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Abstract. Increasing atmospheric carbon dioxide (3O gases this substantial increase in atmospherie @ves
concentrations due to anthropogenic fossil fuel combustiorglobal climate change: increasing global mean temperatures,
are currently changing the ocean’s chemistry. Increasingising sea level and accelerating extreme weather incidences,
oceanic [CQ] and consequently decreasing seawater pHto name just those events most likely to happen (Meehl et al.,
have the potential to significantly impact marine life. Here 2007). As a result of atmosphere-ocean gas exchange in-
we describe and analyze the build-up and decline of a natuereasing atmospheric GQevels are accompanied by con-
ral phytoplankton bloom initiated during the 2005 mesocosmcomitant increases dfCO»] in ocean surface waters. This
Pelagic Ecosystem CEnrichment study (PeECE Ill). The leads to a redistribution in the oceanic dissolved inorganic
draw-down of inorganic nutrients in the upper surface layercarbon (DIC) pool, resulting in increased ocean acidity on
of the mesocosms was reflected by a concomitant increasene hand and reduced carbonate saturation state on the other.
of organic matter until day 1, the peak of the bloom. From This is manifested in decreasing ocean pH which is very
then on, biomass standing stocks steadily decreased as mdlikely to drop by about 0.4 units by the end of the 21st cen-
and more particulate organic matter was lost into the deepetury, adding to the 0.1 unit drop already observed since the
layer of the mesocosms. We show that organic carbon expotbeginning of the industrial revolution (Caldeira and Wickett,
to the deeper layer was significantly enhanced at elevate@003).
CQO,. This phenomenon might have impacted organic mat-  Most of the marine organisms studied so far are known to
ter remineralization leading to decreased oxygen concentrape sensitive in some way or the other to changes in ocean
tions in the deeper layer of the high @@esocosms as indi-  chemistry (for a review see (Riebesell, 2005)). Marine bio-
cated by deep water ammonium concentrations. This woulgyenic calcification (CaCgformation), for instance, by warm
have important implications for our understanding of pelagicwater corals, coccolithophores and foraminifera has been
ecosystem functioning and future carbon cycling. shown to decrease with decreasing pH and hence decreas-
ing carbonate saturation (Gattuso et al., 1998; Kleypas et al.,
1999; Riebesell et al., 2000; Russel et al., 2004). Although
1 Introduction the response of biogenic Cag@roduction to changing
ocean chemistry may differ between species (Langer et al.,
Human activities such as the massive combustion of fossi?006) and is far from being understood, the calcareous shells
fuels perturb the natural carbon Cyc|e by increasing atmo.Of these Organisms begin to dissolve when carbonate satura-
spheric carbon dioxide (C) concentrations. Since the be- tion drops below unity. This will probably happen towards
ginning of the industrial revolution atmospheric ¢@v-  the end of the 21st century to another important group of
els have increased already from about 280 to ;280n in pelagic calcifiers, the pteropods. Their natural habitats, the
the year 2006 and are projected to reach values as h|gh éouthern Ocean and the subarctic PaCiﬁC, will become un-
700uatm, by the end of the 21st century (Prentice et al.,dersaturated with respect to their CagX@ragonite) shells at

2001). Together with changes in other climatically active increasing C@levels Orr et al., 2005). Marine phytoplank-
ton have also been shown to change their elemental com-

position (C/N/P) in response to changing [&@Burkhardt
Correspondenceto: K. Schulz and Riebesell, 1997; Burkhardt et al., 1999b). But again,
BY (kschulz@ifm-geomar.de) these changes were species-specific, sometimes even with
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2 Methods
2.1 Mesocosm setup and sampling

In May 2005, in the Raunefjorden at the coastline of Nor-
K= way (~60°16 N, 5°13 E) nine polyethylene bags (see Fig. 1
] for a graphical representation), 2m in diameter and ex-
tending about 9.5m into depth, were deployed at a free
floating raft, operated by the University of Bergen. The

peU= 302 bags were filled simultaneously with unfiltered nutrient-poor
fiord water, about 27 fheach, pumped from 13.5m depth.
~5.7m Three different CQ levels ~350 patm (mesocosms M7—
M M9), 700 atm (mesocosms M4-M6) and 10g@tm (meso-

cosms M1-M3), termed hereaftex 12x and 3x COy, rep-
resenting present day G@onditions and those predicted for
the year 2100 and 2150, respectivaBréntice et al., 2001),
were set up in triplicate following in principle the approach
<:U described in (Engel et al., 2005).

