu-aminopeptidase determined at four time points bethe mesocosms by a factor of 1.3-1.7, corresponding to 27—

tween day 12 and 24 ranged from 2.0—1'1.4 and .1..1—4.451 ug C L1 in the 26 days between G@nanipulation and
(mean values of all mesocosms), respectively. Activity of the end of the experiment.

B-glucosidase was consistently more temperature sensitive
than leu-aminopeptidase activity. AlsQ}, values deter-
mined for BPP at nine sampling days showed high temporal
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ified mesocosms. The shaded area represents the time period aftbfean values£SD) of all mesocosms are shown.

the second chlorophylt maximum when bacterial abundances in
the mesocosms diverged (see text for further explanation).

3.6 Testing for effects of different mesocosnpCO3
levels on bacterial activity

The design of the mesocosm experiment with 8 different
pCO, levels suggests the use of a regression model to te
data for significant relationships between seawa&®, and
bacterial activity. It has been shown that running each exper
imental unit at a different treatment level is an appropriate
experimental design for large-scale facilities that would oth-
erwise allow only for a limited number of replicates (Haven-

hand et al., 2010). Physiological performance and metabolid"

activity of heterotrophic microbial organisms like bacteria
may not be directly affected by changes in seawate0,,

but by co-occurring changes in pH. The range of mesocos
pCO, from 175 to 1085 patm corresponded to pH values of
7.63-8.34. Regression analysis of our dataset was carrie
out with differences in proton concentration that could be

calculated between each acidified mesocosm and the norﬁ T
tracellular enzymes at lowered seawater pH. A significant re-

acidified control mesocosms\([H]*, nmolL™1). The re-
sulting mean fo [H] ™ over time were correlated with time-
integrated rates of cell-specific BP®, 8-glucosidase and

www.biogeosciences.net/10/297/2013/

)

leu-aminopeptidase (Egs. 4 and 5) (Fig. 10). The temporal
development ofA hydrolysis potentiareveals an elevated
enzymatic potential for polysaccharide and protein degrada-
tion in the three mesocosms of high@§1O, during the first

20 days of the study when similar bacterial abundances were
determined in all mesocosms (Fig. 6). Therefore, regression
%nalyses of time-integrated cell-specifieglucosidase and
eu-aminopeptidase rates were accomplished for the whole
duration of the experiment (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 experi-
ent ¢ = 0.57, p < 0.05) (Fig. 10). Hence, the cellular po-
tential for enzymatic protein hydrolysis increased with grad-
ual acidification over the appliedCO, range. Correlations

an A [H] ™ with cell-specific enzymatic rates integrated over

days 4-20 revealed significant linear relationships for both
é-glucosidaser(2 = 0.53, p < 0.05) and leu-aminopeptidase
activity (- =0.79, p <0.05) (Fig. 10), and confirmed the
rend of rising hydrolytic activity mediated by bacterial ex-

lationship betweem [H] ™ and cell-specific BPR¢ could
not be determined.

Biogeosciences, 10,2872013
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12 12 Y 3.7 Acidification assay
] * To directly test the influence of seawater pH ¢h
8 8 glucosidase and leu-aminopeptidase activity samples of the
Kongsfjorden and one control mesocosm (M3) were acidi-
fied with dilute hydrochloric acid on day 25 of the experi-
L g ment. The pH manipulation was the only source of variation
a2 N A in this experiment, while a comparison of the mesocosms at
R different pCO; includes the divergence of other environmen-

d24 ds

0 0 4 tal and biological parameters like phytoplankton community

é Exudaton (ol C L 14 * Exucation molG L Adt) composition (Brussaard et al., 2012), primary production
Samnepeisse e (Engel et al., 2012), net community production (Silyakova
et al., 2012) and nutrient utilisation (Schulz et al., 2012).
Rates of extracellula$-glucosidase 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 (Fig. 12). Both enzymes showed sig-

nificantly higher rates at lowest pH (Wilcoxon signed rank

The pH manipulation was the primary source of variation test, p = 0.008), revealing that the in situ pH of the Kongs-
in this experiment but a comparison of bacterial activity in fiorden and the control mesocosm (M3) did not provide opti-
the mesocosms at differeptCO, should also consider im- Mum conditions for these enzymatic reactions. Cell-specific
pacts of changing phytoplankton productivity under differ- Vmax of -glucosidase and leu-aminopeptidase in acidified
ent pCO, that are analysed in detail by Engel et al. (2012). Kongsfjorden samples increased by a factor of 2.1 and 1.8,
Particulate primary production was significantly higher at respectively, when the in situ pH of 8.29 was reduced to 7.79.
elevated pCO, after nutrient addition. Dissolved primary The effect of acidification was less pronounced in mesocosm
production was significantly higher in G&nriched meso- Samples. Here, cell-specifinax of both enzymes increased
cosms before as well as after nutrient addition, suggestindy a factor of 1.2 at pH 7.79 (Fig. 12).

a direct influence of C®on the production of DOC (En-

gel et al., 2012). Regression analysis revealed direct linear

correlations of time-integrated total primary production with 4 Discussion

cell-specific BPRsc (r2 = 0.77, p < 0.05) and cell-specific

leu-aminopeptidase activity{ = 0.57, p <0.05) (Fig. 11).  In the present mesocosm study, the microbial community of

Hence, bacterioplankton responded with rising biomass proan open Arctic fjord system was exposed tp@O, gradi-

duction and protein degradation to elevated photosyntheti@nt ranging from in situ values of 175 patm to 1085 patm,

production of organic substrates. Leu-aminopeptidase activaccording to projections for the future ocean. Hence, chang-

ity was significantly related to both seawater pH and primarying pCQO, was the primary manipulation in this experiment.

production. The parameters of the seawater carbonate system must be
considered as environmental factors that contribute among

Qi Or V oy
>
*
e

=
Qyo* for BPP

IS
5=
&

24

N

Fig. 9. Q10 values for extracellular enzyme activitiess-(
glucosidase, leu-aminopeptidase) a@dg* values for 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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glucosidased 4-20:r< = 0.53; leu-aminopeptidase, 4-20:r“ = gent significant £ < 0.05) linear regressions (BRR:: r2 = 0.77;

0.79, whole experiment:2 = 0.57). leu-aminopeptidase? = 0.57).

