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Abstract. Increasing concentrations of atmospheric carbonl Introduction

dioxide are projected to lead to an increase in sea surface

temperatures, potentially impacting marine ecosystems anélimate change is expected to affect marine ecosystems and
biogeochemical cycling. Here we conducted an indoor mesobiogeochemical cycling in the oceans in a variety of ways
cosm experiment with a natural plankton community taken(Riebesell et al., 2009; IPCC, 2007a). Since the beginning
from the Baltic Sea in summer. We induced a plankton bloomof the 20th century, global average sea surface temperatures
via nutrient addition and followed the dynamics of the differ- have already increased by 0®. Recent climate projections
ent carbon and nitrogen pools for a period of one month asuggest an increase in global surface air temperatures by
temperatures ranging from &6 to 17.5°C, representing a about 1.1 to 6.4C by the end of this century (relative to
range of+4°C relative to ambient temperature. The uptake 1980-1999), thereby also leading to a further warming of the
of dissolved inorganic carbon (DIC) and the net build-up of upper ocean (IPCC, 2007b). This will affect marine ecosys-
both particulate (POC) and dissolved organic carbon (DOC)ems indirectly as thermal stratification of the water column
were all enhanced at higher temperatures and almost dol2€comes stronger, leading to changes in the availability of
bled over a temperature gradient of®. Furthermore, ele- nutrients and light. It is also likely that sea surface warming
mental ratios of carbon and nitrogen (C: N) in both partic- Will have pronounced direct effects on pelagic ecosystems
ulate and dissolved organic matter increased in response t@nd marine carbon cycling, as temperature is a major envi-
higher temperatures, both reaching very high C: N ratios offonmental factor controlling the rates of biological processes
> 30 at +4°C. Altogether, these observations suggest a pro{Brown et al., 2004). Experimental evidence suggests a clear
nounced increase in excess carbon fixation in response to eléelationship between temperature and phytoplankton growth
vated temperatures. Most of these findings are contrary to reEppley, 1972).

sults from similar experiments conducted with plankton pop- A number of studies have already investigated the effects
ulations sampled in spring, revealing large uncertainties inof increasing temperatures at the ecosystem level. Common
our knowledge of temperature sensitivities of key processe§bservations were a decrease in body size of planktonic or-
in marine carbon cycling. Since a major difference to previ- ganisms (Moran et al., 2010; Daufresne et al., 2009), effects
ous mesocosm experiments was the dominant phytoplanktofin timing of the bloom (Sommer and Lengfellner, 2008;
species, we hypothesize that species composition might pla:assen et al., 2010), coupling of phytoplankton and bacte-

an important role in the response of biogeochemical cyclingrial processes (Hoppe et al., 2008), as well as changes in
to increasing temperatures. food web dynamics, i.e. a shift from autotrophic to more het-

erotrophic states of the respective ecosystems (Muren et al.,
2005; O’Connor et al., 2009). In some of these experiments
a lower overall biomass was found in response to warming
(O’Connor et al., 2009; Lassen et al., 2010).
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However, most of these studies did not explicitly mon- all temperature gradient of°®€. Previous mesocosm experi-
itor biogeochemical dynamics. A recent mesocosm studyments had only considered a temperature gradient in the di-
with a natural plankton community investigated possible im- rection of warming. In our experimental setup a temperature
pacts of warming on biogeochemical cycling under springgradient towards both cooling and warming was established
bloom conditions (Wohlers et al., 2009). The results sug-in order to ensure that the observed effects are truly asso-
gested an acceleration of respiratory carbon consumptioriated with the absolute temperature and are not merely a
over autotrophic production and an associated decrease istress response to a temperature change in either direction.
carbon drawdown at elevated temperatures. Furthermordylesocosms had been filled one day before the experiment
they found that warming shifted the partitioning of organic started {— 1) as it took~ 24 h until target temperatures were
matter between the particulate and dissolved phase, with aeached. It should be noted that temperature regulation was
higher fraction building up as dissolved material. This obser-not perfect with standard deviations between 0.4 and®©.8
vation is also supported by another similar mesocosm experin the different treatments. This is mainly attributable to
iment (Kim et al., 2011). Yet, little is known about whether the experimental setup, i.e. the airflow in the climate cham-
these observed temperature sensitivities are a general pattebers. Thereby, the temperature of one of the replicates was
in marine ecosystems, or if the response of key processes i 1°C lower than in the other two mesocosms at all tem-
carbon cycling to sea surface warming depends on the phytoperatures. However, this variability within treatments is still
plankton assemblage. In both of the above mesocosm expemuch smaller than variability between treatments.
iments, the dominant phytoplankton species was the diatom Light supply during the experiment was provided by a
Skeletonema costaturm this study, we investigated the ef- computer-controlled system, generating a light curve with
fect of temperature changes on marine carbon cycling in @ light/dark cycle of~17/7h. It contained full-spectrum
natural plankton community in summer and discuss differ-light tubes (12< 80 W per mesocosm; 104000K and
ences with previous experiments. 2 x 9000K color temperature) covering the full range of

photosynthetically active radiation (PAR: 400—-700 nm). The
daily light dose was calculated for the respective latitude

2 Material and methods and day of the year following Brock (1981), resulting in
a theoretical maximum irradiance intensity (at noon) of
2.1 Experimental setup ~690WnT?2 at the water surface. The actual target in-

tensity was 32 %, corresponding to a daily maximum ir-

The indoor mesocosm study was carried out between 16 Junediance of~270W n12. However, the maximum real-
and 16 July 2010 at the Helmholtz Centre for Ocean Re-ized intensity with our light supply was-80Wm 2 or
search Kiel (GEOMAR) in Kiel, Germany. Nine cylindric 400 umol photonsm?s~1. Therefore, a plateau of maxi-
mesocosms with a volume of 14001 (water dep#t00cm,  mum light intensity was established, holding the realized
diameter~ 140 cm) each were set up in triplicates in three maximum light intensity long enough to compensate for the
temperature controlled climate chambers, and filled simul-lack of desired maximum intensity. This way the desired in-
taneously with unfiltered seawater from approximately 6 mtegrated light supply of- 1100 Wh nt2 could be achieved.
depth in Kiel Fjord (Western Baltic Sea). Thus, the water in  Measured concentrations of dissolved inorganic nutrients
the mesocosms contained a natural summer plankton conin the mesocosms on dayl amounted to~ 0.1 pmol 2
munity representative for this region at that time. phosphate (Pﬁj), ~1.5umol! nitrate (NGy),

Mesozooplankton (copepods of the spedéieartia claus) ~0.4umolrl ammonium (NH) and ~12.2umolt?
was added from net catches (64 um mesh size) with densitiesilicate (Si(OH)). In order to initiate a phytoplankton
of ~ 10individuals 1. SinceAcartia clausiis the dominant  bloom, inorganic nutrients were added to the mesocosms
mesozooplankton species 00 %) during most years in this in Redfield stoichiometry on dayl, with concentrations
region and the density of 10ind} is a reasonable number of 16.0 pmol 1 NO; and 1.0 pmolt! PO?[. While these
for this region and time of year (Behrends, 1996), we believenutrient concentrations are not typical of summer conditions
that our added mesozooplankton provides an adequate reprgy the field, such nutrient pulses can regularly occur in
sentation of field conditions. summer in this region and induce summer plankton blooms,

To investigate the effects of temperature on a summer.g. through wind-induced convective events (Carstensen
bloom situation, the temperatures in the three climate chamet al., 2004). In our mesocosm experiment this nutrient
bers were adjusted to €€, 13.5°C and 17.5C (inthe fol-  addition was necessary to induce a plankton bloom with

IINTH

lowing referred to as “low”, “intermediate” and "high” tem-  the processes and dynamics we intended to study in a time
perature, respectively). The intermediate temperature level oframe of weeks.