Briefly, the enclosed fjord water was aerated at target CO
levels for about two days until equilibration was reached.
Then, about 0.8 fof freshwater were mixed into the up-
per 5.5m by aquarium water pumps (flow ratd50 | h1),
creating a halocline with a salinity gradient ofL.5 psu at
about 5.7 m depth (see Fig. 1). The location and stability
of the halocline, separating upper mixed surface from deep
layer waters, was monitored daily by means of a CTD (SAIV
A/S, model SD204), providing combined vertical distribu-

tions of salinity and temperature within the mesocosms (see

2.0m Figs. 2 and 3, respectively). The operation of the aquarium

water pumps within the upper surface layer throughout the
Fig. 1. Mesocosm design and setup. PSU denotes Salinity and SE®Xperiment ensured homogeneous distribution of dissolved
the sediment trap. See text for details. compounds and comparability of upper surface layer samples

taken depth-integrated with those taken at discrete depths

(see below). The mesocosm bags were covered with gas
opposite sign. Furthermore, increases in C/N can be the retight tents (ETFE foil) which allowed for the transmission of
sult of increased production of transparent exopolymer parti-about 95% of the complete sunlight spectrum. Incident PAR,
cles, TEP, (Engel, 2002) which are believed to be importantiphotosynthetic active radiation between 400 and 700 nm,
for the export of particulate organic matter from the sunlit was measured continuously (15 min averages) with a Licor
surface ocean to its interior (Engel et al., 2004). Whetherlight sensor (LI-190) connected to a datalogger (LI-1400)
carbon and nitrogen remineralization rates at depth could benounted on the raft (see Fig. 4). On some days this photon
affected by varying C/N is another open question. Thus, in-flux density (PFD) was also measured within the headspace
creasing atmospheric and surface ocean @@els have the and at 2.5m depth of mesocosm M8. The headspace within
potential to change the cycling of important elements in thethe tents was continuously flushed with air at targep @&)-
ocean which could trigger important feedback responses inues throughout the experiment, simulating>g 2x and 3x
Earth’s climate system. CO, atmosphere.

While laboratory studies provide process based under- The phytoplankton bloom was initiated on day by ad-
standing at the organismal level, mesocosms are ideal foditions of nitrate and phosphate to the upper surface layer,
perturbation experiments at the community level. However,by means of a “reverse” sampling procedure (see below),
a good experimental design and setup is crucial for subseaiming for final surface layer concentrations of 16 and
quent data interpretation. Here we describe the mesocosm.8umolkg~1, respectively (see Fig. 5a, b). However, in
setup and performance as well as the temporal developmemhesocosms 1, 2, 3 and 4 these concentrations were lower
of the phytoplankton bloom in terms of build-up of particu- than expected as some of the nutrients added must have been
late and dissolved organic matter and changes in respectiviest to the deeper layer during mixing. Therefore, additional
carbon to nitrogen to phosphorus ratios for the 2005 Pelagimitrate and phosphate was added to these mesocosms on day
Ecosystem C@Enrichment study (PeECE III). 11, establishing uniform nutrient concentrations within all

~95m
PSU = 32.0

[SED |
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Fig. 2. Temporal changes in the vertical distribution of salinity within each mesocosm during the experiment. Mesocosms M1-M3 were set
up at CQ levels of~1050uatm, mesocosms M4—M6 at700 watm and mesocosms M7-M9aB50 natm. The black vertical lines mark

the “storm event” around day 12. The loss of deep layer water into the upper 5.7 m by mixing was calculated from a simple mass balance.
Numbers prior to day 12 denote the loss until day 10 while numbers after day 12 denote the loss until the end of the experiment.

12 2000
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PFD (umolm=2s71)
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Days

o5 Fig. 4. Photon flux density (PFD) of incident photosynthetic active
radiation between 400 and 700 nm (PAR) as measured on the raft
9 (black line) and total amount of energy received as measured by the
Geophysical Institute of the University of Bergen (grey line). See
o2t s |1)28ys14 1018 20 22 2 results section for details on PFDs within the mesocosms headspace

and mixed surface layer.

Fig. 3. Temporal changes in the vertical temperature distribution

averaged along all nine mesocosms. Standard deviation between

mesocosms was generally less that?’Q. The vertical black line  ~25 and~18 mol kg—l in mesocosms 1-3 and 4-6, respec-

marks the “storm event” around day 12. tively. Regarding the changes in the £€ystem this proce-
dure is equivalent to Cfaeration and increaseaCO;, in
mesocosms 1-6 to desired values~af00 and~1050yatm

mesocosms on day 2 (see Fig. 5). A0, in mesocosms ~©n day 2 (see Fig. 6).
1-6 were below intended values, NaHg@nd equimolar Daily sampling was at 10:00 a.m. starting on dgyDis-
amounts of HCI were added, leading to DIC increases ofsolved and particulate components (with the exception of

www.biogeosciences.net/5/707/2008/ Biogeosciences, 5, 707-718, 2008
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2.2 Measurement procedures

—
o

In most cases measurements and analyzes of parameters pre-
sented in this article followed standard procedures. A com-

-
o

Nitrate (umolkg™1)