others to the bottom-up control of the microbial community. ) .
In the present study, also temperature that increased substafaracterised by a succession of phytoplankton followed by

tially during the experiment and phytoplankton production bacterioplankton after a temporal lag of days to weeks. The
that changed over time and in response to differe@D,  duration of this lag period in response to increasing phyto-
had a high potential to affect growth and metabolic activity Plankton biomass and production is decisive for the degra-
of bacterioplankton. In the following the influence of sea- dation efficiency and the export of organic matter produced
water pH, temperature and phytoplankton production on hetin bloom situations (Kirchman et al., 2009b; Bird and Karl,
erotrophic bacterial activity and their role in the bottom-up 1999). The bacterioplankton community in the Kongsfjor-

regulation of bacterioplankton activity will be discussed. ~ den and in the mesocosms responded after a lag of only
some days with increasing activities to rising chloroplayll

concentrations, revealing that there was neither a substrate
threshold that needed to be exceeded nor any community in-
The coupling of phytoplankton and bacterioplankton be-trinsic factor impeding a fast bacterial response (Figs. 2-5).
comes evident from a phasing of biomass and productiorin the framework of this mesocosm experiméf€ added as

of the two groups (Ducklow and Yager, 2006; Kirchman et bicarbonate was used to follow the carbon flow through the
al., 2009b). This co-variation of phytoplankton and bacte-microbial food web. The rapid increase of bacterioplankton
rioplankton biomass and production over time and space isctivity in the mesocosms coincided with increasing shares

4.1 Phytoplankton-bacterioplankton coupling

www.biogeosciences.net/10/297/2013/ Biogeosciences, 10,28Y2013
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10 the overall magnitude of bacterial activity, although infor-
Fiord mation is limited due to broad ranges observed in marine
environments and overlapping limits for cold and temper-
ate marine ecosystems. The specific growth rates of bacte-
ria in polar marine systems are not necessarily lower than
in oligotrophic temperate regions (Rivkin et al., 1996; Rich
et al., 1997; Ducklow, 1999). Specific growth rates of 0.02—
0.65d! determined in Kongsfjorden and the mesocosms are
in the range of values published for both the Arctic Ocean
Fiord (Kirchman et al., 2009b) and temperate marine ecosystems
oy I (Ducklow et al., 1993; Ducklow, 1999) (Fig. 3). Rates de-
rived from the uptake of radio-labelled leucine in our study
are similar to bacterial growth rates of 0.13-0.68 calculated
from the incorporation of3C (de Kluijver et al., 2012). This
accordance emphasises the importance of freshly produced
organic matter for bacterial growth in the mesocosms. High
variability was also found for cellulg#-glucosidase and leu-
0 aminopeptidase rates in this study. Maximum and mean cell-
829 817 796 779 831 821 796 779 specific rates oB-glucosidase and leu-aminopepitdase in the
pH pH mesocosms and in Kongsfjorden are in good accordance with
values determined off the coast of Spitsbergen during sum-

F'gi 12. ACt'V't.y of extracellular ﬁ-gluco&dase and leu- mer (Sala et al., 2010) (Figs. 2, 4-5). The activities are at the
aminopeptidase in samples of Kongsfjorden and one control meso-

cosm (M3) at in situ pH (fjord: 8.29, M3: 8.31) and after acidifica- Ipwer limit of ranges pgblished for temperate marine syste!”ns
tion with dilute hydrochloric acid (pH 7.79-8.17). Rates at pH 7.79 like the Central Atlantic (Baltar et al., 2009) and the Baltic
were significantly higher than at in situ pH (Wilcoxon signed rank Sea (Nausch et al., 1998). Overall, the magnitude of bacterial
test, p = 0.008). activity in mesocosms and Kongsfjorden represents the over-
lap of higher levels in cold marine environments and lower
levels in the temperate ocean.
of 13C in bacterial biomass, revealing a fast transfer of car-
bon recently fixed by phytoplankton to the bacterioplank- 4.2 Microbial acquisition of organic matter by the use
ton community (de Kluijver et al., 2012). Previous stud- of extracellular enzymes
ies have shown that bacterial communities in polar marine
systems can lag behind the development of vernal phytoOrganic substrates for bacterial utilisation are mainly de-
plankton blooms by weeks (Billen and Becquevort, 1991;rived from complex high-molecular-weight compounds that
Bird and Karl, 1999). Our study, however, was conductedare enzymatically hydrolysed outside the microbial cells into
in early summer after the maiRhaeocystisspring bloom  molecules sufficiently small for uptake. In the marine envi-
in the Kongsfjorden. Therefore, it seems likely that bacte-ronment, heterotrophic bacteria must be considered as the
rial cells did not return from a starvation induced dormancy main producers of3-glucosidase and leu-aminopeptidase,
that allows maximum conservation of carbon and energy durthe most important polysaccharide- and protein-degrading
ing winter. A study accomplished in the Chuckchi Sea dur-extracellular enzymes, respectively. Culture studies have
ing summer has shown that the fraction of actively respir-shown that some species of marine phagotrophic protozoa,
ing bacterial cells and the cells’ substrate affinity increasedmainly flagellates, produce and release glucosidases and pro-
at elevated chlorophyll levels within some days, suggestingeases, but to the best of our knowledge there is no evi-
a substantial physiological and metabolic flexibility of bac- dence to date that non-bacterial producers are able to sig-
terioplankton communities at this time of the year (Yager etnificantly influence the bulk rate of these two enzymes in
al., 2001). Hence, the physiological state of the bacterial cellxatural marine communities (Karner et al., 1994). The tem-
and the community composition after the vernal bloom mightporal development of cell-specifig-glucosidase and leu-
facilitate a faster response to subsequent bloom events duringminopeptidase activity reveals information on the modu-
summer and, thus, promote a faster onset of organic mattdation of enzyme activity in the mesocosms. Cell-specific
recycling in cold marine systems. enzymatic rates increased during the first chlorophyll peak,
In addition to the lag phase, also the magnitude of bactedemonstrating a response of bacterial activity to changing
rial activity achieved in response to elevated phytoplanktonenvironmental conditions on the cellular level in this first
production determines the rate at which freshly produced orphase of the experiment. Afterwards increasing bulk activity
ganic matter is recycled. Absolute values for growth rateswas driven by the growing community and thereby increas-
and extracellular enzyme activities are a measure to assessg numbers of bacterial enzyme producers, but not by the
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adjustments of cellular rates. Accordingly, the bulk activity leu-aminopeptidasg-glucosidase in the mesocosms than in
of extracellular enzymes was highest towards the end of thehe fjord (Fig. 7). Higher activity ratios in the mesocosms
mesocosm experiment when highest bacterial cell numbersoincided with a lower share of dissolved and particulate or-
were determined, revealing that the enzymatic turnover of organic nitrogen (Fig. 7; Schulz et al., 2012), suggesting that
ganic matter was strongly affected by growth characteristicghe high organic nitrogen demand of the strongly growing
of the bacterioplankton community in this study. bacterioplankton populations in the mesocosms enhanced the
A variety of heterotrophic and autotrophic microbial or- need for enzymatic protein hydrolysis.
ganisms contributes substantially to the enzymatic hydroly- Overall, the enrichment assay and the activity ratios of
sis of organic phosphorus compounds. In addition to bacterialeu-aminopeptidases-glucosidase in mesocosms and fjord
also phytoplankton species and protozoa can be strong pralemonstrate that organic matter resources had a high poten-
ducers of extracellular phosphatase in natural marine comtial to affect bacterial growth characteristics in this study.
munities (Hoppe, 2003). In the present study, two maxima ofFurthermore, results reveal an efficient adjustment of hy-
phosphatase activity coincided with chlorophylmaxima,  drolytic extracellular enzyme production to changes in sub-
while only the phosphatase peak during days 12—18 develstrate availability and to potentially changing requirements.
oped at low chlorophylt concentrations (Fig. 8). Therefore,
it seems likely that in particular before nutrient addition on 4.4 Effects of temperature on bacterial activity
day 12 autotrophic organisms recycled a significant share of
organic phosphorus. As a consequence, high chlorophyll Temperature is an extensively investigated constraint on bac-
concentrations could be achieved without the availability ofterial activity in polar marine systems that has a high po-

