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Abstract. The filamentous and diazotrophic cyanobacteriumsignificantly more mucinous substances accumulated in the
Nodularia spumigenalays a major role in the productiv- high pCO, treatment, reaching 363 pg Xeqt.compared to

ity of the Baltic Sea as it forms extensive blooms regularly. 269 ug Xeq -1 in the low pCO, treatment. However, cell-
Under phosphorus limiting conditioMéodularia spumigena  specific rates did not change. After phosphate depletion, the
have a high enzyme affinity for dissolved organic phos-acquisition of P from DOP by alkaline phosphatase was sig-
phorus (DOP) by production and release of alkaline phos-ificantly enhanced. Alkaline phosphatase activities were in-
phatase. Additionally, they are able to degrade proteinacreased by factor 1.64 and 2.25, respectively, in the medium
ceous compounds by expressing the extracellular enzymand high compared to the lopCO, treatment. We hypoth-
leucine aminopeptidase. As atmospheric;@0Oncentrations  esise from our results thadodularia spumigenaan grow

are increasing, we expect marine phytoplankton to experifaster under elevatedCO, by enhancing the recycling of
ence changes in several environmental parameters, includingrganic matter to acquire nutrients.

pH, temperature, and nutrient availability. The aim of this
study was to investigate the combined effect of &duced
changes in seawater carbonate chemistry and of phosphate

deficiency on the exudation of organic matter, and its sub-1 Introduction

sequent recycling by extracellular enzymes iNedularia

spumigenaulture. Batch cultures dflodularia spumigena Cyanobacteria play an important role in the productivity of
were grown for 15 days under aeration with low (180 uatm),the Baltic Sea and form regularly extensive blooms (Finni
medium (380 patm), and high (780 patm) £€oncentra- €t aI.., 2001). One of t.he typic_al bloom-forming spec?es is
tions. ObtainedpCO; levels in the treatments were on me- the filamentoufNodularia spumigenéSeliner, 1997), which
dian 315, 353, and 548 patm GOrespectively. Extracel- has the physiological capacity to fix atmospheric nitrogen.
lular enzyme activities as well as changes in organic and! Ne estimated annual amount of fixed nitrogen in the Baltic
inorganic compound concentrations were monitored, CO S€a by cyanobacteria is 180-430 GgN and equal to the total
treatment-related effects were identified for cyanobacteriallitrogen input from rivers (480 Gg N yf) and atmospheric
growth, which in turn influenced the concentration of muci- deposition { 200GgNyr ) (Larsson et al., 2001; Schnei-
nous substances and the recycling of organic matter by exder et al., 2003). ThereforéJodulariais highly important
tracellular enzymes. Biomass production was increased byor €cosystem functions in the Baltic Sea.

56.5 % and 90.7 % in the medium and higBO, treatment, Nutrient concentrations, especially nitrogen and phos-

growth in the ocean, with phosphorus being suggested as the
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more important nutrient for long-term productivity (Tyrell, of a phytoplankton bloom (Chrost et al., 1989). While
1999). As inorganic phosphorus is depleted rapidly, a potenand g-glucosidase and aminopeptidase activity were typi-
tial alternative for phytoplankton growth is the utilisation of cally found to be associated with the bacterial fraction, al-
dissolved organic phosphorus (DOP) §Biman and Karl, kaline phosphatase activity was associated also with phyto-
1994; Nausch, 1998a; Nausch and Nausch, 2006). Its availplankton (Chrost et al., 1989). Recent studies showed that
ability may be an important factor influencing the distribu- cultured, axenic strains dodularia spumigenalso seem

tion of diazotrophic cyanobacteria in the Baltic Sea (Niemi, to be able to express leucine aminopeptidase to degrade pro-
1979) as phosphate bioavailability controls the ability to teins (Stoecker et al., 2005).

fix N2 (Paytan and McLaughlin, 2007). In the Baltic Sea, The alkaline phosphatase catalyses the hydrolytic break-
the DOP fraction in surface waters ranges between 0.20 talown of the P(ﬁ‘ end from DOM and is expressed in re-
0.23 pM in the central basin (Nausch et al., 2004) and 0.50 tesponse to phosphate limitation in many bacterial and phy-
0.90 uM in the Gulf of Riga (Bder et al., 2003), and can con- toplankton species (Azam et al., 1983; Chrost and Over-
stitute as much as 70-100 % of total phosphorus (Kononen dbeck, 1987; Beardall et al., 2001; Labry et al., 2005). In
al., 1992; Nausch et al., 2004). This DOP pool is estimated ta¢he Baltic Sea, alkaline phosphatase activity seems to be di-
support 20 % (range of 12—-30 %) of the phytoplankton pro-rectly related to the abundance of heterocystous cyanobac-
duction in the field (Mather et al., 2008). Hence, the ability teria (Nausch et al., 2004). Increasing phosphatase activities
to use this source efficiently is of great ecological importancewere determined with decreasing phosphate concentrations
for diazotrophs during nutrient limitation (Degerholm et al., duringNodulariablooms (Huber and Hamel, 1985a, b). Cul-
2006; Paytan and McLaughlin, 200Nodulariaand simi-  tures of TrichodesmiumiMS101 can grow with DOP as the

lar species appear well adapted to the stratified and P-limitednly source of phosphorus, suggesting that DOP should be
surface waters, which are predominantly found in these waincluded in estimates of P availability in surface waters (Mul-
ters of the Baltic Sea in summer (Degerholm et al., 2006). holland et al., 2002).

Gel particles play an important role in aggregation and Due to rising atmospheripCO, the ocean pH has been
export of organic and inorganic matter (Logan et al., 1995;decreasing constantly since the beginning of the Anthro-
Passow et al., 2001; Shipe et al., 2002; Engel et al., 2004b)ocene — around 1800 (Zalasiewicz et al., 2008). By the year
These patrticles, consisting mainly of acidic sugars, are calle@100, a further decrease by 0.3 units from current condi-
transparent exopolymer particles (TEP) and can be visualisetons is expected (Wolf-Gladrow et al., 1999; Feely et al.,
under the microscope by Alcian Blue staining. Proteinaceou2010). The atmospheric G&oncentrations have increased
particles can be stained with Coomassie Blue and are theresince glacial periods from 180 patm to 380 patm nowadays
fore referred to as Coomassie stainable particles (CSP). Bothnd we expect future values to climb to around 780 patm by
TEP and CSP are potential food sources for bacteria buthe year 2100 (Parry et al., 2007; Meehl et al., 2007; Rau-
also substrate to grow upon. One origin of these exopoly-pach et al., 2007). The effect of ocean acidification on ma-
mers in the sea is exudation of carbon compounds by phyfine microbes and the turnover of organic matter are scarcely
toplankton under nutrient limitation (Passow, 2002; Engelexplored (Joint et al., 2010). During the past decades, an in-
et al., 2002a, 2004a). Relatively little is known about exu- crease in the frequency (Sellner et al., 2003) and extension
dation and gel particle formation in cyanobacteria commu-(Kahru et al., 1994) of cyanobacteria blooms has been de-
nities (Engel et al., 2002b; Engel, 2002). Changes in lighttected and mainly attributed to global warming and eutrophi-
intensity were shown to have an increasing effect on exu-cation (O’'Neil et al., 2012). Considering the fact that marine
dation of DON and DOC in cultures dflodularia spumi-  microbes already experience high variations inoG@d pH,
gena Up to 89 % of the fixed nitrogen and 53 % of the fixed they might have the flexibility to accommodate pH change
carbon were released during the light period (Wannicke etand therefore the microbial-driven biogeochemical processes
al., 2009). Besides exudation, various species of unicellulawill probably not change dramatically (Joint et al., 2010). On
and filamentous cyanobacteria produce large amounts of exhe other hand, it has been shown that pH has a regulating
tracellular polymeric substances consisting predominantly ofeffect on enzyme activities. Some hydrolytic enzymes have
polysaccharides (Otero and Vincenzini, 2004), which form abeen shown to have their optimum at a pH below present
mucus layer around the cell. The function of this mucus layerseawater pH. Piontek et al. (2010) showed that a decrease in
and factors regulating the production, however, are not comseawater pH as expected for the near future increases enzy-
pletely understood yet (Nausch, 1996; Otero and Vincenzinimatic hydrolysis rates of polysaccharides and accelerates the
2004). bacterial degradation of organic carbon. During a mesocosm