£
5 g 1 plete list of all parameters measured together with their indi-
. 2 . L vidual methods is given in Table 1. For details on measure-
_ ey ment methods of parameters not presented in this article the
v 08 Bl 2o F reader is referred to the respective reference given in Table 1.
_§ 0.6 £ o6 Nutrient analyzes were performed using an Autoanalyzer
g 04 ; 04 (AA 1) on samples filtered through GF/F (for nitrate, nitrite
% 02 - o and phosphate) and3n cellulose acetate (for silicate) ac-
T o T § o = cording to (Hansen and Koroleff, 1999). Ammonium was de-
termined following the approach described in (Holmes et al.,
o= G . .
3 1999). Ammonium was measured on triplicates, the other

nutrients on duplicates.
For phytoplankton pigment analysis 250-500 ml of sam-
1 - ple water were filtered onto GF/F filters which immedi-
N ately were frozen at-20°C until extraction and analysis.
For extraction filters were homogenized together with 2 and
3 4mm glass beads in 2ml 100% acetone by a cooled Vi-
brogen cell mill for 5min. Thereafter samples were cen-
+ trifuged at~3000xg and—10°C for 10min. The super-
+ natant was filtered through a Q:2n polycarbonate filter and
0l== analyzed by rp-HPLC (reverse-phase high performance lig-
2 6 1°D 1418 22 26 10D 118 22 uid chromatography) where pigments are identified by com-
> > paring retention times and absorption spectra, obtained with
a diode array spectrophotometer (WATERS), with those of

within the mesocosms’ upper mixed layer. Green, grey and red linef'gment standards. Commerc!ally _ava|lable pigments were
illustrate average concentrations(@) nitrate, (B) phosphate(C) also used as standards for calibration. All sample handling
silicate andD) ammonium within the ¥, 2x and 3x CO, meso-  during the extraction and analysis procedures were carried
cosms, respectively. Corresponding nutrient concentrations in th@ut under dimmed light conditions to minimize the effect of
deep layer at selected days towards the esglandsys) of the ex-  pigment photo-oxidation. Calculation of the phytoplankton
periment are shown itE, F, G) and(H). Initial ammonium and sili-  community composition and individual phytoplankton Ghl-
cate concentrations at depth were assumed to be identical to those gpntributions was carried out with the program CHEMTAX
the upper mi_xeq surface lay@, H). Vertical lines denote standard  (Mackey et al., 1996).
deviations within each Cétreatment (k, 2x, 3x CO). For determination of the particulate compounds TPC (total
particulate carbon), POC (particulate organic carbon), PIC
DIC, alkalinity, pCO», and other gases) were sampled with (particulate inorganic carbon), PON (particulate organic ni-
a 5m long,~6 cm diameter tube. The tube was lowered into trogen), POP (particulate organic phosphorus) 250-500 ml
the mesocosms and closed under water at its upper end witbf sample water were filtered onto precombusted {@5for
a stopper. The tube was then retrieved until a second stoppérh) GF/F filters and stored at20°C. TPC, POC, and PON
could be fitted under water at its other end, providing a depth-were determined on an EuroVector elemental analyzer (Eu-
integrated sample . The samples, representative for the upp@oEA 3000). Prior to analysis all filters were dried for 6 h at
surface layer{25L per mesocosm per day), were brought 60°C, while POC filters had been fumed overnight with con-
back to shore where sub-samples for various measuremententrated HCI to remove PIC. Particulate inorganic carbon
and analyzes were taken immediately upon arrival. Everywas then calculated as the difference between TPC and POC.
other day water from sediment traps,>600 cm Plexiglas PIC values obtained by this method compare extremely well
cylinders deployed in each mesocosm at 7.5m depth, wasvith those derived from changes in total alkalinity (Bellerby
also collected. Prior to deployment the cylinders were filledet al., 2007), corrected for nitrate and phosphate consump-
with GF/F (0.7.um nominal pore size) filtered sample water tion, indicating that overnight fuming was sufficient to re-
of the surface layer pooled from all mesocosms. The salinitymove all PIC. POP was oxidized by potassium persulphate
of this water had been increased by about 2 psu above dedp dissolved inorganic phosphorus which was measured as
layer values with NaCl additions. Water from the deeperdescribed by (Hansen and Koroleff, 1999). Every other
layer, sampled on day and s, was obtained by means day these measurements were also performed on 200-250 ml
of a hand-operated water sampler (Niskin-type). sub-samples collected from all nine sediment traps.