inorganic phosphorus (Schulz et al., 2012). tential to change metabolic rates (e.g., Rivkin et al., 1996;
Pomeroy and Wiebe, 2001; Kirchman et al., 2009a). In the

4.3 Growth limitation of bacterioplankton by organic present study, in situ temperature increased over time and
matter resources enhanced the daily production of bacterial biomass in the

mesocosms substantially. The daily values &, varied
The availability of labile and semilabile carbon is consideredsignificantly from values< 1 up to 12 over the duration of
to be a major factor regulating bacterial activity in the marine the experiment (Fig. 9). Values 2 are characteristic for psy-
pelagic environment, including subpolar and polar oceanshrophilic bacteria in polar waters that show low-temperature
(Kirchman et al., 2005, 2009a; Granet al., 2004; Cuevas optima for metabolic processes, while higher values were ob-
et al., 2011). Results of the enrichment assay conductederved for psychrotolerant bacterial strains that can cope with
with Kongsfjorden samples at the beginning of the meso-low seawater temperatures, but show temperature optima
cosm study are in accordance with this conclusion, sincearound 20C (Morita, 1975). HenceQ7, values determined
the amendment of labile carbon stimulated bacterial biomas$or BPP in the mesocosms suggest that the bacterial commu-
production and growth (Fig. 1, Table 1). A recent study re- nity metabolism was mainly driven by the activity of psy-
vealed high spatial variability of the limiting resource for chrotolerant instead of phsychrophilic bacterial straidsy
bacterial growth at coastal and fjord stations located in thevalues forg-glucosidase, leu-aminopeptidase api, val-
west of Spitsbergen. Enhanced carbon consumption was ewes for BPP were related to rates of phytoplankton exudation,
ident in incubations of coastal samples, while mineral nutri- strongly suggesting interactions of bacterial temperature sen-
ent deficiency limited bacterioplankton production in fjord sitivity and substrate availability. Low210 and Q7 values
samples of high phytoplankton biomass (Vadstein, 2011)for bacterial activity at elevated rates of phytoplankton exu-
Our incubations were accomplished during the initial daysdation reveal lower temperature sensitivity at high substrate
of the mesocosm experiment when low levels of phytoplank-availability. A similar relationship between ambient substrate
ton biomass and primary production prevailed (Engel et al.,concentration and temperature sensitivity of bacterial perme-
2012; Schulz et al., 2012). Therefore, it can be assumed thases was determined in an Arctic polynya. Hepag val-
regeneration of nutrients was high and prevented mineral nuues up to 11 were determined for bacterial amino acid up-
trient limitation, while the input of fresh and labile organic take at amino acid concentrations50 nmol L1, while Q19
compounds was low and, thus, limiting at that time. High decreased at higher amino acid concentrations (Yager and
levels of leu-aminopeptidase activity in glucose-amendedDeming, 1999). The differences in temperature sensitivity
Kongsfjorden samples show that also the demand for aminaletermined in our study cannot be induced by direct substrate
acids released from protein hydrolysis was high. Hence, the- enzyme interactions, since the fluorescent and radioactive
limitation of bacterial production and growth by the avail- markers for enzyme and BPP measurements, respectively,
ability of labile carbon was evident, but also a deficiency were added at saturating concentrations. It is likely that the
of labile organic nitrogen compounds must be assumed. Theariability in Q10 and Q7] is related to metabolic adapta-
enclosure of the bacterioplankton community into the meso-ions of the bacterioplankton community to different levels
cosms likely intensified the shortage in organic nitrogen forof substrate input by phytoplankton production. These adap-
bacterial consumption as implied by higher activity ratios of tations to different substrate concentrations can be achieved

www.biogeosciences.net/10/297/2013/ Biogeosciences, 10,28Y2013



310 J. Piontek et al.: Response of Arctic bacterioplankton to elevated CO

by the use of different isoenzymes. Isoenzymes catalyse the bottom-up — top-down

same reaction, but can differ with respect to other kinetic _‘
and biochemical characteristics (Ferenci, 1996; Wick et al.,