Microbes consume carbohydrates and proteins to meestudy aminopeptidase activity was significantly higher at el-
their energy and nutrient requirements and to build upevatedpCO, (Grossart et al., 2006).
biomass. Therefore, they hydrolyse high molecular weight A direct coupling between inorganic carbon acquisition
dissolved organic matter (DOM) with extracellular enzymesand organic carbon exudation was observed during incuba-
(Chrost et al., 1989). Highest activity rates and affinity of tion experiments in the central Baltic Sea (Engel, 2002).
extracellular enzymes are usually measured towards the enlduture increase in atmospheric €@®ay, however, not
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necessarily lead to a higher exudation rate as the lattelevel was 395 to 630 patm with a median of 548 patm (Wan-
seemed to be already at its maximum under present COnicke et al., 2012).
concentration in some ecosystems (Engel, 2002). Neverthe- At the beginning of the experiment (day 0), 36 bottles with
less, a mixed mesocosm phytoplankton community treatechutrient-depleted (below detection limit), four-month aged
with high CG, showed significantly enhanced TEP produc- and sterile-filtered Baltic Sea water were inoculated Wth
tion normalised to cell abundance (Engel et al., 2004a). In-spumigendo a starting concentration of 0.8 ug ehL—1. To
creasingpCO, may potentially affect N fixation and in-  stimulate growth, 0.35 uM PZJ were added at day 0 and
crease the release of DOM but also the recycling of nutrienton day 3 as phosphate was already depleted in the cultures.
by Nodularig and may therefore have consequences for nu-Three bottles with sterile seawater remained as a blank to
trient cycling and the export of organic matter in the Baltic determine background concentrations of inorganic and or-
Sea. So far, there are only two studies published on the effectganic compounds in the seawater. The bottles were aerated
of increasing C®@ on Nodularia spp. (Czerny et al., 2009; with premixed gases of the thrggCO, levels, resulting in
Wannicke et al., 2012). Yet observations on changes in ex12 replicates of each CQreatment. We followed the build-
tracellular enzyme activities and turnover of organic matterup and decline of the phytoplankton blooms over a 15-day
in cyanobacteria blooms due to ocean acidification are stillperiod, with sampling on days 0, 3, 9 and 15. Three repli-
lacking. cate bottles of each CQreatment were harvested at each
This is the second of three companion papers on a masampling point. In the following we refer to the average con-
jor culture experiment wittNodularia spumigen@/Vannicke  centration of the three replicates and its standard deviation
et al, 2012; Unger et al., 2012). The aim of this study wasfor all parameters. The experiment was conducted a€23
to examine the relationship betwep@O, and diazotrophic  and the day-to-night cycle was adjusted to 16:8 h with a light
growth ofNodularia spumigenand the related fluxes of car-  intensity of 200 umol photons™ s,
bon, nitrogen, and phosphorus. In particular we wanted to
investigate the effect of ocean acidification on the exudation2.2 Carbonate chemistry

of organic matter and its subsequent recycling by extracel- i _ )
lular enzymes in &odularia spumigendatch experiment. The carbonate chemistry was determined by measuring pH

Enzyme activities as well as changes in organic and inor2nd dissolved inorganic carbon (DIC) on each sampling day.
);Qﬂe pH was measured using an electrode (Knick Mikro-

ganic compound concentrations were measured over 15 da X

of incubation at three differentCO; levels. prozessor pH Meter 761_ with Type SE 100 glass electrode),
repeatedly calibrated with NBS buffer. Values of pH are

given relative to total scale. DIC was analysed according to

Johnson et al. (1993) directly after sampling using the col-

orimetric SOMMA system. We used carbon reference ma-

terial provided by A. Dickson (University of California, San

Diego). Analysis precision wak2 pmol kg . pCO; and to-

tal alkalinity (TA) were calculated with CO2SYS (Lewis et

., 1998).

2 Material and methods
2.1 Cultivation and experimental setup

Details of the experimental setup and culture conditions
can be found in Wannicke et al. (2012). Axenic precul- &
tures of the cyanobacteriumlodularia spumigenawere
grown in F/2 medium in batch bottles at 16 with

a light cycle of 16: 81(cool, white fluorescent lighting, petermination of inorganic nutrients (NHNO; and pd*)
100 pmol photons P s~). The precultures were aerated for \yag accomplished by filtering 60 mL sample through a com-

three days with premixed gases (Linde gas) of 180, 380, angh,steq GF/F filter and measuring colorimetrically in a spec-

780ppm CQ, representing past, present, and future atmo~yqphotometer U 2000 (Hitachi-Europe GmbH, Krefeld, Ger-
sphericpCO;, respectively. The premixed gas was filtered 5,y according to the method of Grasshoff et al. (1983).

through seawater to increase humidity of the air to avoid Wa-A mmonium concentrations remained undetectable through-
ter evaporation from the batch bottles. During the durationg t the course of the experiment.

of the experiment the batch culturg; were qerated for one 145 measure the chlorophydl content (Chla), 100 mL
hour per day. Aeratlon was not sufficient to yield the target, iy samples were filtered onto Whatman GF/F filters and
pCO; concentrations (Wannicke et al., 2012), and carbon-e fjjters were stored in liquid nitrogen or aB0°C. Af-
ate chemistry may have been altered additionally by cellu~g; thawing, they were extracted with 96 % ethanol for at
lar carbon uptake. However, the three obtaindllO, lev- g5t 31 and the Cht fluorescence was measured with a

els differed from each other and therefore we refer to themy rRNER fluorometer (10-AU-005) at an excitation wave-

as “low”, “medium” and *high” pCO, treatments. The Iow ongih of 450nm and an emission of 670nm (HELCOM,
pCO;, treatment ranged from 249 to 499 patm £@ith @ 5005). The chlorophyll concentration was calculated accord-
median of 315uatm. The mediupCO;, treatment reached g 1 the method of Jeffrey and Welschmeyer (1997).