13.5°C corresponded to the temperature of near-surface wa- Throughout the experiment, the water in the mesocosms
ter (~5m depth) in the Kiel Fjord at the start of the exper- was gently mixed by attached propellers. This way, set-

iment. The other temperature regimes were equivalent to inling of particulate organic matter onto the bottom of the
situ +4°C and in situ—4°C, thereby establishing an over-
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mesocosms was minimized as far as possible and a homogend the sum of all dissolved inorganic nitrogen species (ni-

nous water body was maintained, allowing discrete watertrate, nitrite, and ammonium).

samples to be representative of the whole mesocosm. There-

fore, this mixing should not be confused with convective 2.3 Calculations

mixing in the real ocean, as the mesocosms in our experi-

ment were intended to mimic a water parcel in the surfaceCalculation of additional carbonate system variables (such as

ocean that would not mix with water from the deeper ocean. pCOy) from measured DIC and pH were carried out with the
After the addition of nutrients on 17 Jun€l] the develop-  program CO2SYS (Lewis and Wallace, 1998), using the dis-

ment and decline of the plankton bloom were followed over sociation constants for carbonic acid as refitted by Dickson

30days with samples being taken three times a week fronand Millero (1987). The pH values used for these calcula-

intermediate depth with a silicon tube. tions were measured on the NBS scale. The salinity of our
seawater was- 13 and thus did not allow the use of certi-
2.2 Measurements fied reference buffers for calibration on the total scale. While

we are aware that this might create electrode-specific uncer-
Temperature, salinity and pH were measured with a WTWitainties in measured pH, it would not change the observed
conductivity/pH probe (calibrated with NBS (National Bu- dynamics of calculateg CO, over the course of the experi-
reau of Standards) buffer). Biomass estimates for communitynent, i.e. significantly lower minimum values at higher tem-
composition of phytoplankton are based on cell counts andperatures.
cell volume conversion to carbon following Menden-Deuer Air-water gas exchange of Getween mesocosms and
and Lessard (2000). Samples for dissolved inorganic nitrateatmosphere was estimated following the stagnant boundary
nitrite, ammonium, phosphate and silicate were prefilteredayer model of Smith (1985), with molecular diffusivity cal-
through 0.2 um cellulose acetate filters and measured with anulated as described iélne et al. (1987) and a chemical en-
autoanalyzer (AA Il) (Hansen and Koroleff, 2007). hancement factor derived from pH as in Kuss and Schneider

Dissolved inorganic carbon (DIC) was measured spec{2004). The main equation used for gas exchange, following
trophotometrically on an autoanalyzer (Stoll et al., 2001). Smith (1985), is given by
Samples were sterile filtered (0.2 um) and stored in borosil-
icate bottles, sealed with butyl/PTFE septa at temperature% _ kx Kogx ApCO, x aregneso
below 10°C until analysis. - voluméneso '

For the determination of particulate organic carbon and
nitrogen (POC and PON), samples were filtered onto predn Eq. (1), F is the air-water flux of C@andk is the gas
combusted (5 h at 45) glassfibre filters (Whatman, GF/F, transfer velocity. The latter is a function of temperature and
0.7 um nominal poresize), rinsed immediately after filtering the thickness of the boundary layer, which in turn is a func-
of samples in order to avoid accumulation of DOM on the fil- tion of windspeed @hne et al., 1987). Furthermorgy is
ters, and frozen (at20°C) until analysis. POC filters were the solubility of CQ in water, with Kg being a function of
fumed overnight with hydrochloric acid (37 %) in order to temperature and salinity, antipCO; is the difference be-
remove particulate inorganic carbon (PIC) and dried &&0 tween partial pressure in water, calculated from measured
for approximately 12 h. Afterwards they were analyzed on apH and DIC and an assumed constant atmospheric value of
Eurovector EuroEA-3000 elemental analyzer (Sharp, 1974).390 patm.

Samples for dissolved organic carbon and total dissolved However, this approach was originally developed for field
nitrogen (DOC and TDN) were filtered through precom- conditions and not specifically for conditions such as those
busted GF/F filters, with the filtrate being collected in acid- in our experimental setup, with constant mechanical mix-
washed (HCI, 10 %) and precombusted (12 h atZ50glass  ing of the water column and a wind speed close to zero.
vials and frozen (at-20°C) until analysis. Prior to mea- Because of mixing-induced overturning of the water body,
surements, the pH was adjusted to pH=2 with HCI (p.a.)gas exchange is strongly underestimated when wind speed is
and automatically purged with synthetic air in the DOC an- set to zero in the calculations and mixing of the mesocosms
alyzer to remove inorganic carbon. The analysis was carrieds not accounted for. Without gas exchange, the amount of
out by catalytic high-temperature combustion on a Shimadzuotal carbon (DIC + POC + DOC) should not increase, as bi-
TOC-V analyzer with a total nitrogen module (TNM-1). The ological processes only lead to shifts between the different
accuracy of the analysis was confirmed with deep-sea refpools. Therefore, any change in total carbon concentrations
erence water samples provided by the University of Miami.is attributable to gas exchange, assuming no loss of carbon,
The accuracy with respect to deep-sea water was within 5%.g. through sinking. The temporal development of total car-
relative error and detection limits were 5 prmot lfor DOC bon (DIC +POC +DOC) in the mesocosms suggests a net
and 1 umolt? for TDN. Procedural blanks did not yield de- carbon uptake of 200, 310 and 420 umol Ct at low, inter-
tectable amounts of DOC and TDN. Dissolved organic nitro- mediate and high temperatures, respectively, over the course
gen (DON) was calculated as the difference between TDNof the experiment (Fig. 4b).