2001). The co-existence of isoenzymes in natural marine as- © Bacterial ,
semb)lages was shown by biphagic and multiphasic kinet-‘ PrpeC: H i “’| e |—> Abundance
ics of extracellular enzyme activity and bacterial substrate (1] (2] (4]

uptake and by the isolation of diverse isoenzymes for ex-

tracellular polysaccharide hydrolysis during a bloom situa- —-| Extracellular Enzymes |<—
tion (Unanue et al., 1999; Tholosan et al., 1999; Arrieta and
Herndl, 2002). Furthermore, laboratory studies revealed thaFig. 13.Pathways of direct pH effects and indirgeE O, effects on
extracellular isoenzymes produced by polar marine bacterigxtracellular enzyme activity in the mesocosm plankton commu-
can show different optimum temperatures for their catalyticity. (1) Biochemical pH effect on enzymatic reaction velocity, (2)
reaction (Nichols et al., 1999). Even isoenzymes producecfﬁeCt of primary productipn (PP) on bacteri_al enzyme production,
by a single bacterial strain can differ with regard to their tem- (3) &ffect of PP on bacterial protein production (BPP), (4) effect of
perature characteristics (Maki et al., 2006). Hence, a modupactenal_abundance on bulk enzymatic activity. See text for further
. . . . explanation.
lation of the community metabolism by isoenzymes that are
produced in response to different levels of substrate availabil-
ity and show different temperature sensitivities could explain

short-term variability inQ1g values for bacterial activity in  suggesting a high potential for combined temperature and pH

natural communities. effects. Also extracellular enzyme activities in the high-=CO
mesocosms were enhanced and directly related to the rising
4.5 Bacterial activity under elevatedpCO» hydrogen ion concentrations over the appldO, gradi-

ent (Fig. 10). Hence, results of both acidification assay and
The general dependence of enzymatic reactions on pH isnesocosm study confirm an acceleration of organic matter-
well-known for more than one hundred years and was condegrading extracellular enzyme activity at seawater pH pro-
firmed for extracellular enzymes of aquatic habitats aboutected for the near future. Enhanced extracellular enzyme ac-
20yr ago (Arrhenius, 1889; Whster, 1991). Also extracel- tivity in the mesocosms, however, cannot be exclusively at-
lular enzyme activity of cold-adapted marine isolates wastributed to direct biochemical pH effects. Instead, it must be
shown to respond with characteristic optimum curves to aassumed that bacterial activity in the mesocosms was addi-
pH range from 2 to 12 (Groudieva et al., 2004). Recent studtionally stimulated by increased primary production under
ies revealed that also moderate decreases in seawater pH aevatedpCO,. Both particulate and dissolved primary pro-
projected for the near future can significantly impact bulk duction supply heterotrophic bacterial communities with or-
rates of hydrolytic extracellular enzymes produced from nat-ganic substrates. Phytoplankton exudation contributed about
ural marine bacterioplankton communities (Grossart et al.,20 % and 15 % to total primary production in the mesocosms
2006; Tanaka et al., 2008; Piontek et al., 2010; Yamada andbefore and after nutrient addition, respectively, and directly
Suzumura, 2010). Most of these studies show elevated actiprovided dissolved substrates that are easily accessible for
ity of different extracellular enzymes in response to seawatebacterial utilisation (Engel et al., 2012). However, also pro-
acidification. A meta-analysis of ocean acidification effects cesses like sloppy feeding by zooplanktoriir, 2005) and
on microbially driven biogeochemical processes has showrviral lysis of phytoplankton cells (Fuhrman, 1999) provide
that effects on extracellular enzyme activity are among thdabile substrates by the release of dissolved compounds. A
most sensitive ones (Liu et al., 2010). During our mesocosnpositive linear correlation of primary production with rates
study, the direct response of the natural enzyme assemblages$ leu-aminopeptidase strongly suggests that an increased
to lowered seawater pH was tested by an acidification assupply of organic matter to bacterioplankton under elevated
say with dilute hydrochloric acid. A decrease of 0.5 pH units pCO, enhanced the cellular production of protein-degrading
doubled rates of3-glucosidase and leu-aminopeptidase in extracellular enzymes. Furthermore, a direct relationship be-
the Kongsfjorden samples and strongly suggests direct biotween primary production and BPP shows that enhanced pri-
chemical effects of lowered seawater pH on the enzymatianary production under elevatgdCO, stimulated not only
reaction velocities (Fig. 12). A comparison with the mean the hydrolysis of organic matter, but also its assimilation into
Q10 values for g-glucosidase and leu-aminopeptidase ac-bacterial biomass. Thus, our results reveal that the bacteri-
tivity in the Kongsfjorden reveals that the rate increase af-oplankton community of the Kongsfjorden had the potential
ter reduction of seawater pH by 0.3-0.5 units equals theo efficiently degrade surplus organic substrates derived from
rate increase at a temperature elevated bg.3Therefore, increased autotrophic carbon fixation under elevat€®s.
our results indicate that future changes in seawater tempefthis is supported by carbon fluxes in the pelagic food web
ature and pH have a similar potential to increase the hy-derived from the incorporation dfC. Carbon fixed by phy-
drolytic activity of extracellular enzymes in this fjord system, toplankton was efficiently transferred to bacterioplankton.
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Bacterial production accounted for 34 % of phytoplankton mechanisms (Fig. 13). Firstly, acidification increased rates of
production, while a low share of only 6 % of phytoplankton extracellulaiB-glucosidase and leu-aminopeptidase, strongly
carbon was grazed by mesozooplankton (de Kluijver et al.suggesting direct pH effects to enhance extracellular hy-
2012). However, neither bacterial respiration nor communitydrolytic activity under elevateggCO,. Secondly, BPP and
respiration showed significant differences between the mesdeu-aminopeptidase activity were directly related to primary
cosms (Motegi et al., 2012; Tanaka et al., 2012). Hence, iproduction at changinggCO,. This suggests that elevated
can be suggested that on the time scale of this experimenhytoplankton production under high GQOas observed in
enhanced bacterial degradation activity under high @@  the present mesocosm experiment (Engel et al., 2012) and in
duced a more pronounced effect on the re-assimilation angrevious CQ-perturbation studies (e.g., Egge et al., 2009), is
transfer of organic matter in the microbial loop than on car- efficiently channelled into the microbial food web in natural
bon remineralisation. plankton communities. Therefore, enhanced heterotrophic
In the present mesocosm study lower bacterial abundancesarbon utilisation may counterbalance increased autotrophic
developed in the high-COmesocosms after day 20 due to carbon fixation under high GOand prevent enhanced car-
higher viral lysis rates (Brussaard et al., 2012). This top-bon export. However, the top-down control of bacterial abun-
down regulation of bacterial cell numbers and, thus, en-dances led to higher cell losses at high 0 the present
zyme producers strongly affected the bulk hydrolytic poten-mesocosm study and partly counteracted effects of lowered
tial of g-glucosidase and leu-aminopeptidase in the mesopH and enhanced primary production on the bulk hydrolysis
cosms (Fig. 6). In accordance with the bottom-up regulationof polysaccharides and proteins (Figs. 6 and 13). Our results
by seawater pH and primary production, high-<C@eso-  strongly suggest further investigation of acidification effects
cosms showed a higher hydrolytic potential until day 20.on both the biochemical sensitivity of bacterial isoenzymes
This pattern changed and the trend of enhanced bulk hyand the regulation of bacterial activity in natural commu-
drolysis under highpCO, was attenuated or even inverted nities to better evaluate impacts of climate change on het-
when bacterial abundances diverged during the last phase @frotrophic microorganisms and their feedback potential to
the experiment and top-down regulation led to lower bac-ocean acidification.
terial cell numbers at higlpCO;, (Fig. 6; Brussaard et al.,
2012). Also the community composition of bacterioplank-
ton changed after day 20, and showed a higher diversity ofAcknowledgementsThis work is a contribution to the “European
particle-attached bacteria in high-g@esocosms (Sperling  Project on Ocean Acidification” (EPOCA) which received funding
et al., 2012). Increased competitive relationships at high difrom the European Community’s Seventh Framework Programme
versity can evoke a negative effect on the activity of com-(FP7/2007-2013) under grant agreement no. 211384. We gratefully
munities when competitively strong species or groups do nopck_nowleqlge the Ic_ngistical support of Greenpeace Inte_r_national
contribute a large part to specific community functions (Jiangfoi;l'ttsoalfls'?gf‘ens‘ijené‘”;éhs;;i'lsopz;IOfV:/';earl';ist?;onsk”l;:Célgytgi?]r:
etal, 2908)' Hence, aIsp changes in the bacterloplanktc_)lgnd crevxys of M/IVESPERANZAof Greenpeace and R/\ﬁkinpg
community structure during the last ten days of the experi-