287 to 571 patm with a median of 353 patm. The higPO,

2.3 Analysis of inorganic and organic compounds
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Samples for dissolved organic carbon (DOC) and to-2.5 Transparent exopolymer particles (TEP) and
tal dissolved nitrogen (TDN) analysis were filtered through Coomassie stainable particles (CSP)
combusted GF/F filters, collected in 20 mL combusted (8 h,
500°C) glass ampoules, acidified with 80 pL of 85 % phos- Alcian Blue stains the acidic mucopolysaccharide layers sur-
phoric acid and stored at 022 for 10 months. DOC and rounding cells (mucus) as well as free aggregates of acidic
TDN concentrations were determined simultaneously in thesugars, so-called transparent exopolymer particles (TEP). As
filtrate by high temperature catalytic oxidation with a Shi- we cannot distinguish between these two with this method,
madzu TOC-VCSH analyser equipped with a Shimadzuwe refer to them as “mucinous substances” (Leppard, 1995).
TNM-1 module. DOC and TDN concentrations were averageFor analysis, 15 mL samples were filtered onto 0.4 um Nu-
values of quadruplicate measurements. Values of TDN werelepore filters stained with 1 mL of a calibrated Alcian Blue
corrected for nitrate, and ammonium, and thereafter referredolution and rinsed with several mL of ultrapure water. All
to as DON. samples were filtered in triplicate. Before use, the staining
For the determination of total phosphorus (TP), 40 mL un- solution was filtered (0.2 um) to avoid particles in the dye so-
filtered samples were taken and stored-20°C up to two lution. The filters were stored at20°C for 2—6 weeks until
months. For measuring dissolved phosphorus (DP), 40 mlspectrophotometrical analysis. The amount of Alcian Blue
samples were filtered through combusted (@604 h) What-  adsorption per sample was determined colorimetrically ac-
man GF/F filters. The thawed samples were oxidised with arcording to Passow and Alldredge (1995). Each filter was in-
alkaline peroxodisulfate solution (Grasshoff et al., 1983) incubated for 3h with 6 mL of 80 % $80, in order to dis-
a microwave (UPrep-A) to convert organic phosphorus intosolve the particles, and then the solution was measured at
dissolved inorganic phosphorous (iDO The P(j* con- 787 nm with an UV-Vis spectrophotometer (Shimadzu UV-
centration was determined photometrically=t885nm) in 1700 PharmaSpec). The total concentration of mucinous sub-
a 10cm cuvette. The detection limit was 0.01 uM. Dissolvedstances is given in xanthan gum equivalent (Xeq), as xanthan
organic phosphorus (DOP) was calculated by subtractinggum was used for calibration.
POZ‘ from DP. Particulate organic phosphorus (POP) was For microscopic analysis of mucinous substances size and
calculated by subtracting DP from TP. abundance, 5mL samples were filtered in duplicate onto
For analysis of particulate organic carbon (POC) and ni-0.4 um Nuclepore filters, stained and incubated with 1 mL
trogen (PON) concentration, 200 mL were filtered onto GF/Fof Alcian Blue for 3 s, then rinsed with distilled water. Sam-
filters and stored at-20°C. Concentrations were measured ples for the proteinaceous gel particles (CSP) were processed
by means of flash combustion in a Carlo Erba EA 1108 atidentically except that they were stained and incubated with
1020°C and a Thermo Finnigan Delta S mass spectrometer.l mL of Coomassie Blue solution for 30 s. CSP may play an
important role as organic N source for heterotrophic organ-
2.4 Nodularia filament and bacteria cell counts isms. They were barely stained in the mucus surface coating
. i ) i of Nodulariaso CSP could be considered as discrete particles
Fifty mL samples were fixed with acetic Lugol's (KI/12) s0- qring this experiment. The filters were stored on cytoclear
lution (1% v/v final concentration). W|th|n.the subsequent slides at—20°C until microscopic analysis (Engel, 2009).
four weeks, abundance, cell length and widtiNefdularia  gjides were analysed with a light microscope connected to a
sp. filaments were determined with an inverted Leica micro-or video camera with 400 magnification. About 2 30—
scope at 108 magnification (Uterrahl, 1958). For bacte- 35 frames per slide were taken in a cross section. Parti-
rial cell counts, 4mL samples were preserved with 100 UL e were counted and sized semi-automatically using the
f_orn_‘nald_ehyde (1% /v final concentration), shock frozen_ln software Image J (Rasband, 1997-2011). CSP size can be
liquid nitrogen and stored a¢70°C for three months until -5 hared by calculating the equivalent spherical diameter
measurement. A stock solution of SYBR GREEN (Molec- (g5 of each particle. Total mucinous substance concentra-
ular Probes) was prepared by mixing 1L dye with 49 UL 4o determined by Xeq was significantly related to total area

dimethyl sulfo>_<ide (I_:)MSO, Sigma Aldrich, 1:16 diluted). of mucinous substances determined by microscopic analysis
A 3L potassium citrate solution, 10 uL of the dye stock , _ 37 p2 _ 73 p < 0.001).

solution and 10 L fluoresbrite microspheres (Polysciences)

were_a(jded to 300 pL of the thawed sample and incubated foQ_G Extracellular enzyme activities

30 min in the dark. These samples were then analysed using

aflow cytometer (Facs Calibur, Becton Dickinson) following ry,orogenic model substrates are used to quantify potential
the method of Gasol and del Giorgio (2000) at medium flow i, gj, extracellular enzyme activities (Hoppe et al., 2002).

rate. Calculations were done using the software program Celype activity of extracellular enzymes (alkaline phosphatase,

Quest Pro. a- and g-glucosidase, and leucine-aminopeptidase) was de-
termined by using 4-methylumbelliferyl (MUF)-phosphate,
4-MUF-«-glucopyranoside, 4-MUIB-glucopyranoside, and
L-leucine-4-methyl-7-coumarinylamide (MCA), respectively

Biogeosciences, 10, 56382, 2013 www.biogeosciences.net/10/567/2013/
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(Hoppe, 1983). The fluorescent substrate analogues weraria filament abundance, Chl concentration, as well as
added to subsamples of 180 uL volume and incubated irPOC concentrations increased over time in all treatments
duplicates for 3.5-4.5 h in the dark at 5. Seven different  until day 9, which was supposed to be around the max-
substrate concentrations ranging from 0 to 150 uM (0, 1, 5jmum of the bloom. The Chk concentration rose from
10, 20, 50 and 150 uM) were tested. Sample fluorescenc®.8 ug Chla L=! on day 0 up to 4.6 ugt! in the low and
was measured in microtiter plates with a fluorometer7.3ug L1 in the highpCO; treatment on day 9 (Fig. 1). We
(FLUOstar OPTIMA, BMG Labtech, excitation 355nm, refer to this period as the “growth phase”. From day 9 to
emission 460 nm). Calibration was carried out with solutionsday 15, Chla concentrations decreased to 1.5 ug at low and
of MUF and MCA. Detection limit for the fluorescent dye 4.4 ug at highpCO,, respectively. In general, Chl con-
was 25nM for MUF and 10nM for MCA. To eliminate centrations increased withCO,. POC concentrations in-
background fluorescence effects and to ensure that there waseased by 81.9 umol C1 in the low, 128.1 pmol C Lt in