@
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Equation (1) shows that the only way to account for the carried out, as the different biogeochemical parameters are
turnover of the water column through mechanical mixing is not independent from each other. Two-way ANOSIM (anal-
the adjustment of wind speed, and thereby the thickness ofsis of similarity) was applied on DIC, POC, DOC, NO
the boundary layer and the gas transfer velocity. To accounPON and DON data to test whether there were significant dif-
for the observed increase in total carbon, wind speed was sdérences between the temperature treatments and to illustrate
to a value of 6ms! in our calculations, yielding the best the effect of time. Since we investigated dynamics during a
fit to the observed net carbon uptake (on d&®) in the  plankton bloom, the biogeochemical parameters, and thus the
mesocosms at different temperatures. Of course, this numeffects of temperature, are of course strongly changing over
ber for wind speed seems quite high for an indoor experi-time. This was also confirmed by the results of the two-way
ment, without any actual wind in our culture rooms. Even ANOSIM. Consequently, we additionally performed a one-
though mechanical mixing of the mesocosms does not leadvay ANOSIM using only data from the day of the peak of
to “surface roughness” as due to wind, the net effect of boththe phytoplankton bloon¥{2). To reveal which parameters
mechanical mixing and wind mixing is the same: It leads to were responsible for most of the differences between temper-
a rapid turnover of the water body. Thereby, the boundaryature treatments, a SIMPER (similarity percentages) analysis
layer, which is exchanging gas with the atmosphere, is conwas carried out on the same datasets used for ANOSIM.
stantly renewed and rapid air—water gas exchange is facili- Furthermore, the effects of temperature on maximum
tated even at virtually zero wind speed. Consequently, oudrawdown of DIC, maximum build-up of POC and DOC,
estimates of air—sea G@xchange are different from previ- and maximum ratios of POC:PON and DOC:DON were
ous studies (Delille et al., 2005; Wohlers et al., 2009) that didanalyzed with a linear regression model. This approach was
not apply the modifications described above. Equation (1)chosen since it provides valuable quantitative information for
also illustrates that the flux is dependent on the surfaceecological and biogeochemical modeling. Coefficients of de-
to-volume relationship of the mesocosms. The diameter otermination ®?) and p-values of the applied regression mod-
~140cm is relatively high to the volume of 14001 (with els are given in the figure legends.
~ 100 cm depth), thereby further facilitating high rates of gas
exchange.

In fact, the magnitude of gas exchange in our mesocosm
setup has been tested in a follow-up experiment, where th@ Results
gas exchange of an injected tracen( was investigated
in isolation, i.e. without the influence of biological processes3.1 Bloom development and community composition
(data not published yet). The results from that study support
the high rates of gas exchange presented in this study andt the beginning of the experiment, the phytoplankton com-
confirm that a parameterization of wind speed in the range oimunity was composed of 54 % diatoms and- 46 % cryp-
4-8ms1is necessary to account for the mechanical mixingtophytes in terms of biomass. After nutrient addition and
of the mescosms and to explain the observed changes in theith the onset of the bloom, diatoms became strongly dom-
tracer. inant (>99% of biomass) in all mesocosms, in particu-

Nutrient concentrations for da@ are estimated from data lar the specie®actyliosolen fragilissimusOther functional
of dayt1, since sampling and measurements only started omgroups (e.g. dinoflagellates) remained at very low abun-
day ¢1, immediately prior to nutrient addition. These mea- dances throughout the bloom @ %) and are thus likely neg-
surements revealed already slight differences between teniligible for the overall dynamics of the plankton bloom.
perature treatments, which were probably caused by differ- Copepod abundance remained approximately at initial lev-
ent biological activities at different temperatures. Concentra-els of ~10ind -1 during the phytoplankton bloom in the
tions of NG; on dayr1 ranged from~0.7 to 2.6 pmolt? first half of the experiment and was not affected by tempera-
between warm and cold mesocosms. Since nutrient uptak&ire (not shown). In the second half of the experiment, cope-
was slowest in the colder mesocosms, we assumed the initigdod numbers increased slightly and abundance of juveniles
nutrient concentrations in all mesocosms on dayo corre-  (copepodites) began to rise, indicating a stronger increase at
spond to the concentrations in the low temperature treatmeribwer temperatures (data not shown; manuscript in prepara-
as the best approximation possible. For dayhe presented tion).
nutrient data was calculated as the sum of measured values The development of the phytoplankton bloom was char-
and nutrient addition (16.0 umol l\gO—l) for the respective  acterized by a rapid decline in dissolved inorganic nutrients

mesocosms. (Fig. 1), the drawdown of dissolved inorganic carbon and
the build-up of particulate organic matter (Fig. 3). Temper-
2.4 Statistical analysis ature had a significant effect on all biogeochemical parame-

ters over the course of the entire experiment (Table 1), most
To test whether there are significant differences between th@ronounced during the peak of the plankton bloom (Table 2).
temperature treatments, a multivariate statistical analysis wablost of the observed differences between the temperature
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Fig. 1. Temporal development ¢A) nitrate andB) silicate in the mesocosms at low (blue), intermediate (green) and high (red) temperature.
Vertical lines denote range of replicates within each temperature treatment.
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Fig. 2. Temporal development ¢A) PON,(B) DON and(C) total nitrogen. Style and color-coding follow that of Fig. 1.

Table 1. Results of a two-way crossed ANOSIM of the effects of Table 2. Results of a one-way ANOSIM of the effects of tempera-

temperature and time on biogeochemical parameters (DIC, POCture on biogeochemical parameters (DIC, POC, DOC3zNEDN

DOC, NGOz, PON and DON), including pairwise tests for differ- and DON) at the time of the peak of the plankton bloom (dE3),

ences between temperature treatments. including pairwise tests for differences between temperature treat-
ments.

R p

For data from12 R p
Overall (temperature) 0.73 < 0.01

Overall (time) 0.69 <0.01 Overall 0.84 <0.05
18°Cvs. 14°C 0.56 <0.01 18°Cvs. 1#C 0.78 <01
18°Cvs. 10°C 0.95 <001 18°Cvs. 10°C 1.00 <01
14°Cvs. 10°C 0.73 <0.01 14°Cvs. 1°C 074 <01

treatments (almost 90 %) could be explained by POC, DICP.q were alr(_aady exhausted_ on dey the_ consumption of
and DOC (Table 3 silicate was slightly slower, with exhaustion on d&y The
( ) depletion of silicate is in line with analysis of phytoplankton

Data shown in Figs. 1-3, 4a (upper panel), 4b and 5 are . i . . g .
measured values D%ta Sshown in(FIiogp 4ap(lowe)r panel), 4c an pecies composition, suggesting diatoms constituted a major
' ) ! action of phytoplankton biomass.