h d d - f ith (Explorerof the University Centre in Svalbard (UNIS) for assistance
ment may have reduced community performance with regar uring mesocosm transport and during deployment and recovery

to extracellular enzyme activities (Sperling et al., 2012). A i, kongsfiorden. We thank the staff of the French-German Arctic
complex multifaceted regulation of extracellular enzyme ac-research Base at N§tesund, in particular Marcus Schumacher,
tivity within natural plankton communities can partly explain for on-site logistical support. Sebastian Krug and Nicosmtel are
why bulk enzymatic rates were affected to a varying degreegratefully acknowledged for their support during the experiment.
under highpCO; in recent perturbation studies (Liu et al., We thank two anonymous referees for their constructive comments.

2010; Grossart et al., 2006; Tanaka et al., 2008; Yamada and
Suzumura, 2010). The service charges for this open access publication

have been covered by a Research Centre of the
Helmholtz Association.

5 Concluding remarks Edited by: J. Middelburg

The present study investigates how elevated seaw#l€p
can impact the metabolic activity of a natural bacterioplank-
ton community in an Arctic fjord system. A short lag phase
of extracellular enzyme activities and BPP after INCTEAS-A rhenius, S.:Uber die Reaktionsgeschwindigkeit bei der Inver-
ing phytoplankton production revealed high flexibility and ¢, von Rohrzucker durchéBren, Z. Phys. Chem., 4, 226248,
pulse-responsiveness of two bacterial processes that sub- 1ggg.

stantially contribute to the heterotrophic carbon recycling Arrieta, J. M. and Herndl, G. J.: Changes in bacteri
and nutrient remineralisation. Changes in seawp@0; in- glucosidase diversity during a coastal phytoplankton bloom,
duced beneficial effects on bacterial activity by two principal  Limnol. Oceanogr., 47, 549-599, 2002.

References

www.biogeosciences.net/10/297/2013/ Biogeosciences, 10,28Y2013



312

J. Piontek et al.: Response of Arctic bacterioplankton to elevated CO

Baltar, F., Aistegui, J., Sintes, E., van Aken, H. M., Gasol, J. M., Gargas, E.: A manual for phytoplankton primary production studies

and Herndl, G. J.: Prokaryotic extracellular enzymatic activity in

in the Baltic, The Baltic Marine Biologists, Publication No. 2,

relation to biomass production and respiration in the mesopelagic The Danish Agency of Environmental Protection, Hgrsholm,

and bathypelagic waters of the (sub)tropical Atlantic, Environ.
Microbiol., 11, 19982014, 2009.
Billen, G. and Becquevorts, S.: Phytoplankton-bacterial relation-

ship in the Antarctic Marine Ecosystem, Polar Res., 10, 245-253,
Grartli, W., Carlsson, P., and Bertilsson, S.: Bacterial abundance,

1991.

Bird, D. F. and Karl, D. M.: Uncoupling of bacteria and phytoplank-
ton during the austral spring bloom in Gerlache Strait, Antarctic
Peninsula, Aquat. Microb. Ecol., 19, 13-27, 1999.

88 pp., 1975.

Gasol, J. M. and Del Giorgio, P. A.: Using flow cytometry for count-

ing natural planktonic bacteria and understanding the structure of
planktonic bacterial communities, Sci. Mar., 64, 197—-224, 2000.

production and organic carbon limitation in the Southern Ocean
(39-62 S, 4-14E) during the austral summer 1997/1998,
Deep-Sea Res.-Pt. Il, 51, 2569-2582, 2004.

Brussaard, C. P. D., Noordeloos, A. A. M., Witte, H., Collenteur, Groudieva, T., Kambourova, M., Yusef, H., Royter, M., Grote, R.,

M. C. J., Schulz, K., Ludwig, A., and Riebesell, U.: Arctic mi-
crobial community dynamics influenced by elevated ,dév-
els, Biogeosciences Discuss., 9, 12309-1284110.5194/bgd-
9-12309-20122012.

Caron, D. A., Dam, H. G., Kremer, E. J., Lessard, E. J., Madin,
L. P, Malone, T. C., Napp, J. M., Peele, E. R., Roman, M. R,

Trinks, H., and Antranikian, G.: Diversity and cold-active hy-
drolytic enzymes of culturable bacteria associated with Arctic
sea ice, Spitzbergen, Extremophiles, 8, 475-488, 2004.