no significant substrate hydrolysis due to abiotic processeshe medium and 156.2 umol C1 in the high pCO, treat-
control samples for every concentration of substrate addednent (Fig. 2). Thus, POC increase was significantly ele-
were measured with distilled water or sterilised seawater. Irvated by 56.5 % and 90.7 % at mediupm= 0,005) and high
order to consider pH effects on the fluorescence intensityp = 0.029) pCO, treatments, respectively, compared to the
of MUF, standard solutions were adjusted to pH 7.88, 7.99ow pCO, treatment. Specific growth rates (1) per day were
8.0, 8.35, and 8.66Vmax is the maximum rate achieved calculated based on changes in filament abundance, chloro-
by the system at saturating substrate concentrations. Thphyll a (Chl a), particulate organic nitrogen (PON) and par-
activity of extracellular enzymes was calculated as the maxdiculate organic carbon (POC) for the thre€O, treatments
imum hydrolysis rate ¥max) Using the software SigmaPlot from day 0 to day 9. Compiled growth rates based on all
12.0. The Michaelis—Menten constakit, is the substrate parameters, presented in Wannicke et al. (2012), were sig-

concentration at which the reaction rate is halVafax. nificantly different between theCO, treatments § < 0.05
and p =0.001). Based on POC data, growth rates were

2.7 Data analysis and statistics 0.0980+ 0.0480d ! in the low, 0.150G 0.0070d ™! in the
medium, and 0.206& 0.0200d™® in the high pCO;, treat-

Calculations, statistical tests and illustration of the data wergants

performed with the software packages Microsoft Office Ex- Heterotrophic bacteria cells counts at the start of
cel 2003 and Sigma Plot 12.0 (Systat). Values given are they,, experiment were below the blank value (Wan-
average of three replicates. To compare diffepe@©; treat-  jicke et al., 2012). No significant growth of het-

ments, an independent t-test was used. The significance IeV%lrotrophic bacteria was observed over time. Bacterial
for all tests wasp < 0.05. Data were tested for normality oI numbers on average were 4:%.3x 10°cells L1

using the Shapiro-Wilk test. The relation between the or- the low. 2.4+2.1x 1P cellsL-1 in the medium and
ganic parameters, nitrogen fixation rate (actual rates are preg g » g, ’105 cells L1 in the highpCO, treatment (Wan-
sented in Wannicke et al., 2012) and enzyme activities Wagicke et al., 2012, Table 2). Standard deviations were rela-
a;sesszed by the Spearman Rank Order Correlation. For paigge|y high and cell numbers varied between replicates and
with R” > 0.5, correlation coefficientk| > 0.7 and p-values 4 er time, probably due to methodological constraints, but
below 0.05, there is a strong significant relationship (**) be- 1, sy stematic increase was observed over time. If some bac-
tween the two variables. For pairs with correlation coefficient;qoia were attached to each other. Nodularia or to gel

|R| between 0.3 and 0.7 and p-values below 0.05, there is @ icles, bacterial abundance determined by flow cytome-

weak significant relationship( between the two variables. try might have been underestimated. On the other hand, non-
The pairs of variables with positive correlation coefficieRts | iapie bacteria might have been included in the enumera-

tend to increase together. For the pairs with negative correlagan, since also extracellular nucleic acids and dead, DNA-
tion coefficientsR, one variable tends to decrease while the containing cells stain with the dye SYPBR green that is used

other increases. There was one outlier in the data set (Samp}g; fow cytometry, as discussed in Wannicke et al. (2012).
180-11 on day 9), which contained double amount oﬁP@t

the beginning. It was removed to ensure equal starting CON3 5  Exudation and formation of gel particles
ditions of the replicates.

DOC concentrations were 3@326 pmol L1 in the low,
309+ 21 pmol Lt in the medium, and 313 36 pmol L1
in the high pCO, treatment. The increase in DOC dur-
3.1 Biomass production ing the growth phase (day O to day 9) in all treatments
ranged between 2 and 59 umol DOCL Differences be-
Detailed information on general bloom development, nitro- tween the singlepCO, treatments were not significant and
gen fixation rates and cell productivity is given in Wannicke differences between replicates were higher than between
etal. (2012) and will only briefly be summarised héMedu-  treatments (Fig. 3). The average DON concentration was

3 Results

www.biogeosciences.net/10/567/2013/ Biogeosciences, 10,58572013
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TEP particles were observed (Fig. 4b). Due to methodologi-

growth phase growth phase

*Ta) " B 400 ®) cal constraints it was not possible to quantify TEP or mucus
T el 8 so0 ] separately.
2 s The microscopic analysis revealed an increase in CSP area
Z: 4 g % 2T 0 é ; during the growth phase (day O to day 9) in all treatments
e §’§ (Fig. 5a). Additionally, CSP area differed significantly be-
2 24 z ne 100 | tween low and mediumg(= 0.042) as well as between low

s = and high p = 0.009) pCO, treatments. CSP area increased
852 6 & B 6 P S S by 57.0mniL~! (=32%) in the low, by 331.4mAL 1

A owsco, (=193 %) in the medium and by 580.4 rAin~! (= 389 %)
© methm o, in the high pCO;, treatment during the growth phase. CSP
W DePeee abundance clearly increased during the growth phase, i.e. by