4d are based on carbonate system calculations (see Sect. 2. )'Nutrient concentrations on dag of the experiment were

lower in the mesocosms at higher temperatures, thus indicat-
ing a faster consumption with increasing temperatures. After
reaching exhaustion on day, concentrations of NDstayed

below 1.0 pmolt* and those of P& below 0.1 umolt+ for
] - = ) the rest of the experiment. Ammonium concentrations were
tively. Initial levels of silicate were 12.3 umott. With the almost constant and not affected by temperature, with con-

-- -1 ~1
addition of 16.0pmoIN@ =" and 1.0pmol P& I7%, the  cenyrations in all mesocosms fluctuating betweed.2 and
total amount of available nutrients added up to 18.6 uymbll g g pmol -1 throughout the experiment (not shown).

for NO3 and 1.2 umolt? for POZ’(. Following the addition

of nitrate and phosphate on dal, inorganic nutrients were
consumed very rapidly and were depleted in all mesocosms a
few days after nutrient addition (Fig. 1). While both [jj@nd

3.2 Nutrient consumption

Calculated initial concentrations (on da@) of NO; and
POZ_ in the mesocosms were 2.6 and 0.2 pmeé) Irespec-

www.biogeosciences.net/9/3531/2012/ Biogeosciences, 9, 38315-2012



3536 J. Taucher et al.: Enhanced carbon overconsumption

Table 3. Results of a SIMPER analysis for the contributions of different biogeochemical variables to the differences between temperature

treatments. Shown are biogeochemical variables that contribute to 90 % of dissimilarity, with average concentration (square root trans-
formed), average dissimilarity, ratio of average dissimilarity and respective standard deviation, as well as percentages of contribution and
cumulative contribution. Average dissimiliarity between temperature treatmerit€: 48d 14 C =5.30; 18C and 10°C = 7.08; 1£C and

10°C =5.32.

Avg. Conc. Avg. Conc. Avg. Diss/SD. Contrib.% Cum. %
(transformed) (transformed) Diss

18°C 14°C
POC 17.10 1542 2.09 1.28 39.45 39.45
DIC 39.35 40.51 1.39 1.43 26.29 65.75
DOC 22.02 20.71 1.20 1.40 22.53 88.28
NO3 0.82 0.90 0.27 0.61 5.04 93.32
18°C 10°C
POC 17.10 12.33 3.19 1.74 45.12 45.12
DIC 39.35 4152 1.62 1.47 22.89 68.01
DOC 22.02 19.56 1.55 1.72 21.86 89.86
NO3 0.82 3.57 0.32 1.63 455 94.41
14°C 10°C
POC 15.42 12.33 2.35 1.50 44,13 44.13
DIC 40.51 4152 1.11 1.41 20.91 65.04
DOC 20.71 19.56 1.08 1.37 20.25 85.28
NO3 0.90 3.57 0.33 0.58 6.28 91.56
3.3 Nitrogen t30) of ~27.2, 29.3 and 32.3 pmol Nt at low, intermedi-

ate and high temperatures, respectively. Thus, total nitrogen
at the end of the experiment was higher at high temperatures,
though this difference was pronounced only during the last
few days of the experiment (Fig. 2c).

After addition of inorganic nutrients, particulate organic ni-
trogen (PON) built up in all mesocosms from initial concen-
trations of~ 4.4 umolN ! to maximum concentrations of
~20.2, 17.9 and 15.2 pmol Nt around day5 at low, in- 3.4 Carbon
termediate and high temperatures, respectively (Fig. 2a). Ac-
cordingly, maximum build-up of PON was lower at higher 3.4.1 DIC uptake
temperatures. After the peak of the bloom, PON decreased
in all mesocosms until the end of the experiment. PON con-The consumption of inorganic nutrients was accompanied by
centrations at the end of the experiment were higher at elephotosynthetic uptake of dissolved inorganic carbon (DIC).
vated temperatures, reaching concentrations®i0, 9.9and  Temporal dynamics of DIC concentrations showed a clear
12.2 umol N1 at low, intermediate and high temperatures, response to temperature, with average concentrations in
respectively. the replicate mesocosms decreasing from initial levels of
Concentrations of dissolved organic nitrogen (DON) in- ~ 1860 umolt?! on days0 to a minimum of~ 1590, 1475
creased constantly throughout the experiment, reaching finand 1310 umoli! until dayr12 at low, intermediate and high
concentrations of 18.7 umol N 1 averaged over all meso- temperatures, respectively (Fig. 3a). This corresponds to a
cosms. An effect of temperature on the accumulation of DONmaximum DIC drawdown of~ 280 pmol Ct1 on average
could not be observed (Fig. 2b). at low, 390 pmol Ct1 at intermediate, and 550 pumol CH
The total amount of nitrogen (PON+DON +DIN) de- at high temperatures (Fig. 3d). Accordingly, the magni-
creased in all mesocosms over the course of the experimerntide of biologically mediated drawdown of DIC was signifi-
(Fig. 2c). Initial concentrations were 25.4 umol N and cantly enhanced at higher temperatures. After the peak of the
maximum concentrations occurred one day after nutrient adbloom, i.e. from day 12 onwards, concentrations of DIC in
dition (dayr2) with ~40.5, 38.3 and 37.7 umol Nt inthe  the mesocosms increased again for the rest of the experiment,
mesocosms at low, intermediate and high temperatures, reeaching approximately initial concentrations on dag.
spectively. During the bloom phase, total nitrogen decreased When correcting for air-water gas exchange (see
in all mesocosms (untd14 to¢16). Afterwards, total nitro- Sect. 2.3), the maximum uptake of DIC reached
gen fluctuated strongly, reaching final concentrations (day~380pumolCt! on average at low, 520 umolCY at

Biogeosciences, 9, 3533545 2012 www.biogeosciences.net/9/3531/2012/
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9; ADICmax R2=0.95, p < 0.0001; POGnax R%=0.85, p <
0.0005; ADOCmax. R =0.71, p < 0.005).

intermediate, and 700pmolCl at high temperatures

Fig. 4. Temporal development @A) corrected (air—water gas ex-
change) DIC uptake (dashed) and measured TOC build-up (solid),
(B) measured total carbon concentratio(8) calculated pCO»
(water) in the mesocosms afid) calculated cumulative air—water
carbon flux into the mesososms. Style and color-coding follow that
of Fig. 1.

atures, respectively. This corresponds @1 value of~ 2.0
for net POC build-up.

After the peak of the bloom, POC concentrations in the
water column decreased again. However, in contrast to DIC

(Fig. 4a), corresponding to an increase in maximum DICconcentrations, POC did not reach initial levels but remained

consumption of ~40pumolCF1°C~1. Accordingly, the

at concentrations much higher than at the beginning of the

rate of net DIC consumption during the bloom phaseexperiment.
increased with higher temperatures, accelerating from an

average of~32umolCH1d=1 in the cool mesocosms, to
44 umol CF1d=1 at intermediate, and 56 umol Clid—! at
high temperatures. This corresponds @& value of~ 2.0
for net DIC uptake.