Silicate (yumolkg™1)

12 D
0.9
0.6
0.3

Ammonium gee, (umol kg ™) Silicate geep (molkg™?)
I

Ammonium (pmol kg™t)

Fig. 5. Temporal development of major nutrient concentrations
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Parameter Method Reference
Temperature cTDf This article
Salinity ctpf This article
Alkalinity Potentiometric Titration Bellerby et al. (2007)
DIC Coulometry Bellerby et al. (2007)
s13Cpic Mass spectrometry U. Ninnemann et al.
pCOy Infrared analyzer Li-Cor 6262 Bellerby et al. (2007)
Nutrients Autoanalyzef This article
Trace metals Voltammetry E. Breitbarth, unpublished data
Phytoplankton cell counts Microscopy V. Martin, unpublished data
Phytoplankton and bacteria cell counts Flowcytometry Paulino et al. (2007)
Pigments HPLCT This article
TPC, POC, PON Elemental Analyzert This article
POP Colorimetr}ﬁ This article
PIC TPC-POC This article
DOC, DON HTCO' This article
DOP Colorimetry’ This article
TEP Colorimetry J. Wohlers, unpublished data
Mono-, Polysaccharides Colorimetry J. Wohlers, unpublished data
Phosphorus uptake/affinity 3po;- Tanaka et al. (2007)

Primary Production

C-fluxes

Micro- and mesozooplankton
Copepod eggs and fecal pellets
Bacterial diversity/production
Glucose, APA affinity/turnover
Viral density/diversity

VOC in headspace
Organohalogens in headspace
DMS, DMSP, DMSP lyase

14¢ incubation, oxygen L/D method
13¢ abelling of biomarkers

Egge et al. (2007)
J. Middelburg, unpublished data

Microscopy Antia et al. (2008), Suffrian et al. (2007)

Microscopy
DGGE
14¢ labelling/Fluorometry
Flowcytometry/DGGE,PFGE
PTR-MS
GC-MS
GC

Organic sulfur compounds, halocarbons,

hydrocarbons, alkyl nitrates
Remineralization

GC-FID-ECD-MS
Bottle incubations

Carotenuto et al. (2007)
Allgaier et al. (2007)
Tanaka et al.(2007)
Larsen et al. (2007)
Sinha et al. (2007)

Vogt et al. (2007a); Vogt et al. (2007b)

Wingenter et al. (2007)
NERI, Roskilde

T For details see Materials and methods section of this article.

The dissolved compounds DOC (dissolved organic car-allowed particulate organic matter produced in the nutrient-
bon), DON (dissolved organic nitrogen) and DOP (dissolvedenriched surface waters to settle to the deeper, more saline
organic phosphorus) were determined in GF/F filtered wa-ayer, simulating export production. Detailed monitoring of
ter samples. DOC and DON were analyzed by means othe location and stability of the halocline showed that until
high temperature catalytic oxidation (HTCO) as described inday 1, deep water loss (mixing of deep waters into the sur-
(Qian and Mopper, 1996), DOP by potassium persulphatdace waters and deepening of the halocline) was only mod-
oxidation and subsequent dissolved inorganic phosphorusrate (~8-21%) in most mesocosms, with the exception of

determination described in (Hansen and Koroleff, 1999).

3 Results

3.1 Mesocosm performance

Unlike in a previous mesocosm G@erturbation experiment

mesocosm M6+36%). Unusually stormy weather condi-
tions around dayi 2, however, enhanced mixing of deep layer
waters, and until the end of the experiment a substantial por-
tion of the deep layer waters was lost in all mesocosrd¢
42%) with up to 58% and 50% in mesocosms M3 and M6,
respectively (Fig. 2).

Temperatures within the mesocosms, initially evenly
distributed throughout depth at aboutQ increased to

(Engel et al., 2005), deep layer water was separated from-11.5C in upper surface ang11°C in the deep layer un-
the upper mixed surface by establishing a halocline. Thistil day #19 (Fig. 3). Towards the end of the experiment on