Fig. 1. Chlorophyll a concentration(a) and mucinous substance 325 %, 174 % and 148 % in the low, medium and highO,
concentratior(b) over time at low (triangle), medium (circle) and treatment, respectively. Variability between replicates was
high (squarespCO,. Symbols display the mean of three replicates high (standard deviation ranged between 19 % and 78 %).
with standard deviation. The average ESD of CSP differed significantly between low
and high pCO, treatment p = 0.032). During the growth
phase, CSP size decreased by @:8115um in the low
slightly but significantly lower in lowCO, treatment with  and 0.22t 0.27 um in the mediunpCO;, treatment, while
15+ 1.0 umol DON L1 compared to the higiyCO; treat-  in the highpCO, treatment average ESD of CSP increased
ment with 17+ 1.2 umol DON =1 (p = 0.045). DON de- by 0.47+0.45 um (Fig. 5¢). The area covered by filaments
creased during the growth phase in all treatments by up tavas calculated from average filament length, width and abun-
4 umol DON L1, Differences in decrease between the singledance in each replicate. On day 0, filament area ranged be-
pCO, treatments were not statistically significant and dif- tween 131.3 and 171.6 nfrh 1 and increased up to 615.3,
ferences between replicates were higher than between trea833.1 and 1264.4mfiL—1 in the low, medium and high
ments (Fig. 3). For more details on changes in DOM andpCO;, treatment, respectively (Fig. 5a). The increase in fil-
C:N:P stoichiometry see Wannicke et al. (2012). ament area was significantly different between low and high
Total concentrations of mucinous substances ranged fronas well as between medium and hig&0O, treatments g =
90 to 363ugXeqlkl. The total concentration doubled 0.014). The increase in filament numbers was significantly
within the bloom phase from 90-120 ug on day 0 up to 218—different between medium vs. high and low vs. hig80,
255 ug Xeq L1 on day 9 (Fig. 1). From day 9 to day 15 of treatment p < 0.001). Cyanobacteria abundance increased
the experimentNodularia biomass decreased, while muci- by 134 % in the low, 241 % in the medium and 753 % in the
nous substance concentration was still increasing. Highest inkigh pCO, treatment (Fig. 5b).
crease was determined in the higBO;, treatments, reaching
a final concentration of 363 ug Xeqk compared to 319 ug
in the medium and 269 ug Xeqt in the low pCO; treat-
ment. During the growth phase significantly more mucinous
substances accumulated in the hig68O, treatment com-  To determine the turnover of organic matter due to enzymatic
pared to the lowpCO;, treatment p = 0.039) (Fig. 2a). cleavage outside the cyanobacterial cells, extracellular en-
Mucinous substance concentration normalised to biomasgyme activities were measured in all samples. Enzyme ac-
(POC) amounted to between 3.9, 2.8 and 4.5 pg Xeqpnol tivities at the start of the experiment were low and increased
POC on day 0 in the low, medium and higicO, treatment  over time in all treatments.
and decreased over time by 49.8%, 51.3% and 66.8 %, re- The turnover of the DOP pool can be assessed through the
spectively, during the growth phase. The hig80O, treat- measurement of the activity of the P-specific enzyme alka-
ments showed the strongest decrease in mucinous substaniiee phosphatase (Mather et al., 2008). Alkaline phosphatase
concentration normalised to biomass (Fig. 2¢). However, thisactivity (APA) ranged between 62.9 and 93.6 nmotlh—?!
trend was not significantly correlated p&CO,. Fromday 9  (Vmax) on day 0 and increased by factor 10 until day 9
to day 15, mucinous substance concentration per POC recoFig. 6). Afterwards activities remained constant or de-
ered to 3.3 g in the low and the higtCO; treatment and  creased slightly. Highest increase in alkaline phosphatase
3.5 ug Xeq pumot! POC in the mediunpCO; treatment. activity was observed in the highhCO, treatment with
For further information on gel particle size and abundance,958.23 nmol 1 h~1 on day 9.
a microscopic analysis was performed. Most cyanobacteria K, values of the alkaline phosphatase ranged between 0.6
filaments seemed to be coated by mucus, which was staineand 0.9 uM at the beginning of the experiment and increased
by Alcian Blue (Fig. 4a), while CSP was mostly observed asup to 2.2 uM in the low, 3.9 uM in the medium and 4.9 pyM
“free” particles in the seawater (Fig. 4c, d). Additionally, free in the high pCO, treatment (Table 1). As th&, values

Incubation time [d]

3.3 Enzyme activities and recycling of organic matter
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Fig. 2. Comparison of biomass production and accumulation of mucinous substances during the growth phase (day O to day 9). Symbols
display the mean of three replicates with standard deviation.
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Fig. 3. DON and DOC concentrations over time at low (triangle),
medium (circle) and high (squareg)CO,. Symbols display the
mean of three replicates with standard deviation.

of the alkaline phosphatase increased with increasi@@.,
the substrate affinity of the enzyme decreased.

APA showed significantly negative correlation with i’O
concentration (Table 2). On the third day of the experiment ) o . .
PO;~ was depleted, so the cells were likely P limited. Fastestr9- 4-Microscopic view ofNodularia spumigenaultures covered
decrease and hence uptake ofﬁP@vas observed at high with & mucus coatingg), stained TERb), and CSRe, d).
pCOy. From day 3 onwards, there was a net loss in DOP
in all treatments (Fig. 7a). The net consumption of DOP
differed between C@treatments with 0.06 uM at low and rial cell-specific activities were calculated for both glucosi-
0.15uM at highpCOp, but differences were not significant dases (Table 3). Standard deviations were high due to high
due to high variations between replicates (Fig. 7b). variability in bacterial cell counts between the replicates.

Activities of w- and g-glucosidases remained very low Cell-specific activities increased over time in all treatments,
during the whole experiment, but increased slightly to-with highest increase in the mediupCO, treatment. This
ward the end of the experiment (Table 3). On day 0,was mainly due to a decrease in bacterial abundance over
glucosidase activities remained below the detection limit.time in this treatment, while in the low and higiCO; treat-
Highest activities were measured on day 15, ranging beiments bacterial cell numbers increased slightly.
tween 15.5-18.8 nmolt! h~1 for a-glucosidase and 16.1— No leucine aminopeptidase (LAP) activity was de-
18.7nmol-1h~1 for B-glucosidase. Variation between tectable on day 0< 10nmolL-1h—1) but activities in-
replicates was higher than between treatments. Glucosiereased during the growth phase up to 105.17, 241.21
dase activities are usually assigned to heterotrophic bacteriand 168.04 nmolt1h=! in the low, medium and high
which degrade organic carbon compounds. Therefore, bactesCO, treatment, respectively (Fig. 8). Highest activities
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Table 1.Phosphatase activity characteristi€giax is the maximum 1000
rate achieved by the system at saturating substrate concentrationsi -
nmol per litre and hour; the Michaelis—Menten constkgt is the
substrate concentration in uM at which the reaction rate is half of
Vmax- R? > 0.97; substrate concentrations ranged from 1-150 pM;
number of substrate concentrations used for each regression=7. 600 -

pCO, treatment 400 -
low medium high
Dayo  Vmex mmol - 76.7+5.8  93.6:4.4  62.9£2.6 2 200
Km uUM  0.6+0.4 0.9+0.3 0.7£0.2
Vmax %’ﬁ' 419.5+17.0 693.2:36.8 958.2:54.5 0

DayS x uM 22405 3.9+1.0 49+12 low medium  high

——csP (a)
/\  Filaments

]

800 -

1

Ayo.4o total area [mm” L

8x107 3x108 -
1 CSP (b)
/\  Filaments ;

6x107
[ - 2x108

4x107 -

]

Table 2. Correlation of alkaline phosphatase activity (APA) with
biomass of filamentous cyanobacteria (POC, @hIPO?l_, DOP,
pCO,, pH, N, fixation, and bacterial cell counts & 36, except
for P§4_ (n=35) and N fixation (» = 32); R =correlation co-
efficient). Correlation level is marked dsfor low significance
(0.03< |R| < 0.7, p < 0.05), as** for strong significance|R| >
0.7, p < 0.05), and nc: for no correlation.

- 1x108
2x107 4 74

Parameter Correlation  Correlation
coefficientR

Ao.q9 CSP abundance [L™']

Ayo.40 filament abundance [L

AP activity vs. low medium high

PO}~ ~0.73 e 1
DOP —-0.64 * (c)
POC 0.86 *E
Chla 0.73 ok
pCO, —0.55 *
pH 0.55 *
N> fixation rate —0.65 *
Bacterial cell number 0.13 nc

o

Agoge CSP ESD [um]

were measured with 268.0, 375.6 and 244.6 nmdih—1 on T
day 15 (Table 3). Bacterial cell-specific activities could not -1
be calculated for leucine aminopeptidase as there is no pos

sibility to distinguish between enzymes that are produced by pCO2 treatment

cyanobacteria and heterotrophic bacteria. No significant cor-

relation was found between APA (Table 2) or LAP (Table 4) rig 5 variation of the filaments and CSP during the growth phase
activity and bacterial cell numbers, but both showed a signifi-(gay 0 to day 9) in the low (white), medium (grey) and high (black)
cantly positive correlation with cyanobacteria biomass (POC,,CO, treatments(a) total area of the filaments and CSB) fila-

low medium high

Chl a) and a significantly negative correlation with fixa- ment and CSP abundande) equivalent spherical diameter (ESD)
tion rates (Table 4). Correlation between both enzymes anaf CSP. Symbols and bars display the mean of three replicates with
pCO, or pH was low. standard deviation.