3.4.2 POC build-up

3.4.3 DOC accumulation

Along with the decrease in DIC and build-up of POC,
a substantial increase in dissolved organic carbon (DOC)
was observed over the course of the experiment in all
mesocosms (Fig. 3c). Starting from initial concentrations
of ~ 290 umol Ct1, DOC concentrations increased steadily
over the course of the experiment, with maximum accu-

The drawdown of DIC was reflected in a concomitant build- mulation of DOC amounting to~ 160 umol Ct1 at low,

up of particulate orga_mic car_bon (POC), which pee_aked be-40 umol C11 at intermediate, and 290 pmol €l at high
tween days9 andr12 in the different mesocosms (Fig. 3b). temperatures. Thus, maximum build-up of DOC was signif-

Starting from initial levels of- 25-30 umol Ct1, POC con-

centrations rapidly increased and reached maximum build

ups of POC of~210umol Ct?! at low, 325 pmol C1! at
intermediate, and 410 umol CY at high temperatures. This

icantly higher at elevated temperatures (Fig. 3f). This cor-

fesponds to a linear increase of maximum DOC accumula-

tion of 16 umol Ct1°C~1. The rate of net DOC accumula-
tion showed a positive relationship with temperature as well,

corresponds to a linear increase of maximum POC b“"d'increasing from an average of 3.8 umol ¢t~ at low, to

up with temperature of 26 pmolC}°C—1. Thus, similar

6.0 umol Ct1d~1 at intermediate, and 8.6 pmol Clid—1 at

to DIC uptake, the magnitude of POC build-up was signifi- high temperatures. This increase corresponds@agvalue
cantly elevated at higher temperatures (Fig. 3e). Accordinglyys . 2 7 for the net build-up of DOC.

the rate of POC build-up during the bloom phase showed a

clear response to higher temperatures, amounting2a, 27
and 39 pmol Ct1d~1 at low, intermediate and high temper-
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3.4.4 Carbon budget temperature (see Sect. 3.3.1). Accordingly, the ratio of max-
imum DIC uptake to the maximum consumption of N@-
After the peak of the bloom, the amount of total organic creased from- 20.8 at low, over 29.0 at intermediate, to 38.5
carbon (TOC), i.e. the sum of particulate and dissolved or-at high temperatures. This trend of increasing consumption
ganic carbon decreased relatively slowly and remained at levef carbon over nitrogen at higher temperatures is reflected
els much higher than initial concentrations until the end ofin the elemental ratios of particulate and dissolved organic
the experiment (Fig. 4a). The decrease in POC was closelynatter (POM and DOM). Differential build-up and removal
balanced by the increase in DOC, resulting in almost con-of particulate and dissolved organic matter led to temporal
stant levels of TOC in the mesocosms at all temperaturesvariations in the respective elemental ratios.
However, TOC concentrations after the bloom remained ele-
vated at higher temperatures until the end of the experiment3.5.2 C:N of POM
amounting to~ 490, 660 and 780 umol Ct at low, interme-
diate and high temperature, respectively;80. The molar ratio of carbon to nitrogen (C: N) of particulate
In contrast to TOC, an increase of DIC concentrations be-0rganic matter was-6.1 in all mesocosms at the beginning
gan in all mesocosms with the decline of the bloom, with of the experiment, and thereby close to the Redfield value
DIC approaching initial levels again at the end of the experi-Of 6.6. From dayr4 on, POC: PON started to increase in
ment (Fig. 3a). The phytoplankton bloom and the associatedll mesocosms, and showed a positive correlation with tem-
uptake of DIC were accompanied by a sharp decrease in theerature (Fig. 5a). The maximum ratio of POC:PON was
partial pressure of carbon dioxideCO,) in the water. Early significantly enhanced at higher temperatures and reached
levels of Calcu|ated7C02 (dayt2) were between- 360 and 15.9 at IOW, 29.0 at intermediate, and 33.7 at h|gh temper-
430 patm in all mesocosms, and thus near equilibrium withatures (Fig. Sbp < 0.0005). After the decline of the bloom,
the atmosphere. Through biological uptake of DIC during POC : PON began to decrease again, however not back to ini-
the phytoplankton bloonpCO; dropped to minimum values tial values.
of ~78 patm at low, 45 patm at intermediate, and 24 patm
at high temperatures in the relatively weakly buffered low-

salinity Baltic Sea water (Fig. 4c). . . .
y (Fig. 4c) The elemental ratios of dissolved organic matter already de-

This gradient betweepCQO; in water and air led to a flux . o ! i .
: . viated significantly from Redfield stoichiometry at the begin-
of CO, from the atmosphere into the water in all mesocosms.ning of the experiment, with an average molar DOC : DON

This CQ, flux was stronger in the mesocosms at higher tem-r tio of 16.1 over all mesocosms. C: N ratios of DOM were

peratures, where more inorganic carbon had been taken u eadily increasing before. during and after the phvioplank
and converted to organic carbon and consequently higher air= y 9 ’ 9 phytop

waterpCO, gradients were reached (Fig. 4c and d). This factt?ga?l39%2rz\:]i:shEst?/;ggnc?:ﬁee?;:hfei):gztrmﬁg (slgowglg
is also reflected in the total amount of carbon (i.e. the sum o ! peratu '9. '

organic and inorganic carbon) in the mesocosms at the enghf maX|mltJm rat'%Of DOthtz)glgl V\ﬁs S|gzr;f|lca?l)f[affec;¢dt
of the experiment. Concentrations of total carbon on«sy y temperature and reache - atlow, co. atintermediate,

were clearly elevated at higher temperatures, amounting tgnd 30.8 at high temperatures (Fig. 3t 0.005).
~ 2380, 2500 and 2600 umol €1 at low, intermediate and
high temperatures, respectively (Fig. 4b). Furthermore, therezll Discussion
is a positive effect of temperature on gas transfer velocity,
enabling higher rates of gas exchange at higher temperaturegq Budgets of nitrogen and carbon
(~25% higher at 17.5C than at 9.5C).
Our estimates of cumulative DIC increase due to air-water4.1.1  Loss of organic matter
gas exchange suggest a clear effect of temperature, ranging
from ~ 240 umol Ct? at low, to~320pumolCt! atinter-  The temporal development of total nitrogen
mediate, and- 380 umol C 1 at high temperatures over the (PON +DON +DIN) suggests a loss of organic matter

3.5.3 C:Nof DOM

course of the whole experiment (Fig. 4d). over the course of the experiment. Total nitrogen decreased
in all mesocosms by~ 8.4umolN 1, most pronounced
3.5 Stoichiometry during the first half of the experiment until day4 (Fig. 2c).
In mesocosm experiments, organic matter can potentially
3.5.1 Drawdown of carbon and nitrogen get lost through wall growth or sinking of organic matter

to the bottom of the mesocosms. However, it is difficult to
While the same amount of NDwas consumed in the meso- quantify the proportional effect of these mechanisms for the
cosms at all temperatures (8.3 umol 1), the decrease in  observed loss in our experiment. Based on repeated inspec-
DIC concentrations and the calculated uptake of DIC (cor-tions, no visible growth of algae could be found on the meso-
rected for gas exchange) showed a significant increase witkosm walls. Furthermore, using a similar experimental setup,
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Sommer et al. (2007) concluded that it takes 7-8 weeks un-A C
til the development of wall growth plays a significant role. 9 o

On the other hand, the sedimentation of particles to the bot 30 1 § 30 1 . .