Grossart, H. P., Allgaier, M., Passow, U., and Riebesell, U.: Testing

the effect of CQ@ concentration on the dynamics of marine het-
erotrophic bacterioplankton, Limnol. Oceanogr., 51, 1-11, 2006.

and Youngbluth, M. J.: The contribution of microorganisms to Havenhand, J., Dupont, S., and Quinn, G. P.: Designing ocean
particulate carbon and nitrogen in surface waters of the Sargasso acidifi cation experiments to maximise inference, in: Guide to

Sea near Bermuda, Deep-Sea Res. Pt. |, 42, 943-972, 1995.

Cuevas, L. A., Egge, J., Thingstad, T. F., anitpper, B.: Organic
carbon and mineral nutrient limitation of oxygen consumption,
bacterial growth and efficiency in the Norwegian Sea, Polar.
Biol., 34, 871-882, 2011.

de Kluijver, A., Soetaert, K., Czerny, J., Schulz, K. G., Boxham-
mer, T., Riebesell, U., and Middelburg, J. J..1Ac labelling
study on carbon fluxes in Arctic plankton communities under
elevated CQ levels, Biogeosciences Discuss., 9, 8571-8610,
doi:10.5194/bgd-9-8571-2012012.

Ducklow, H. W.: The bacterial component of the oceanic euphotic
zone, FEMS Microbiol. Ecol., 30, 1-10, 1999.

Ducklow, H. W. and Yager, P. L.: Pelagic bacterial processes in

best practices for ocean acidification research and data reporting,
edited by: Riebesell, U., Fabry, V. J., Hansson, L., and Gattuso,
J.-P., Office for Official Publications of the European Communi-
ties, Luxembourg, 67—-80, 2010.

Hop, H., Pearson, T., Hegseth, E. N., Kovacs, K. M., Wiencke,

C., Kwasniewski, S., Eiane, K., Mehlum, F., Gulliksen, B.,
Wilodarska-Kowalczuk, M., Lydersen, C., Weslawski, J. M.,
Cochrane, S., Gabrielsen, G. W., Leaky, R. J. G., Lgnne, O. J.,
Zajaczkowski, M., Falk-Petersen, S., Kendall, M.akgberg, S.-

A., Bischof, K., Voronkov, A. Y., Kovaltchouk, N. A., Wiktor,

J., Poltermann, M., di Prisco, G., Papucci, C., and Gerland, S.:
The marine ecosystem of Kongsfjorden, Svalbard, Polar Res., 21,
167-208, 2002.

polynyas, in: Polynyas: Windows into Polar Oceans, edited by:Hop, H., Falk-Petersen, S., Svendson, H., Kwasniewski, S., Pavlov,

Smith Jr., W. O. and Barber, D. G., Elsevier, 1-33, 2006.
Ducklow, H. W., Kirchman, D. L., Quinby, H. L., Carlson, C. A,,

and Dam, H. G.: Stocks and dynamics of bacterioplankton car-

V., Pavlova, O., and Sgreide, J. E.: Physical and biological char-
acteristics of the pelagic system across Fram Strait to Kongsfjor-
den, Prog. Oceanogr., 71, 182-231, 2006.

bon during the spring bloom in the eastern North Atlantic Ocean,Hoppe, H.-G.: Significance of exoenzymatic activities in the

Deep-Sea Res.-Pt. I, 40, 245-263, 1993.

ecology of brackish water — Measurements by means of

Dexter, S. C. and Chandrasekaran, P.: Direct measurement of pH methylumbelliferyl-Substrates, Mar. Ecol.-Prog. Ser., 11, 299—

within marine biofilms on passive metals, Biofouling, 4, 313—
325, 2000.
Egge, J. K, Thingstad, T. F., Larsen, A., Engel, A., Wohlers, J.,

308, 1983.

Hoppe, H.-G.: Phosphatase activity in the sea, Hydrobiologia, 493,

187-200, 2003.

Bellerby, R. G. J., and Riebesell, U.: Primary production during Huston, A. L., Methe, B., and Deming, J. W.: Purification, char-

nutrient-induced blooms at elevated £€@oncentrations, Bio-
geosciences, 6, 877-88%i:10.5194/bg-6-877-2002009.

Engel, A., Borchard, C., Piontek, J., Schulz, K., Riebesell, U., and
Bellerby, R.: CGQ increased*C-primary production in an Arctic

acterization, and sequencing of an extracellular cold-active
aminopepitdase produced by marine psychropbdevellia psy-
chrerythraeastrain 34H, Appl. Environ. Microb., 70, 3321-
3328, 2004.

plankton community, Biogeosciences Discuss., 9, 10285-10330Jiang, L., Pu, Z., and Nemergut, D. R.: On the importance of nega-

doi:10.5194/bgd-9-10285-2012012.
Ferenci, T.: Adaptation to life at micromolar nutrient levels: the reg-

ulation of Escherichia coliglucose transport by endoinduction Karner,

and cAMP, FEMS Microbiol. Rev., 18, 301-317, 1996.

tive selection effect for the relationship between biodiversity and
ecosystem functioning, Oikos, 117, 488—493, 2008.

M., Ferrier-Pags, C., and Rassoulzadegan, F.
Phagotrophic nanoflagellates contribute to occurrence of

Fuhrman, J. A.: Marine viruses and their biogeochemical and eco- «-glucosidase and aminopeptidase in marine environments, Mar.

logical effects, Nature, 399, 541-548, 1999.

Ecol.-Prog. Ser., 114, 237-244, 1994,

Gambin, F., Bog, G., and Jamet, D.: Alkaline phosphatase in a lit- Kirchman, D. L.: Measuring bacterial biomass production and
toral Mediterranean marine ecosystem: role of the main plankton growth rates from leucine incorporation in natural aquatic envi-

size classes, Mar. Environ. Res., 47, 441-456, 1999.