At the end of the experiment, cyanobacteria cells were fil-
tered out (2.7 um GF/D filter). Extracellular enzymes in the
medium, however, cannot be removed by this filtration. Wedriven byNodulariawhile heterotrophic degradation of DOP
determined extracellular enzyme activities of the filtrate andwas negligible, and (4) we cannot ascribe LAP activity solely
found that 1-2 % of the APA and 2-59 % of the LAP activity to Nodularia spumigenaHeterotrophic bacteria might also
remained. Summarising our results, we can say that (1) Afhave contributed to LAP to a certain degree although they
was mainly attached tNodulariacell surface, (2) LAP was did not build up biomass. Heterotrophic bacteria attached to
mainly released to the medium, (3) degradation of DOP waghe filaments may be responsible for the slight increase in
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Fig. 6. Total alkaline phosphatase activity at day 0 and day 9 of

low (triangle), medium (circle) and high (squagel O, treatments.
Symbols display the mean of three replicates with standard devia-
tion. 1996; Engel et al., 2002b) that includes acidic mucopolysac-
charide and is therefore stained by Alcian Blue. Thus, an
jncreased biomass production in the higlEO, treatment
eads to apparently higher mucinous substance concentra-
tions. Field measurements revealed similar concentrations
in the Baltic Sea as those found in our study (Engel et
4 Discussion al., 2002b). In our study, when the cyanobacteria bloom
declined, mucinous substance concentrations still increased
The aim of this study was to investigate the effect of 0 (Fig. 1); this was pronounced at higfCQ,. In accordance
induced changes in seawater carbonate chemistry on the eXtith the accumulation of mucinous substances, the increase
udation of organic matter and its subsequent recycling by exin POC and Chk concentration was significantly higher with
tracellular enzymes inlodularia spumigenaulture.Nodu-  increasingpCO; during the growth phase (Fig. 2). Yet, the
laria spumigenayrowth was induced by adding phosphate on ratio of mucinous substances to POC concentration was de-
day 0 and day 3. The growth peak occurred simultaneoushgreasing during the growth phase and increasing afterwards.
around day 9 in all treatments. Afterwards cell numbers de-This indicates that biomass production was more stimulated
clined since phosphorus was depleted. Three Gfditions ~ than carbon exudation and mucus production during the first
were applied by aerating the cultures with 180 ppm, 380 ppmfine days of the incubation. As growth slowed down and fil-
and 780 ppm C@ ObtainedpCO; values were on median a@ment numbers decreased, more carbon was released either
315 patm in the low, 353 patm in the medium, and 548 patmPy active exudation or cell lysis. Therefore, our conclusion
in the highpCO, treatment (Wannicke et al., 2012). In gen- IS that cell-specific production of mucinous substances is not
eral, pCO, had a stimulating effect oNodularia spumi-  effected by C@but due to higher biomass, as we found more
genagrowth and N fixation (Wannicke et al., 2012). These Mucinous substances in the higlO;, treatments.
findings are in accordance with earlier findings suggesting Due to methodological constraints, we cannot discriminate
growth and POC production of cyanobacteria are increase@€tween acidic polysaccharides contained in TEP and in mu-
by elevatedpCO, (Hutchins et al., 2007; Barcelos e Ramos cus. While TEP is formed by coagulation and aggregation of
et al., 2007; Kranz et al., 2010). Findings in our study are€xuded DOC, large mucopolysaccharide molecules are re-
showing increased cyanobacterial growth is in turn influenc-le@sed by cells and coagulate in the mucus layer (Nausch,
ing exudation, nutrient uptake and recycling of organic mat-1996). It has been proposed that the mucus layer has the

glucosidase activity towards the end of the experiment an(1
also for some percentage of LAP activity.

ter by extracellular enzymes. function to protect the autotrophic cells against degrada-
tion by heterotrophic bacteria and help the cells to aggre-

4.1 Exudation and formation of gel particles by gate (O'Neil and Roman, 1992). Thus, it would be inter-
Nodularia spumigena esting to investigate in further studies which factors influ-

ence the production of mucus and to quantify the amount per
Highest changes in mucinous substance concentration wereell. For heterotrophic bacteria it is known that maximal ex-
observed at higlpCO; levels (Fig. 2). Cells oNodularia  tracellular polymeric substance production occurs under nu-
spumigenaare covered by a mucus surface coating (Nauschfrient limitation in the presence of an excess carbon source
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Table 3. Glucosidases and leucine aminopeptidase activities at diff @@ (Vmax and standard deviatiom;= 3) on day 15 (=day of
highest activities).

Enzyme pCOy treatment
low medium high
a-glucosidase total E"Q?]' 15.6+2.8 15.5+2.7 18.8+7.9
percell 2m0l 2851199  77.6:226  46.9:51.2
B-glucosidase total E"Q?]' 18.7+2.4 16.14+2.9 18.14+7.1

percell 2MOl 3304211  8L4L147  42.9:44.7
leucine aminopeptidase  total ’II"Q?]' 268.0+133.8 375.6:60.7 244.6-58.2

Table 4. Correlation of leucine aminopeptidase activity with  — 300
biomass of filamentous cyanobacteria (POC,Qhtlissolved inor- e o
ganic and organic BCOy, pH, N> fixation and bacterial cell counts W highpCO,

(n = 36, except for N@, DON (z = 35) and N fixation (z = 32);

<
T_l
IS
£
R =correlation coefficient). Correlation level is marked‘der low E 200
significance (D3 < |R| < 0.7, p < 0.05) as** for strong signifi- =
cance [R| > 0.7, p < 0.05), and nc: for no correlation. S
o Day 9
©
Parameter Correlation  Correlation % 100
coefficientR g
£
LAP activity vs. g
(0]
NO3 —0.46 * £ O Day 0
DON -0.34 * 2
- L
POC 0.71 " 0 2'5 5‘0 75 1c')o 1;5 1%0
Chl 0.52 *
pCOaz —0.63 * Substrate concentration [uM]
pH 0.64 * . . . R .
N> fixation rate _0.73 ok Fig. 8. Aminopeptidase activities on day 0 and day 9 of low (trian-
Bzzicterial cell counts O 03 ne gle), medium (circle) and high (squarglL O, treatments. Symbols

display the mean of three replicates with standard deviation.

but increased at highCO; (Fig. 5). This indicates that CSP
were possibly degraded in the low and the medip@0,
reatment to more but smaller particles while more material

as aggregating to bigger particles in the hjg@O; treat-
ment. This might be explained by increasing stickiness and
changing composition of the organic matter and especially
by a higher concentration of acidic sugars (Alldredge et al.,
1993; Engel et al., 2004a), which could also hint towards the
formation of free TEP.