tom of the mesocosms cannot be ruled out. Previous stud £ 0 ] g 2 ]

ies have shown, that sinking of organic matter can leadto ¢ £ |’ | i 0] -t

considerable loss of biomass from the surface layerin mesg s 1 R

cosm experiments (Keller et al., 1999; Wohlers et al., 2009). , 0 ' ' ' 0 D
Since high concentrations of POC and PON were reacher  * 34

very rapidly in our experiment, it is possible that some of , *° § o N
this newly produced biomass sunk to the bottom of the meso % » g 28 1 N

cosms. Although mixing of the water column by the pro- & * 2 ij . ’

peller should minimize particle settling, this can obviously 5] = 2

never be excluded entirely, and it can be assumed that th ' o . o N
loss of organic matter would have been much higher without Day of experiment Temperature [°C]

any mixing of the water in the mesocosms. Possibly the for-

mation of fast sinking aggregates played an important roleFig. 5. Temporal development of C:N i(A) particulate andB)

in this regard. This mechanism could also explain why thedissolved organic matter. Maximum C:N ¢€) particulate and
loss of organic matter differed among the different temper-(P) dissolved organic matter as a function of temperature. Style
ature treatments. Higher build-up of DOM and extracellular 21d color-coding follow that of Fig. 3. Solid lines denote fin-
gel-particles (TEP) at higher temperatures might have facili-S3" regressionsn(=9; POC:POhax R”=0.86, p <0.0005;
tated particle aggregation (Burd and Jackson, 2009; Passole?,oC :DONmaxt R”=0.73, p < 0.005).
2002), thereby leading to a larger sinking loss of organic
matter in the warmer mesocosms. While we did not mea-
sure TEP in our experiment, POC and POC : PON data sugumn by propellers attached to the mesocosms. Thereby, the
gest that TEP might have contributed substantially to the ob-boundary layer that exchanges gas with the atmosphere was
served POC dynamics (see Sect. 4.2.1). Furthermore, otheonstantly renewed and rapid air—water gas exchange was fa-
loss terms that could be potentially responsible for a loss ofcilitated (see Sect. 2.3). Since more DIC was consumed and
nitrogen can be excluded. It is very unlikely that denitrifica- converted to organic matter during the bloom phase at higher
tion occurred in the well-mixed (and thus well- oxygenated) temperatures, the air—water differencei@O, and the mag-
mesocosms, and the data does not suggest a significant conitude of gas exchange were also enhanced at higher tem-
tribution of degassing of regenerated ammonium. Thereforeperatures. The positive effect of temperature on gas transfer
sinking of particles is likely to be the dominant mechanism velocity additionally facilitated gas exchange at higher tem-

for the observed loss of organic matter. peratures. Consequently, temperature affected carbon uptake
by the water column in two ways: directly, by enhancing the
4.1.2 Air—water gas exchange gas transfer velocity, and indirectly, by enhancing biological

carbon drawdown and the associated effecpQO,.
Without external sources or sinks, the amount of total car- It is very likely that the observed loss of nitrogen was
bon (DIC +POC +DOC) in the mesocosms would be con-accompanied by a corresponding loss of carbon in the first
stant, as biological processes do not influence the overalhalf of the experiment. If the C:N of the missing fraction
mass balance of carbon but only shift matter between thef total N is comparable to the C: N of organic matter that
different pools. If at all, one would expect a loss of total was identified, another substantial amount of carbon is also
carbon in such an experiment, e.g. through wall growth ormissing in the total carbon (DIC + POC + DOC). The delay
sinking of organic matter to the bottom of the mesocosmsbetween rapidly decreasing seawapg2O, levels and the
(see Sect. 4.1.1). However, we observed a strong increase @fcrease in total carbon in the mesocosms supports this as-
total carbon in the mesocosms, with clearly elevated concensumption, since an increase in total carbon should have been
trations at higher temperatures at the end of the experimernitnmediately visible with the onset of air—water gas exchange
(Fig. 4b). Accordingly, this increase in total carbon could (Fig. 4b and d). Consequently, this loss of carbon is not taken
only be attributable to an external input of carbon into theinto account for the estimate of gas exchange, which is based
mesocosms, which was only possible through continuous andnly on the observable increase in total carbon. Therefore,
rapid air-water gas exchange of €@ our experiment. Due  actual gas exchange could have been even higher but was
to the rapid decrease inCO, associated with DIC uptake compensated by the loss of carbon in the first half of the ex-
(Fig. 4c), a considerable air—water flux of g&arted with  periment (approximately until dayl4). The calculated up-
the onset of the bloom and prevailed for the rest of the experitake of DIC through gas exchange (unfi4), which did not
ment (see Sect. 3.4.4 and Fig. 4a). High rates of gas exchandgeanslate into an observed increase in total carbon concen-
were facilitated through continuous mixing of the water col- tration and by inference an estimate for the loss of organic
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carbon, amounts te 100, 120 and 180 pmol Ct at low, in- toplankton and POM can vary widely, depending on nutrient
termediate and high temperatures, respectively (Fig. 4b andtatus and environmental conditions (Geider and La Roche,
d). However, an even higher input of carbon through gas ex2002; Finkel et al., 2010). An increasing cellular quota of
change would be necessary to account for the observed lossarbon to nitrogen in phytoplankton has been found for dif-
of nitrogen ¢ 8.4 pmol N 1), assuming C : N ratios of mea- ferent species under nutrient limitation (Harrison et al., 1977;
sured POM of up te- 30. Since our estimate of gas exchange Goldman et al., 1992), and there is also evidence for an influ-
neglects this potential loss of carbon due to settling of parti-ence of temperature on intracellular C: N ratios, at least for
cles and/or TEP in the initial phase of the experiment, it can,some species (Thompson et al., 1992; Berges et al., 2002).
in this respect, be regarded as a conservative estimate for aiHence, this mechanism might have contributed to the high
sea carbon flux. C: N ratios of POM in our experiment.

Even though gas exchange had a substantial effect on mea- Since an increase in POC: PON is usually observed after
sured concentrations of DIC, and a certain amount of organiqiutrient exhaustion, carbon overconsumption is commonly
matter may have been lost during the experiment, our resultassumed to be associated with nutrient stress (Biddanda and
do not indicate a relevant influence of these processes on olBenner, 1997; Wetz and Wheeler, 2003). This is in line with
main conclusions, i.e. the temperature sensitivity of carborthe observations in our experiment: While PON reached its
overconsumption and the build-up of POC and DOC (seehighest levels at the same time as nutrients were exhausted