Biogeosciences, 10, 29344, 2013

ronments, in: Methods in Microbiology, Vol. 30, edited by: Paul,
J. H., Academic Press, London, 227-238, 2001.

www.biogeosciences.net/10/297/2013/


http://dx.doi.org/10.5194/bgd-9-12309-2012
http://dx.doi.org/10.5194/bgd-9-12309-2012
http://dx.doi.org/10.5194/bgd-9-8571-2012
http://dx.doi.org/10.5194/bg-6-877-2009
http://dx.doi.org/10.5194/bgd-9-10285-2012

J. Piontek et al.: Response of Arctic bacterioplankton to elevated C® 313

Kirchman, D. L., Malmstrom, R. R., and Cottrell, M. T.: Control of Rich, J., Gosselin, M., Sherr, E., Sherr, B., and Kirchman, D. L.:
bacterial growth by temperature and organic matter in the west- High bacterial production, uptake and concentration of dissolved
ern Arctic, Deep-Sea Res.-Pt. Il, 52, 3386-3395, 2005. organic matter in the central Arctic Ocean, Deep-Sea Res.-Pt. Il,

Kirchman, D. L., Moan, X. A. G., and Ducklow, H.: Microbial 44, 1645-1663, 1997.
growth in the polar oceans —role of temperature and potential im-Riebesell, U., Czerny, J., von &kel, K., Boxhammer, T,
pact of climate change, Nat. Rev. Microbiol., 7, 451-459, 2009a. Bidenbender, J., Deckelnick, M., Fischer, M., Hoffmann, D.,

Kirchman, D. L., Hill, V., Cottrell, M. T., Gradinger, R., Malm- Krug, S. A, Lentz, U., Ludwig, A., Muche, R., and Schulz, K.
strom, R. R., and Parker, A.: Standing stocks, production, and G.: Technical Note: A mobile sea-going mesocosm system — new
respiration of phytoplankton and heterotrophic bacteria in the opportunities for ocean change research, Biogeosciences Dis-
western Arctic Ocean, Deep-Sea Res.-Pt. I, 56, 1237-1248, cuss., 9, 12985-1301d0i:10.5194/bgd-9-12985-20,12012.

2009b. Rivkin, R. B., Anderson, M. R., and Lajzerowicz, C.: Microbial pro-
Kolber, Z.: Energy Cycle in the ocean: Powering the microbial cesses in cold oceans. |. Relationship between temperature and
world, Oceanography, 20, 79-88, 2007. bacterial growth rate, Aquat. Microb. Ecol., 10, 243-254, 1996.

Liu, J., Weinbauer, M. G., Maier, C., Dai, M., and Gattuso, J.-P.: Ef- Rokkan Iversen, K. R. and Seuthe, L.: Seasonal microbial pro-
fect of ocean acidification on microbial diversity and on microbe-  cesses in a high-latitude fjord (Kongsfjorden, Svalbard): I.
driven biogeochemistry and ecosystem functioning, Aquat. Mi-  Heterotrophic bacteria, picoplankton and nanoflagellates, Polar.

crob. Ecol., 61, 291-305, 2010. Biol., 34, 731-749, 2011.

Maki, S., Yoneta, M., and Takada, Y.: Two isocitrate dehydroge- Sala, M. M., Arrieta, J. M., Boras, J. A., Duarte, C. M., and Vaqu
nases from a psychrophilic bacteriu@nlwellia psychrerythaea D.: The impact of ice melting on bacterioplankton in the Arctic
Extremophiles, 10, 237-249, 2006. Ocean, Polar. Biol., 33, 1683-1694, 2010.

Motegi, C., Tanaka, T., Piontek, J., Brussaard, C. P. D., Gat-Schulz, K. G., Bellerby, R. G. J., Brussaard, C. P. QidBnbender,
tuso, J. P., and Weinbauer, M. G.: Effect of £@nrichment J., Czerny, J., Engel, A., Fischer, M., Koch-Klavsen, S., Krug,

on bacterial production and respiration and on bacterial carbon S. A., Lischka, S., Ludwig, A., Meyeifer, M., Nondal, G.,
metabolism in Arctic waters, Biogeosciences Discuss., 9, 15213— Silyakova, A., Stuhr, A., and Riebesell, U.: Temporal biomass
15235,d0i:10.5194/bgd-9-15213-20,12012. dynamics of an Arctic plankton bloom in response to increasing

Moller, E. F.: Sloppy feeding in marine copepods: prey-size depen- levels of atmospheric carbon dioxide, Biogeosciences Discuss.,
dent production of dissolved organic carbon, J. Plankton Res., 9, 12543-12592]0i:10.5194/bgd-9-12543-2012012.

27, 27-35, 2005. Sebastin, M. and Niell, F. X.: Alkaline phosphatase activity in ma-
Morita, R. Y.: Psychrophilic Bacteria, Bacteriol. Rev., 39, 144-167, rine oligotrophic environments: implications of single-substrate
1975. addition assays for potential activity estimations, Mar. Ecol.-

Minster, U.: Extracellular enzyme activity in eutrophic and polyhu-  Prog. Ser., 277, 285-290, 2004.
mic lakes, in: Microbial enzymes in aquatic environments, edited Seuthe, L., Rokkan Iversen, R. K., and Narcy, F.: Microbial pro-
by: Chiost, R., Springer, Heidelberg, 96-122, 1991. cesses in a high-latitude fjord (Kongsfjorden, Svalbard): Il. Cili-
Nausch, M., Pollehne, F., and Kerstan, E.: Extracellular enzyme ates and dinoflagellates, Polar. Biol., 34, 751-766, 2011.
activities in relation to hydrodynamics in the Pomeranian Bight Silyakova, A., Bellerby, R. G. J., Czerny, J., Schulz, K. G., Non-
(Southern Baltic Sea), Microb. Ecol., 36, 251-258, 1998. dal, G., Tanaka, T., Engel, A., De Lange, T., and Riebesell, U.:
Nichols, D. S., Greenhill, A. R., Shadbolt, C. T., Ross, T., and Net community production and stoichiometry of nutrient con-
McMeekin, T. A.: Physicochemical parameters for growth of the  sumption in a pelagic ecosystem of a northern high latitude fjord:

sea ice bacteri@laciecola puniceACAM 6117 andGelidibac- mesocosm C@perturbation study, Biogeosciences Discuss., 9,
ter sp. Strain 1C158, Appl. Environ. Microb., 65, 3757-3760, 11705-11737¢0i:10.5194/bgd-9-11705-2012012.
1999. Simon, M. and Azam, F.: Protein content and protein synthesis rates

Overpeck, J., Hughen, K., Hardy, D., Bradley, R., Case, R., Dou- of planktonic marine bacteria, Mar. Ecol.-Prog. Ser., 51, 201—
glas, M., Finney, B., Gajewski, K., Jacoby, G., Jennings, A., 213, 1989.