www.biogeosciences.net/5/707/2008/
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1200 From their day of depletion onwards all inorganic nutrient
concentrations remained comparatively low. An exception
1000 ] were surface layer ammonium concentrations which were
close to zero until day;2 and increased up te-0.5, 0.75
800 1 1 and 0.9umol kg~ until day r5g in the 3x, 2x and Ix CO,
mesocosms, respectively (Fig. 5d).
Data on corresponding nutrient concentrations in the
w00 | mesocosms’ deep layer were unfortunately collected only
towards the end of the experiment on days and o5
200,\_\,—————\ ] (Fig. 5e—f). While the concentrations of phosphate and sil-
icate were relatively low (about 0.1-0.2 and 2ol kg1,
T —— respectively) in all mesocosms (Fig. 5f,g), deep layer am-
0 2 4 6 8 10 12 14 16 18 20 22 24 . . . . .
Days monium concentrations were comparatively high with up to
3umolkg1tinthe 1x CO, treatments on dayg. Moreover,
Fig. 6. Temporal development of GOpartial pressurespCO5) there was a trend towards higher deep layer ammonium val-
within the mesocosms’ upper mixed layer. Style and color-codingu€s in the X compared to the 2 and 3« CO, mesocosms,
follow that of Fig. 5. similar to what was observed in the mesocosms’ surface layer
(compare Fig. 5d, h). Interestingly, deep layer nitrate con-
centrations on dayyg showed a reversed trend, i.e. higher
day 125 temperatures were again distributed homogeneouslyyalues in the % compared to the 2 and 1x CO, treatments
although slightly decreased, at about 2@5 (Fig. 5e). If this finding, however, can be regarded to reflect
Daily averaged incident photon flux densities measured oCO,—mediated differences in certain deep layer processes is
the raft varied between 90 and 56tholm—2s~1. These not clear, as standard deviations within treatments were rela-
fluctuations corresponded well with those measured in sotively high. Moreover, on dayps this trend was gone.
lar radiation at the University of Bergen (Fig. 4). About 80% The draw-down of inorganic nutrients was reflected by a
of incident PAR passed through the gas tight tents into theconcomitant build-up of organic matter. Total Ghtoncen-
mesocosms’ headspace of which up to 15% penetrated inttrations increased from about 1§ 1~ on dayrg to ~11.0,
~2.5m depth, the center of the mixed surface layer (data nof.3.5 and 13.(.g 1~ on dayr;g in the 1x, 2x and 3x CO
shown). mesocosms, respectively (Fig. 7a). From then ondCtdn-
Having established desirgeC O, values within the meso-  tinuously decreased in all mesocosms, reaching again start-
cosms’ surface layer 0350, 700 and 1050atm at day ing concentrations around dajys. The comparatively small
t2, CO, partial pressure continuously decreased untilday  but significant increase of Clal-concentrations in all meso-
to ~200, 350 and 460atm in the X, 2x and 3x meso-  cosms around dago might have been caused by increased
cosms, respectively. After a slight increase on daandri4 ammonia concentrations at that time (compare Fig. 5d). Sep-
pCO, remained rather constant until the end of the experi-arating total Chls concentrations into individual contribu-
ment (Fig. 6). tions by selected phytoplankton taxa showed that diatoms
All sediment traps, sampled every other day, showed sig{mostly Skeletonema sp. andNitzschia sp.) and prymne-
nificant over-trapping. In other words more particulate ma-Ssiophytes (including=miliania huxleyi) were of major im-
terial was calculated to be exported into the deep than inorortance, both reaching up t05.g1~1 in all mesocosms.
ganic nutrients removed from the surface. This was prob-However, diatom associated Chpeaked about day while
ably caused by continuous flapping of the mesocosm bag#hat of prymnesiophytes coincided with the total Ghiax-
mainly forced by wind stress which extended into depth andimum on dayrio (Fig. 7b, c). During and after the decline
resuspension of sedimented particulate matter. Hence, rath@f the phytoplankton bloom, from dayo onwards, prasino-
than absolute concentrations only element ratios (POC/PONphyte, cyanobacteria and dinoflagellate Gldencentrations
POC/POP and PON/POP) are reported in this study. were slightly increasing in all mesocosms (Fig. 7d, e, f).
The build-up of particulate organic carbon, nitrogen and
3.2 Inorganic nutrient uptake and organic material build-upphosphorus was very similar to that of Ghiwith maxi-
mum values reached between daysr12. However POC,
Following the addition of nitrate and phosphate on day PON and POP concentrations did not decrease to starting
and their adjustment on dayto 15 and 0.:mol kg1 in all values after the decline of the bloom. During the first 10 to
mesocosms, respectively, inorganic nutrients (nitrate, phos12 days, until the peak of the bloom, about 60680l =1
phate and silicate) continuously decreased in the upper suef POC, 9—1Q:moll~1 of PON and 0.4umoll~1 of POP
face layer (Fig. 5). In all mesocosms silicate was the first towere building up in the upper 5.7m of all mesocosms of
get depleted about day (Fig. 5c), followed by phosphate which about 30-3%moll~1 of POC, 3.5-4.5umol =1 of
about dayrig (Fig. 5b) and nitrate about days (Fig. 5a). PON and 0.1%mol =1 of POP remained until the end of

600 -

pCO, (patm)

Biogeosciences, 5, 707-718, 2008 www.hiogeosciences.net/5/707/2008/
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Fig. 7. Temporal development of Clal-concentrations within the
mesocosms’ upper mixed layer. Total GhleoncentrationgA)
were measured by HPLC, while individual Chleontributions by e 0 1
diatoms(B), prymnesiophyte¢C), prasinophytegD), cyanobac- Days
teria (E) and dinoflagellate¢F) have been calculated using the
CHEMTAX algorithm (see methods_for details). Shadet_j “_ght green Fig. 8. Temporal development of organic matter within the meso-
area depicts the temporal and Sp_at'al range of totanG/mIEmn all cosms’ upper mixed layer. Standing stocks of particulate organic
mesocosms. Style and color-coding follow that of Fig. 5. matter POQA), PON(B), POP(C) and PIC(D) are shown in com-
parison to those of dissolved organic matter D&, DON (F) and
DOP (G). Style and color-coding follow that of Fig. 5.