Sects. 4.2 and 4.3). (dayt5), minimum levels of DIC and maximum concentra-
tions of POC occurred much later (between dayandr11).
4.2 Carbon overconsumption and temperature Furthermore, the major differences in drawdown of DIC and

build-up of POC and DOC among the different temperature
4.2.1 Dynamics of DIC and particulate organic matter treatments occurred after nutrient depletion (Fig. 5). These

observations further support the major role of excess carbon
Our results suggest a positive effect of temperature not onlfixation for biogeochemical dynamics and its response to in-
on the relative consumption of DIC over nutrients, but alsocreasing temperatures in our experiment.
on the build-up and elemental ratios of POM for the plank- Engel et al. (2002) also observed an increase in
ton community in our experiment. Especially after nutrient POC : PON, which they concluded to be attributable to ex-
depletion, strong differences in POC dynamics occurred beeess carbon fixation. However, they found a significant por-
tween the different temperature treatments (Fig. 3b), revealtion of excess carbon fixation to be channeled into the pool of
ing a clear effect of temperature on the POC:PON ratiotransparent extracellular particles (TEP). Since we observed
(Fig. 5a and c). It has to be noted that the observed tempora massive build-up of POC and an associated strong increase
dynamics in POC : PON might be partly attributable to dif- in POC: PON, it is likely that at least part of these dynam-
ferent concentrations of PON that were affected by possiblyics are attributable to the accumulation of carbon-rich (and
differential loss of organic matter (see Sect. 4.1.1). Howevernitrogen-poor) extracellular organic matter. This considera-
the major differences in POC: PON occurred betwekd  tion is also supported by the strong build-up of dissolved
and:14, when the differences in PON among the tempera-organic matter in our experiment, as previous studies have
ture treatments had become very small again and differenceshown that a considerable fraction of excess POC can be as-
in POC were the main driver for differences in POC : PON. sociated with TEP that form from dissolved polysaccharides

The main mechanism responsible for the higher uptakgEngel et al., 2004). The transformation of DOC into extra-

of DIC and build-up of organic carbon at higher tempera- cellular POC via aggregation of TEP has been shown before
tures in our experiment was the higher relative consump-in experimental studies (Mopper et al., 1995), and the un-
tion of carbon over nitrogen and its associated conversiorderlying mechanisms have already been investigated and dis-
to biomass. Excess uptake of DIC over inorganic nitro- cussed (Passow, 2002). Furthermore, it is unlikely that the in-
gen, a phenomenon called carbon overconsumption (Toggerease in POC : PON is entirely attributable to changes in the
weiler, 1993), has been observed in previous experimentglemental composition of phytoplankton. Intracellular C: N
and field studies. Some earlier studies which found enhancethtios of diatoms are usually 10 (Thompson et al., 1992;
drawdown of carbon over nitrogen did not find changes inGoldman et al., 1992) and do not exceed a value of 15 even
POC : PON as in our experiment (Banse, 1994; Riebesell etinder nutrient starvation (Harrison et al., 1977). Thus, we be-
al., 2007). Instead, a common assumption was that the exieve that the accumulation of carbon-enriched extracellular
cess carbon is exuded by phytoplankton mainly in the formpatrticles is the most likely explanation for the strong decou-
of DOC (Kahler and Koeve, 2001). However, in agreementpling of POC and PON in our experiment.
with our study, an increasing number of studies have reported An effect of temperature on the magnitude of POC pro-
a decoupling of carbon and nitrogen dynamics in phytoplank-duction and POC : PON resulting from carbon overconsump-
ton blooms and an associated increase of the POC : PON ratiion as observed in our experiment has, to the best of
(Wetz and Wheeler, 2003; Biddanda and Benner, 1997; Eneur knowledge, not been reported so far. Nor did previ-
gel et al., 2002). Generally, elemental stoichiometry of phy-ous mesocosm experiments (Wohlers et al., 2009) find an
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effect of temperature on POC : PON. It is also notable, thatperature on dissolved primary production after acclimatiza-
POC : PON reached very high absolute values in comparition, Zlotnik and Dubinsky (1989) found clearly higher DOC
son to previous studies (between 16 and 34 at temperaturesxcretion with increasing temperatures. However, they used
ranging from 9.5 to 17.5C). This suggests relatively high different phytoplankton species in their studies. More recent
levels of carbon overconsumption, which increase with tem-findings from short-term warming experiments with natural
perature. plankton communities support the latter study, suggesting an

Furthermore, results from single-species culture experiincrease of dissolved primary production at elevated temper-
ments suggest that TEP production is highly variable be-atures (Moran et al., 2006). This is in line with the observed
tween phytoplankton species and that it is a function of tem-effect of temperature on net DOC accumulation in our ex-
perature (Claquin et al., 2008). Accordingly, species-specifigperiment and other recent mesocosm studies (Wohlers et al.,
differences in TEP production could also contribute to the2009; Engel et al., 2011; Kim et al., 2011). Thus, our results
observed differences in carbon dynamics between our andtrongly support the assumption that phytoplankton exuda-
earlier mesocosm experiments. tion of DOM is temperature sensitive.

Differences in POC and the POC : PON ratio did not occur  The ratio of DOC : DON also increased with temperature
when nutrients were still replete. Thus, our results are in linein our experiment, suggesting enhanced exudation of DOC
with previous studies that did not observe an effect of tem-over DON by phytoplankton at higher temperatures (Fig. 5d).
perature on C:N ratios in exponentially growing cultures, Since a temperature effect on autotrophic production is also
i.e. under nutrient-replete conditions (Hutchins et al., 2007;mirrored in the response of POC and POC: PON to higher
Hare et al., 2007; Feng et al., 2009). Since carbon overcontemperatures, enhanced release of carbon-enriched DOM by
sumption is usually closely tied to nutrient-limited growth, phytoplankton due to carbon overconsumption is the most
and our results suggest that the main effects of temperaturlikely explanation for the observed dynamics of DOC accu-
in our experiment were related to this process, it can be hymulation and the DOC : DON ratio.
pothesized that the implications of our results are mainly im- The net accumulation of DOC throughout the experiment
portant in advanced or declining plankton blooms. (Fig. 3c) and the relative constancy of TOC after the peak of

These conclusions are not affected by our estimates of gathe bloom (Fig. 4b) did not indicate any substantial decrease
exchange. Since the amount of inorganic nitrogen was simiof organic matter through microbial consumption. Unfortu-
lar in all mesocosms, the temperature-related difference in innately, bacterial production was not measured in our exper-
organic carbon drawdown (from raw DIC data, Fig. 3a) aloneiment, making it impossible to give statements about gross
supports the hypothesized temperature effect on carbon overates. Thus, there is a possibility that microbial consumption
consumption. This is further supported by the presented dataf organic matter occurred, and that it was approximately
on POC and DOC, as well as the C: N ratios of particulatebalanced by production. On the other hand, inhibition of mi-
and dissolved organic matter. Air—water gas exchange onlrobial degradation of DOC might also explain our finding.
enhances the magnitude of DIC uptake in the mesocosms. This has been observed before, e.g. due to high resistance of

fresh DOC to microbial decomposition (Fry et al., 1996) or
4.2.2 Dynamics of dissolved organic matter nutrient limitation by bacteria leading to inefficient bacterial
decomposition (Thingstad et al., 1997). Further factors such
Another remarkable observation in our experiment was theas the molecular weight and chemical composition of DOM
substantial build-up of DOC and its clear relationship with play a crucial role in its availability for bacterial degrada-
temperature. While the dynamics of DON did not show anytion, although there are still huge gaps in our understanding
response to temperature (Fig. 2b), the accumulation of DOQf these aspects (Dittmar and Paeng, 2009).
was clearly enhanced at higher temperatures (Fig. 3c and
f), with the maximum build-up of DOC being enhanced by 4.3 Why is the response to temperature changes so
+47 % and +79 % at intermediate and high temperatures, re- different from previous experiments?
spectively, compared to low temperatures.