(Sutherland, 1985). INostog a filamentous BHixing fresh-
water cyanobacterium, extracellular polymeric substance
serve as a sink for the excess fixed carbon under unbalanc
C:N metabolism (Otero and Vincenzini, 2004). This mucus
production happens especially under hygBO, conditions,
where the potential rate of Cdixation exceeds that of N
fixation. In our study, ratios of fixed CQOo fixed N, were
higher than the Redfield ratio with maximum values in the
mediumpCO, treatmen.t (Wannicke e.t al., 2012), W.h'Ch dogs Transferred to the field, an increase in gel particles would
not suggest potential higher production Ef fucus in Itlhe hlghchange the aggregation of filaments and the export of organic
?Egzgrzza:;er:tjéugegc%rvmvz ds;?aiesi;fitg; z;'tgf'pfoxﬂr?orematter towards deeper layers of the ocean. Additionally, it
' ' 9 9 may also effect bacterial growth as mucus is a suitable sub-

decelerated. . . .
. . strate for marine bacteria. However, the composition changes
In contrast to TEP, CSP are barely stained in the mucus P 9

surface coating oNodularia. so CSP can be considered as of organic matter, especially sugars and amino acids, under
u Ing wraria . ) onsidere elevatedpCO; need to be investigated more in detail to proof
discrete, protein-containing particles during this experiment., . :
C e ) this assumption.
CSP area was significantly positive correlated witBO,.
CSP abundance increased over time in all treatments with
highest increase in the lopCO; treatment. The average size
of the individual CSP decreased at low and medip@0,
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4.2 Production and subsequent recycling of dissolved especially whenNodularia stopped growing and filament
organic matter by extracellular enzymes numbers decreased. We conclude thatlulariamight have
changed their N acquisition strategy from Nxation to-
Some studies propose thag fikation and subsequent release wards enzymatic degradation of DOM over time.
of DON may be a mechanism to cope with excess light en- Enzyme activities may respond quickly to changes in pH
ergy on a short timescale (Lomas et al., 2000; Wannicke ebut also in substrate availability and their kinetics are mod-
al., 2009). So far, no report on the effecg£O, on DONre-  ified to benefit best from environmental conditions. In this
lease exists, while exudation of DOC was shown to be stim-context, it is important to distinguish between dirg€@O,-
ulated with increasingpCO, (Borchard and Engel, 2012). and pH-effects on microbial activity from effects induced
In the present study, DOC concentrations slightly increasedy COp-related changes in autotrophic organic matter pro-
in all treatments during the growth phase, while DON andduction. Piontek et al. (2010) suggest that rates of enzy-
DOP concentrations decreased (Figs. 3 and 7). Our resultsatic hydrolysis by marine glucosidase assemblage are not
indicate that the algae were releasing DOC to the seawaat their maximum at present-day seawater pH. Our results
ter but we cannot confirm a stimulating effect of elevated show an indirect effect of increasingCO, on LAP activi-
pCO; on DOC exudation. In contrast, DON concentrations ties due to increased cyanobacterial growth. Correlation be-
decreased, which may be explained by enzymatic degradaween LAP activity andpCO, was low. However, a direct
tion to acquire nitrogen. As CSP area was increasing duringoH effect could, in theory, have been masked by differences
our experiment and witlhCO,, the DON loss may also be in the quantity or nature of enzymes and their substrates,
explained by aggregation processes to CSP. The growth dfut such effects cannot be detected with the experimental
Nodularia spumigenafter phosphate depletion on day 3, as methods used here. This is in good accordance with previ-
well as the continuing POP formation between days 3 to 15ous results from a mesocosm study where increagi®@,
(Unger et al., 2012), indicated the utilization of DOP as or- changed the photosynthetic production of dissolved and par-
ganic source for phosphorus. Further aspects of changes iticulate organic matter and therefore increased enzyme activ-
DOM and stoichiometry of particulate organic matter are dis-ities (Grossart et al., 2006).
cussed in Wannicke et al. (2012). Unger et al. (2012) describe In our study, initial P@* concentrations were below

in detail changes in the turnover of P and the composition ofg.5 yM and APA was negatively correlated tonCEoncen-
the P pool in our study. tration over time (Table 2). It is well documented that under
Different compounds of organic matter may be releasedp-limiting conditions,Nodularia spumigendas a high up-
by primary producers under elevatp€O, but also extra-  take affinity for DOP by production and release of alkaline
cellular enzymes may modulate the composition and propphosphatase (Nausch, 1998a; Wu et al., 2012). A direct rela-
erties of organic matter. To determine the turnover rates otjonship between intracellular @o concentration and APA
organic matter due to enzymatic cleavage, extracellular enwas shown in Huber and Hamel (1985a) and indicated that
zyme activities of four key enzymes in carbon and nutri- cellular rather than external phosphorus sources controlled
ent cycling (alkaline phosphatase,andg-glucosidase, and  APA. A threshold of APA around 1pM PP was defined
leucine aminopeptidase) were followed over time in all treat-(Nausch, 1998a). In terms of magnitude, APA determined
ments. Enzyme activities at the start of the experiment werejuring this study is comparable with data given by Nausch
low and increased over time in all treatments. (1998a) for the Baltic Sea (5-550 nM}. We conclude that
Leucine aminopeptidase is a major enzyme in microbialNodularia expressed more alkaline phosphatase to acquire
degradation of organic matter. Most of its activity was found phosphorus from organic sources Wherﬁp@oncentraﬂons
to be associated with particles (Hoppe et al., 2008)du-  declined.
laria spumigenas able to express leucine aminopeptidase to  We found increased APA by- factor 1.64 and 2.25 in
degrade proteins (Stoecker et al., 2005) and to acquire aminghe medium and high compared to the Ip¢€O, treatment
acids. In terms of magnitude, LAP activities determined dur-(Fig. 6). Correlation between pH and the increase of APA
ing this study are in the range of those previously measured ifyas low (Table 2). The alkaline phosphatase has an opti-
the Baltic Sea (Nausch, 1998b). Nausch and co-workers demum between pH 7.5 and 10 (e.g. Healey and Hendzel, 1979;
termined an average activity of 263:1128.4nmolL*h™!  Minster et al., 1992), depending on origin and composi-
in autumn in the Pomeranian Bight. In our study, leucinetion of the enzyme assemblage. Other enzymes were shown
aminopeptidase activity (LAP) positively correlated with to have an optimum at a pH below present seawater pH
cyanobacterial biomass and negatively withfiXation rates  (e.g. Minster et al., 1992; Grossart et al., 2006; Piontek et
(Table 4). N fixation decreased over time in all treatments a|., 2010). Therefore, we assume that pH may also have a
while LAP activity increased. In the end of the vegetation direct stimulating effect on APA.
period, senescent algae exude polymeric substances, suchincreased APA in the highhCO, treatments may have
as proteins, which have to be enzymatically cleaved beforesupported the growth dfodulariaby reducing P limitation.