18 22

the experiment (Fig. 8a, b, ¢). Due to Cag@roduction
of coccolithophores during the phytoplankton bloom (com-
pare Fig. 7c), also about 18noll~1 of PIC was build-up
until the peak of the bloom, however almost all Ca{JtPo-
duced was lost from the upper mixed layer towards the end
of the experiment (Fig. 8d). On the other hand, concentra-
tions of all dissolved organic compounds increased steadily
from dayzg to dayr,4 in all mesocosms, DOC from about 75
to 100umol =1, DON from about 2.5 to 9.5mol I~ and
DOP from about 0.2 to 0.25mol I=1 (Fig. 8e, f, g).

Finally, in all mesocosms metazooplankton biomass in-

End
creased from an average of about @rdol carbon per liter

Start
at the beginning of the experiment to about 3.1+&%l 11 Fig. 9. Average metazooplankton-@0.m) organic carbon at the
towards the end (Fig. 9). Part of this increase could be due t@tart (black) and at the end of the experiment in theQlO, (green),
the exclusion of natural predators such as gelatinous plank2x CO, (grey) and 3 CO»(red) mesocosms. Vertical lines denote
ton and planktivorous fish. standard deviations.

S

w

—_

Zooplankton Carbon (pmol I71)
N

o

3.3 Element ratios of particulate and dissolved organic

matter late matter accumulating in the upper 5.7m of all meso-

cosms was close to the corresponding Redfield values of
Individual build-up and removal of both particulate and dis- 106/16/1 (POC/PON/POP) until about day From then
solved organic matter in the mixed surface layer led to spe-on only POC/PON remained close to 6.625 while POC/POP
cific temporal variations in the respective element ratios.and PON/POP increased about 2-fold to values 00 and
The ratio of carbon to nitrogen to phosphorus of particu-30, respectively (Fig. 10a, b, c). This can be the result
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Fig. 10. Temporal development in element ratios of particulate or- ’
ganic and dissolved organic matter produced in the mesocosms’ up- 0
per surface layer. Ratios shown are POC/P@N POC/PORB), 2 6 10 14 18 22 26

PON/PORC), DOC/DON(D), DOC/DOP(E), and DON/DORF). Days

Ratios of particulate organic matter were determined from organic

matter build-up starting frony—r1 averages in each mesocosm (A, Fig. 11. Temporal development in elemental ratios of particulate
B and C). Ratios of dissolved organic matter were estimated fromorganic matter sampled by sediment traps. Note that this material
corresponding build-up until the peak and end of the blagfa; 112 is most likely a mix of freshly settled and old “re-worked” matter.
andryg—104, respectively, starting fromy—z,4 averages (D, E and  Shown are sedimentary ratios of POC/P@Y, POC/PORB), and

F). Style and color-coding follow that of Fig. 5. Black horizontal PON/POR(C). Style and color-coding follow that of Fig. 5. Black
lines denote respective Redfield ratios. horizontal lines denote respective Redfield ratios.