Net accumulation of DOC usually occurs when biolog- Temperature is a key factor in controlling ecological pro-
ical production and loss processes are temporarily decoueesses through its effect on metabolic rates (Brown et al.,
pled, which often happens in phytoplankton blooms (Carl-2004). Our study revealed a strong effect of temperature on
son, 2002). A large portion of up to 50% of primary pro- the dynamics of particulate organic matter, which was not
duction can be channeled into the DOC pool (Hansell et al. observed in previous experiments. Most comparable studies
2009). The release of DOC by phytoplankton is generally asinvestigating effects of temperature on marine ecosystems
sumed to increase with the onset of nutrient limitation (Bid- report negative impacts of increasing temperatures, e.g. on
danda and Benner, 1997). However, only a few studies orproduction of biomass derived from cell counts (O’Connor
the influence of temperature on DOC production exist, andet al., 2009; Lassen et al., 2010; Muren et al., 2005) as well
the results from single-species experiments are controveras on the build-up of measured POC (Wohlers et al., 2009;
sial. While Verity (1981) could not observe an effect of tem- Kim et al., 2011). In contrast, both the magnitude and the rate
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of POC build-up were considerably elevated at higher tem-Goldman et al., 1992; Myklestad, 1974). Furthermore, dif-
peratures in our experiment. Maximum build-up of POC in- ferences in the response to changing temperatures among di-
creased by +52 % and +96 % at intermediate and high, comatom species have been observed. While reports on possible
pared to low temperatures, respectively. The calculalgsl  temperature effects on the cellular composition of diatoms
value of~ 2.0 for the rate of POC build-up in our experiment are contradictory (Montagnes and Franklin, 2001), the re-
lies at the upper end of estimates for the temperature deperease of DOC (Zlotnik and Dubinsky, 1989) and production
dence of autotrophic processes such as phytoplankton growtbf TEP (Claquin et al., 2008) seem to increase with tempera-
and photosynthesis @& Q10 < 2), which are also limited by ture.
light and nutrients (Eppley, 1972). The net build-up of DOC, Although no study on the physiology d@actyliosolen
which likely originates from exudation by phytoplankton, fragilissimusand the mechanisms related to carbon overcon-
revealed an even higher effect of temperatupag(~ 2.7). sumption exists to the best of our knowledge, we hypoth-
This tendency of enhanced DOC accumulation at elevateasize that physiological properties of this dominant phyto-
temperatures (Fig. 3f) is in line with results from previous plankton species (e.g. carbon fixation, exudation of DOM
mesocosm studies (Wohlers et al., 2009; Kim et al., 2011)and TEP, intracellular C:N) could be decisive for the re-
Our results suggest that these higho values are mainly  sponse of the whole ecosystem, and may thus explain the dif-
attributable to the temperature sensitivity of carbon overcon{ferent response to temperature changes compared to previous
sumption by phytoplankton and could hence be interpretedexperiments. This is supported by the fact that the bloom was
as netQ1g factors for processes related to excess carbon fixstrongly dominated by this single species, and other mecha-
ation. nisms such as grazing dynamics appear to be of minor im-
The previously reported shift from autotrophy to heterotro- portance in our experiment and do not seem to deviate sub-
phy in response to warming (Wohlers et al., 2009; O’'Connorstantially from earlier studies.
et al., 2009; Muren et al., 2005) and an associated decrease The abundance of the copepédartia clausiwas rather
in overall biomass could not be observed in our experimentlow and very similar at all temperatures during the bloom
Wohlers et al. (2009) found a lower consumption of DIC phase € 10individualst?) when the major differences in
at elevated temperatures (decrease of up-81% when  carbon and nitrogen cycling occurred. Even though cope-
increasing temperature by 228), which they attributed pod numbers slightly increased and the abundance of juve-
mainly to a stronger effect of warming on respiratory con- niles (copepodites) began to rise during the second half of
sumption relative to autotrophic production. Such an effectthe experiment (manuscript in preparation), copepod grazing
could not be observed in our experiment, where the draw-cannot explain the large differences in element cycling be-
down of DIC was strongly enhanced at higher temperaturesween our temperature treatments. Assuming typical values
(+39 % and +94 %, Fig. 3a and b). Possibly, the temperaturdor grazing rates (0.1-0.5 pmol C intld—1) and body mass
effect on carbon overconsumption and DOC exudation pre{3-5 pug C ind1) of Acartia clausi(Fileman et al., 2010), we
vented a substantial imbalance between production and corestimate that copepod grazing effects are too small to sub-
sumption of organic matter in our experiment. stantially affect biogeochemical dynamics, e.g. the loss of or-
Altogether, our results revealed a fundamentally differentganic matter or temperature-related differences in POC and
response of carbon cycling to sea surface warming compare®OC concentrations.
to earlier studies. Consequently, the question is why our re- The overall higher temperatures in our experiment might
sults are so different to those of previous studies. also have contributed to the differences with previous exper-
One possible explanation for the different temperature seniments. Higher temperatures and associated higher levels of
sitivity of biogeochemical dynamics might be the taxonomic metabolic rates might have revealed temperature effects on
composition of the phytoplankton assemblage prior to theprocesses such as carbon overconsumption that could not be
bloom and especially the dominant species. At the beginfound in previous experiments at lower temperatures, where
ning of our experiment (day0) it consisted of~53% di- these processes might have been inhibited or temperature-
atoms and 47 % cryptophytes in terms of biomass. After nu-driven differences were too small to be detected. Further-
trient addition diatoms dominated the phytoplankton bloommore, the present study had higher light levels compared to
(> 99 %), which is in line with previous mesocosm experi- previous experiments, as it was intended to mimic the sum-
ments (Kim et al., 2011; Wohlers et al., 2009). However, themer conditions in the field at the time of the experiment. This
prevailing diatom species was different to that in these preimay have additionally favored excess carbon fixation of phy-
vious studies. Whil&keletonema costatutlominated in the  toplankton, since exudation of DOC has been observed to
two earlier experimentf)actyliosolen fragilissimusvas the  increase with irradiance (Verity, 1981; Zlotnik and Dubin-
dominant species in our experiment, constituting 80-99 %sky, 1989). Possibly, these different boundary conditions also
of phytoplankton biomass. It has been shown in a numbeicontributed to the response of biogeochemical element cy-
of studies that different diatom species can have differentcling to temperature in our experiment.
cellular composition and produce different amounts of ex-
tracellular carbohydrates. (Wetz and Wheeler, 2003, 2007,
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