uptake (Hoppe et al., 2002).This might explain the tempo-\while APA was increasing, DOP concentrations decreased in
ral increase in leucine aminopeptidase activity in our study
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parallel (Fig. 7). The rapid hydrolysis and recycling of DOP Jacquet et al., 2002). However, cyanobacteria are efficient in
by Nodulariamay have stimulated POP (biomass) produc-using DOP and therefore successful competitors with het-
tion. On the other hand, increased C availability in the higherotrophic bacteria for phosphate (Vahtera et al., 2007; Mich-
pCO, treatments may have stimulaté&tbdularia growth, elou et al., 2011).

which in turn increased the expression of more alkaline phos-

phatase and this consecutively suppofteiulariagrowth. 4.3 Implications for the Baltic Sea under environmental
This point needs further examination as it cannot be resolved change

completely here. Our results are in accordance with another S )

study that investigated the effect of elevaedO, on APA Ocean acidification |§ lonly one of sgveral enV|ror_1mentaI
during a mesocosm experiment under phosphate depletiof’@nges caused by rising atmospheric;@0ncentrations.
(Tanaka et al., 2008). To sum up, we hypothesize that DOP' 0 provide a realistic picture of climate change for the ma-

recycling by alkaline phosphatase was stimulated by increasiine ecosystem, the multiple effects of environmental change

ing pCO, and likely beneficial foNodulariagrowth. neeq to be addressed (Rost et al., 2008). Combined effects
The Km values of APA in our experiment increased over ©f climate change (e.g. GGand temperature) may compen-

time and tended to be higher at higiCO, but differences satg or amplify direct effects of increasing Q@vels alone.
were not significant (Table 1). Highetm values indicate ~Similar to pH, temperature may affect stability, hydrolyza-

decreasing substrate affinity. Enzymes catalyzing the samtion rates and substrate affinity of enzymes (Hernandez et al.,

reaction may occur in more than one molecular form (isoen-2002)- Temperature may also enhance diazotrophic growth

zymes), characterised by different half-saturation constant@&S suggested by O'Neil et al. (2012) and consequently ex-
(Km), temperature, and pH optima (Hoppe, 2003). Substraté’a”d range and timing of diazotrophic cyanobacteria blooms

specificity of phosphatase is scarcely explored. The increag! the future. Higher temperatures will also reduce the mixing
ing Km values in our study might be explained by the produc- of the upper ocean due to increased thermal stratification and

tion of different and less-specific isoenzymes of the alkalineSUPPress the upwelling of nitrate (Doney, 2006), further pro-
phosphatase. This could be a mechanismNodulariato ~ Moting the growth of diazotrophic organisms suctNaslu-
access more and different compounds of the DOP pool unlafia spumigena o _

der severe P-limitation. Because total APA akigh values | On the other hanq, the on-going Increase in glpbal N load-
were likewise increasing, enzyme efficiendsf: Km ra- ing may potentially increase P limitation in marine ecosys-

tio) did not increase with increasingCO;. In terms of mag- tems (Dyhrman et al., 2007). P is an important driver of mi-

nitude Km values determined here are in the range of value<ropial dynamics in marine systems which lead to an intense

measured in the Central North Pacific Ocean (Perry and EpSCMPetition for P between phototrophic and heterotrophic

pley, 1981) and in the Gulf of Biscay (Labry et al., 2005) but Microorganism and forces them to improve their P-cycling
below values from the Baltic Sea, which ranged between £fficiencies. AsNodulariais able to utilize DOP more ef-
and 37 uM (Gonlund et al., 1996). In conclusion, phosphate ficiently compared to other phytoplankton in the Balt_lc Sea
affinity of the alkaline phosphatase tended to be lower in thelVahtera etal., 2010), they may benefit from decreasing sea-
high pCO; treatment but enzyme efficiency remained. water pH and possibly also from ocean warming. This may
To investigate the effect g5CO, on production and ex- promote a succession of cyanobacterial communities towards

udation of organic matter bylodularia we tried to ex- this genus. It was recently shown that the cyanobacterium

clude heterotrophic bacteria to avoid fast degradation of la/\Phanizomenon ovalisporuptomotes inorganic phosphate

bile components. Although a low number of heterotrophic SUPPIY Dy secreting toxins, which induces alkaline phos-
bacteria were still present n the treatments, we did not detedphatase in other phytoplankton species (Bar-Yosef et al,
active growth. In our study, AP and LAP activities could be 2010; Raven, 2010). Somodularia strains produce the

mostly assigned to cyanobacteria although we cannot comgcyanotoxin nodularin during the summer bloom (Sivonen et

pletely exclude the contribution of heterotrophic bacteria to@!+ 1989; Sellner et al., 2003), which accumulates in blue
LAP activity. This is in accordance with previous studies MUSSels (Kankaardg etal., 2007), flounders (Kankaaiapet

that found extracellular enzyme activity in association with &l-» 2005) and seabirds (Sépet al., 2004). Mass occurrences
Nodularia sp. (Huber and Hamel, 1985b; Stoecker et al. of Nodulariadue to climate change might lead to an over-

2005). Around 37 % of APA and 30 % of LAP activity were "all increase in cyanotoxin concentration. These toxins might
associated with cyanobacteria durinadulariadominated ~ SPread further in the ocean and accumulate in the inverte-
bloom in the Baltic Sea (Stoecker et al., 2005). However hetPrates and vertebrates with unknown consequences for the
erotrophic bacteria may have contributed to organic mattefMarine food web and eventually humans. Furthermore, ex-
degradation, which is reflected in slightly increasingand ~ t€nded blooms may lead to higher aggregation and export
B-glucosidase activities over time. In the field, heterotrophic©f filaments to deeper waters. Enhanced microbial degrada-

bacteria may compete with cyanobacteria for nutrients andion there could enhance oxygen consumption and conse-
contribute significantly to the recycling of organic matter, es-

guently expand the already existing oxygen-deficient zone in
pecially in the decline of algal blooms (Chrost et al., 1989; e deeper waters of the Baltic Sea.
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5 Conclusions Chrost, R. J. and Overbeck, J.: Kinetics of Alkaline Phosphatase
activity and Phosphorus Availability for Phytoplankton and Bac-
Our results suggest thdtiodularia spumigenacan grow terioplankton in Lake PluBsee (North German Eutrophic Lake),

faster under elevategalCO, supported by enhanced recycling ~ Microb. Ecol., 13, 229-248, 1987.

of organic matter to satisfy nutrient demands. AggregationChrost, R. J., Ninster, U., Rai, H., Albrecht, D., Witzel, P. K.,
of filaments and the export of organic matter towards deeper and Overbeck, J.: Photosynthetic production and exoenzymatic
water layers may change due to the formation of more gel degradation of organic matter in the euphotic zone of a eutrophic

particles byNodularia spumigenaTo predict the effect of lake, J. Plankton Res., 11, 223-242, 1989. .
climate change on cyanobacterial dynamics and organic rna(_ZZerny, J., Barcelos e Ramos, J., and Riebesell, U.: Influence of el-
evated CQ concentrations on cell division and nitrogen fixation

jcer cycling m'Fhe sea, we need to broaden the focu; bymplud- rates in the bloom-forming cyanobacterium Nodularia spumi-

ing the combined effects of all projected changes in environ-  gena  Biogeosciences, 6, 1865-1888j:10.5194/bg-6-1865-

mental conditions. 2009 2009.
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