of preferential POP removal from the upper surface layer. _ )
The individual element ratios of the dissolved organic mat-4 Discussion
ter build-up during the experiment, however, did not seem
to change with time but significantly deviated from Redfield 4.1 Mesocosm performance
values in all mesocosms. DOC/DON was relatively low with
about 3, while DOC/DOP and DON/DOP were relatively The 2005 PeECE Il mesocosm experiment differs from ear-
high with values around 300 and 100, respectively (Fig. 10dJier studies in several aspects, the most important being the
e, f). About 2x lower DOC/DON, 3« higher DOC/DOP and  establishment of a halocline. This was thought to create two
6x higher DON/DOP in comparison to the corresponding distinct water masses in which key pelagic processes such
Redfield ratios can be the result of either relatively higheras primary production (surface layer) and remineralization
DOP than DOC than DON removal or relatively lower DOP (deeper layer) are separated. Any water exchange between
than DOC than DON build-up within the upper surface layer. these two realms makes data interpretation difficult as most
The ratios of carbon to nitrogen to phosphorus of the par-efforts in this study were directed towards sampling in the
ticulate organic material collected in the sediment traps re-upper surface layer. Hence, the stability and location of the
flect processes of accumulation and remineralization, both irhalocline was monitored on a daily basis. However, even
the deep layer water column and the sediment building up orwithout the storm event on day», substantial water mix-
the bottom of the mesocosms. In all mesocosms POC/PONhg from the deeper layer into the upper surface occurred,
in the sediment traps was close to Redfield ratios throughouprobably caused by the wind force acting on the bags that
the experiment (Fig. 11) as were the corresponding values imvas transmitted to depth. This would also explain the ob-
the upper surface layer (compare Fig. 10a, b, c). POC/PORerved over-trapping of the sediment traps caused by sig-
and PON/POP in the sediment traps increased after about ldificant resuspension of settled particulate organic matter.
days to higher ratios, however, apparently higher in the 3 Hence, sedimentation processes appear to be difficult to eval-
than 2< than Ix CO, mesocosms. uate with this kind of mesocosm setup. For future mesocosm
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experiments we recommend frequent sampling in both theorigin (the deeper layer) of the increase in ammonium ex-
upper and deeper water layers as only this will allow for clude autotrophic photorespiration as a significant driver and
complete element budgets and process assessment of primagogint to a process dominated by heterotrophic activities. The
production, export and remineralization. two remaining processes impacting ammonium concentra-
tions are remineralization of organic nitrogen compounds
4.2 Inorganic nutrient uptake and organic material build-upand nitrification. Hence, lower ammonium concentrations
towards higher seawater G@ould be caused by decreased
The draw-down of the major nutrients nitrate, phosphate andates of nitrogen remineralization (reduced ammonium pro-
silicate in the upper surface layer during the bloom phaseduction) and/or higher rates of nitrification (increased am-
of the experiment followed the same temporal pattern in allmonium consumption). Nitrification in sediments (note that
mesocosms, irrespective piCO, (for details see Bellerby the water in the deep layer of the mesocosms is probably
et al., 2007). The same was observed for the concomitaniighly impacted by the microbial processes taking place in
build-up of Chla and particulate organic matter (POC,PON the organic material sedimented on the bottom of the meso-
and POP). Only on selected days a statistically significanicosms) is known to be regulated by a number of factors of
difference in these bulk parameters was found (ANOVA). which only pH and oxygen concentration could have been
There werepCO, treatment effects in Chi-concentrations  different between C@treatments (for a review see (Strauss
on daysri3, t14, t15, 116 andrzg, in POC onrz andro, et al., 2000)). However, nitrification rates were found to be
in PON onr1o, 118 andpg, and in POP onio, 113, 114 and  positively correlated with pH (Sarathchandra, 1978), which
120. All these days were after the main bloom phase and afwould favor higher rates in thexi compared to the 2 and
ter the storm event when significant amounts of deep layeBx CO, mesocosms with the opposite effect on ammonium
water were mixed into the upper surface waters. Henceconcentrations than observed (compare Fig. 5h). Regard-
inferring a pCO, related treatment effect on particulate or- ing deep layer oxygen concentrations (which were unfortu-
ganic matter build-up doesn’t seem justified. The steady in-nately not measured), the positive correlation of nitrification
crease in dissolved organic material (DOC, DON, DOP) onrates with dissolved oxygen would argue for higher oxygen
the other hand, was not significantly different betweerpCO concentrations and hence more ammonium consumption in
treatments. The same was found for the build-up of metathe deep layer of the 3 compared to the 2 and 1x CO,
zooplankton £90um) biomass. In summary, the tempo- mesocosms. However, we have good reason to assume that
ral development of nutrient uptake, build-up and decline ofif deep layer oxygen concentrations were different between
particulate organic matter and increase of dissolved organi¢reatments they would have been rather lower in thel8an
matter during the experiment was not affected by initiabCO the 2x and Ix CO, mesocosms. Although standing stocks
conditions (compare Engel et al., 2005). The similarity of of dissolved and particulate organic carbon in the upper sur-
nutrient uptake and corresponding organic matter build-upface layer were quite similar in all mesocosms, significantly
between treatments indicates that phytoplankton nutrient utimore dissolved inorganic carbon was utilized in thetBan
lization (nitrate and phosphate) and division rates were insenin the 2< and than in the £ CO, mesocosms (for details see
sitive to changes in seawateCO;. Indeed, although there (Riebesell et al., 2007) and (Bellerby et al., 2007)). This im-
is a critical CQ concentration for all phytoplankton species plies that considerably more organic carbon must have been
below which their growth decreases, in the £@nge of lostinto the deeper layer, about twice as much in the@m-
the present study (350-10p@tm) division rates of diatoms, pared to the ¥ CO, mesocosms (Riebesell et al., 2007). The
coccolithophores and cyanobacteria have been found to bprocess operating could be enhanced TEP formation (Arrigo,