Lamoureux, S., Lasca, A., MacDonald, G., Moore, J., Retelle, Simon, M., Gbckner, F. O., and Amann, R.: Different community
M., Smith, S., Wolfe, A., and Zielinski, G.: Arctic environmental structure and temperature optima of heterotrophic picoplankton
change of the last four centuries, Science, 278, 1251-1256, 1997. in various regions of the Southern Ocean, Aquat. Microb. Ecol.,

Piontek, J., Lunau, M., &hdel, N., Borchard, C., Wurst, M., 18, 275-284, 1999.
and Engel, A.: Acidification increases microbial polysaccha- Smith, D. C. and Azam, F.: A simple, economical method for mea-
ride degradation in the ocean, Biogeosciences, 7, 1615-1624, suring bacterial protein synthesis rates in seawater Ufihg
doi:10.5194/bg-7-1615-201@2010. leucine, Mar. Microb. Food Webs, 6, 107-114, 1992.

Ploug, H., Kihl, M., Buchholz-Cleven, B., and Jgrgensen, B. B.: Sperling, M., Piontek, J., Gerdts, G., Wichels, A., Schunck, H., Roy,
Anoxic aggregates — an ephemeral phenomenon in the pelagic A.-S., La Roche, J., Gilbert, J., Bittner, L., Romac, S., Riebe-
environment?, Aquat. Microb. Ecol., 13, 285-294, 1997. sell, U., and Engel, A.: Effect of elevated GOn the dynamics

Pomeroy, L. R. and Deibel, D.: Temperature regulation of bacterial of particle attached and free living bacterioplankton communi-
activity during the spring bloom in Newfoundland coastal waters, ties in an Arctic fjord, Biogeosciences Discuss., 9, 10725-10755,
Science, 233, 359-361, 1986. doi:10.5194/bgd-9-10725-2012012.

Pomeroy, L. R. and Wiebe, W. J.: Temperature and substrates aSteemann Nielsen, E.: The Use of Radioactive Card4€)(for
interactive limiting factors for marine heterotrophic bacteria, Measuring Primary Production in the Sea, J. Cons. Perm. Int.
Aquat. Microb. Ecol., 23, 187-204, 2001. Explor. Mer., 18, 117-140, 1952.

www.biogeosciences.net/10/297/2013/ Biogeosciences, 10,28Y2013


http://dx.doi.org/10.5194/bgd-9-15213-2012
http://dx.doi.org/10.5194/bg-7-1615-2010
http://dx.doi.org/10.5194/bgd-9-12985-2012
http://dx.doi.org/10.5194/bgd-9-12543-2012
http://dx.doi.org/10.5194/bgd-9-11705-2012
http://dx.doi.org/10.5194/bgd-9-10725-2012

314 J. Piontek et al.: Response of Arctic bacterioplankton to elevated CO

Steinacher, M., Joos, F.,#licher, T. L., Plattner, G.-K., and Doney, Unanue, M., Ayo, B., Agis, M., Slezak, D., Herndl, G. J., and
S. C.: Imminent ocean acidification in the Arctic projected with  Iriberri, J.: Ectoenzymatic activity and uptake of monomers in
the NCAR global coupled carbon cycle-climate model, Biogeo- marine bacterioplankton described by a biphasic kinetic model,

sciences, 6, 515-5380i:10.5194/bg-6-515-2002009. Microb. Ecol., 37, 36—48, 1999.
Tanaka, T., Thingstad, T. F., Lagvdal, T., Grossart, H.-P., LarsenVadstein, O.: Large variation in growth-limiting factors for ma-
A., Allgaier, M., Meyertifer, M., Schulz, K. G., Wohlers, J., rine heterotrophic bacteria in the Arctic waters of Spitsbergen

Zoliner, E., and Riebesell, U.: Availability of phosphate for phy- (78 N), Aquat. Microb. Ecol., 63, 289—297, 2011.

toplankton and bacteria and of glucose for bacteria at differentWick, L. M., Quadroni, M., and Egli, T.: Short- and long-term

pCOy, levels in a mesocosm study, Biogeosciences, 5, 669-678, changes in proteome composition and kinetic properties in a cul-

doi:10.5194/bg-5-669-2002008. ture of Escherichia coliduring transition from glucose-excess to
Tanaka, T., Alliouane, S., Bellerby, R. G. J., Czerny, J., de Kluijver, glucose-limited growth conditions in continuous culture siog

A., Riebesell, U., Schulz, K. G., Silyakova, A., and Gattuso, J.- versg Environ. Microbiol., 3, 588-599, 2001.

P.: Metabolic balance of a plankton community in a pelagic water Yager, P. L. and Deming, J. W.: Pelagic microbial activity in an arc-

of a northern high latitude fjord in response to increag€,, tic polynya: Testing for temperature and substrate interactions
Biogeosciences Discuss., 9, 11013-11088;10.5194/bgd-9- using a kinetic approach, Limnol. Oceanogr., 44, 1882-1893,
11013-20122012. 1999.

Tholosan, O., Lamy, F., Garcin, J., Polychronaki, T., and Bianchi, Yager, P. L., Connely, T. L., Mortazavi, B., Wommack, K. E., Bano,
A.: Biphasic extracellular proteolytic enzyme activity in ben- N., Bauer, J. E., Opsahl, S., and Hollibaugh, J. T.: Dynamic bac-
thic water and sediment in the northwestern Mediterranean Sea, terial and viral response to an algal bloom at subzero tempera-
Appl. Environ. Microb., 65, 1619-1626, 1999. ture, Limnol. Oceanogr., 46, 790-801, 2001.

Yamada, N. and Suzumura, M.: Effects of seawater acidification on
hydrolytic enzyme activities, J. Oceanogr., 66, 233-241, 2010.

Biogeosciences, 10, 29344, 2013 www.biogeosciences.net/10/297/2013/


http://dx.doi.org/10.5194/bg-6-515-2009
http://dx.doi.org/10.5194/bg-5-669-2008
http://dx.doi.org/10.5194/bgd-9-11013-2012
http://dx.doi.org/10.5194/bgd-9-11013-2012