rather constant (Burkhardt et al., 1999a; Rost et al., 20022007) which has been shown to be higher at elevated CO
Langer et al., 2006; Barcelos e Ramos et al., 2007). Change&Engel, 2002), leading to intensified particle coagulation and
in phytoplankton C/N and C/P stoichiometry due to varia- hence organic carbon export from the surface to depth. In-
tions of seawatepCO, would then have to be explained by tensified organic carbon sedimentation at higher G®els
changes in inorganic carbon utilization (see below). could have fueled organic carbon remineralization by het-
Another interesting finding is that the increase of deep anderotrophic bacteria, leading to stronger oxygen reduction at
surface layer ammonium concentrations towards the end oflepth in the X than in the X and than in the ¥ CO, meso-
the experiment was strongest in the CO, mesocosms and cosms. If only half of the additional organic carbon exported
also higher in the R than in the Xk CO; treatments. This inthe 3x CO, mesocosms would have been remineralized in
is clearly driven by a process occurring in the deeper layerthe lower 1.5 m of the mesocosms, oxygen would have been
of the mesocosms as increasing ammonium concentrationsonsiderably stronger depleted at depth in comparison to the
start to build-up in the surface layer right after the storm 2x and 1x CO, mesocosms, by about 1@®nol kgt at the
event when deeper water masses were mixed into the upend of the experiment. Another, more direct indication for
per surface layer. The differences betweerp,@®@atments  higher oxygen depletion in the deeper layer water of tke 3
are relatively large in comparison to those observed for Chl-compared to the t CO, mesocosms comes from oxygen
a, POC, PON and POP. Timing (after the bloom phase) andneasurements in the upper surface layer of mesocosms M2
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and M8. Until the peak of the bloom and prior to the storm the bottom of the mesocosms, being subject to increasing
event on day;2 oxygen concentrations increased to valuesremineralization. However, the scenario described above of
about 20umol kg™t higher in the % compared to the 1) increased loss of organic carbon from surface waters to
CO, treatment, indicating enhanced net primary productiondepth at elevated CQresulting in 2) increased respiration
at elevated C@(Riebesell et al., 2007). After the storm event of this organic carbon and hence increased oxygen consump-
and subsequent mixing of deep layer water into the upper surtion at depth, and hence in 3) reduced organic nitrogen rem-
face of the mesocosms this difference, however, decreased faeralization (ammonium regeneration) is not at odds with
about 5umol kg1 until the end of the experiment (data not the observed patterns in sedimentary organic matter ratios.
shown), indicating enhanced deep layer water oxygen deple€onstant sedimentary POC/PON, for instance, could indicate
tion in the 3x compared to the st CO, treatment. increased organic carbon remineralization at elevated. CO
As nitrification, ammonium regeneration in sediments ap-Furthermore, increased sedimentary PON/POP in thard
pears to be correlated with oxygen with steadily decreasing2x in comparison to thet CO, mesocosms could be the re-
rates at decreasing oxygen concentrations (Chapelle, 1995ult of decreased PON remineralization.
Serpa et al.,, 2007). Thus, we conclude (from the sparse
data_at hand) that the neg_atlve correlation of deep I_ayer am; 4 The pelagic ocean in a high G@vorld: indications
monium concentrations with seawater £®as more likely .
. . from mesocosm studies
caused by reduced ammonium regeneration rates rather than
higher nitrification rates in the>3 compared to the 2 and
1x CO, mesocosms. Alternatively, a direct pH sensitivity of Bulk parameters of natural phytoplankton blooms, especially
the enzymes involved in ammonification and/or nitrification those representative for biomass such as POC, PON, POP,
could explain the observed differences betweer, QaH) Chl-a, but also DOC, DON and DOP appear to a great ex-
treatments. tent insensitive to changing G@onditions (compare Engel
et al., 2005). Also corresponding elemental ratios of these
4.3 Element ratios of particulate and dissolved organicstanding stocks appear largely unaffected by seavydi€.
matter However, in this study there were pronounced treatment dif-
ferences in the calculated amount of organic carbon lost from
While in the surface layer element ratios of particulate andthe upper surface layer, with higher values in the Gm-
dissolved organic matter reflect processes of production an@ared to the 2 and 1x CO, mesocosms (compare Riebesell
removal, corresponding ratios in the deeper layer of theet al., 2007). This was fueled by significantly increased dis-
mesocosms are indicative for processes of accumulation angblved inorganic carbon (DIC) to inorganic nutrient (nitrate,
remineralization. Until dayg element ratios of particulate phosphate) uptake ratios at elevated,G&@mpare Bellerby
organic matter were close to corresponding Redfield ratioset al., 2007). Hence, elemental ratios of organic matter ex-
As from then on inorganic phosphorus was depleted whileported from surface to depth must have been enriched in or-
nitrate and dissolved inorganic carbon could still be assimi-ganic carbon compared to nitrogen and phosphorus under
lated, POC/POP and PON/POP steadily increased. The samgtevated C@ conditions. Furthermore, this “extra” organic
trend was found for dissolved organic matter, although duecarbon could have resulted in higher bacterial respiration and
to relatively high standard deviations statistically not signif- oxygen consumption at depth, reducing ammonium regen-
icant. Interestingly, however, DOC/DON was considerably eration in the % compared to the 2 and to the k CO;
lower than the Redfield ratio, indicating preferential loss of mesocosmes.
dissolvgd organic carbon compared to dissolved organic ni- In summary, mesocosm studies have identified various
trogen in all mesocosms. This can be the result of TEP for-

: ; . processes in pelagic ecosystems potentially sensitive to in-
mation, favoring preferential DOC export from the surface . : :
' : o creasing atmospheric GQ(for details see?). However,
waters to depth (compare Sect. 4.2). In this context it is als 9 P )

; . Quhether changes in these processes will dampen or enhance
|mportan_t to note that _the loss of organic matte_r from the Sl_Jr'gIobaI climate change is still impossible to forecast.
face, defined as the difference between organic matter build=
up and the inorganic counterparts drawn-down, seems to be

a process in operation right from the start of the experiment
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