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Abstract. Microzooplankton grazing and algae growth re- nutrients and/or viral lysis. The cyanobacteria populations
sponses to increasingC O, levels (350, 700 and 1050atm) appeared more affected by microzooplankton grazing which
were investigated in nitrate and phosphate fertilized mesogenerally removed 20-65% of the standing stock per day.

cosms during the PeECE Il experiment 2005. Grazing and
growth rates were estimated by the dilution technique com-
bined with taxon specific HPLC pigment analysis. Mi- 1
crozooplankton composition was determined by light mi-

croscopy. Despite a range of up to 3 times the presenjatmospheric CQ levels have increased from about 280 to
CO;, levels, there were no clear differences in any measuredgo,.atm since the beginning of the industrial revolution.
parameter between the different €@eatments. During  They are furthermore projected to reach values as high as
days 3-9 of the experiment the algae community _standmg;oo“atm by the end of the 21st century (IPCC, 2001).
stock, measured as chlorophyll a (Ghl-showed the highest  Thjs increase in climate-relevant atmospheric gases includ-
instantaneous grow rates=0.37-0.99 d') and increased ing CQO, is predicted to result in e.g. increasing global tem-
from ca. 2-3 to 6-12g1~*, in all mesocosms. Afterwards peratures, rising sea level and accelerating extreme weather
the phytoplankton standing stock decreased in all mesocosmsents (IPCC, 2007) Increased atmospherie @®els have

until the end of the experiment. The microzooplankton Sta”d'already led to increased ocean acidity with a pH drop of 0.1
ing stock, that was mainly constituted by dinoflagellates andi, the surface ocean since the beginning of the industrial rev-
ciliates, varied between 23 and 189 CI™* (correspond-  gjytion. Before the end of this century, a drop of a further 0.4
ing to 1.9 and 10.gmol CI~%), peaking on day 13-15, ap- ypits is predicted (Caldeira and Wicket, 2003). Therefore,
parently responding to the phytoplankton development. In-the carbonate saturation in the ocean is decreasing, likely af-
stantaneous Chi-growth rates were generally higher than fecting a number of organisms. Especially those with cal-
the grazing rates, indicating only a limited overall effect careous skeletons such as coccolithophorids, corals and mol-
of microzooplankton grazing on the most dominant phyto-|yscs are expected to be affected (see discussion and refer-
plankton. Diatoms and prymnesiophytes were significantlyences in Schulz et al., 2007).

grazed (12-43% of the standing stock'glonly in the pre- Auto- and mixotrophic protists play a key role in the global
bloom phase when they were in low numbers, and in thecarhon cycle since they fix inorganic carbon. This fixed car-
post-bloom phase when they were already affected by low,qp js transferred to the higher trophic levels through graz-
ing, and/or exported to deeper ocean layers through sedi-
mentation. However, it is still unclear, how and to what ex-
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Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.



https://core.ac.uk/display/11898263?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by/3.0/

1146 K. Suffrian et al.: Microzoo-phytoplankton interaction in £2@anipulated setups

As shown in previous experiments, the decreasing pH an@® Material and methods

hence decreasing carbonate saturation in the ocean may have

a negative effect on the calcite (CagQroduction by coc- 2.1 Mesocosm setup and sampling

colithophores and foraminifera (Riebesell et al., 2000; Rus-

sell et al., 2004). On the other hand algal species which ard he Pelagic Ecosystem G&nrichment experiment (PeECE
favoured by higher dissolved G@oncentration for photo- 1ll) was carried out at the National Mesocosm Centre, Uni-
synthesis, might instead benefit from an increase in the surversity of Bergen, Norway, from 16 May (day 1, d1) to 10
face ocean C@®concentration (e.g. Barcelos e Ramos et al.,June 2005 (d25). Details are given in Schulz et al. (2007),
2007; Fu et al., 2007; Iglesias-Rodriguez et al., 2008; Riebewhile a general description of the mesocosm facility is avail-
sell, 2000; Rost et al., 2003). To our knowledge, not muchable at: www.ifm.uib.no/LSF/inst2.html Briefly summa-

is known about the impact of an increasedO, on the per-  rized: nine floating 27 mpolyethylene seawater enclosures
formance of microzooplankton, nor on the grazing pressurevere filled in situ with unfiltered nutrient poor post bloom
exerted on microphytoplankton either. water from the surface of the surrounding fjord (Raunefjord,

CO, perturbations at an ecosystem level may provoke60°16 N, 5°14 E). To initiate a phytoplankton bloom all
very complex responses in phytoplankton species composithe mesocosms were fertilized with yGand P@‘ to ini-
tion and succession. Structure and functioning of the marineial concentrations of 15 and Q.6nol I~%, respectively (N:P
food web may be affected in different ways: Firstly, by cas- ~25:1). The mesocosms were manipulated (in triplicates)
cading effects on elemental recycling by viruses and bacteriato threepCO; levels (350, 700 and 1050atm) by aerating
secondly, by affecting the carbon fluxes through the grazingwith ambient or CG-enriched air. These CGOconcentra-
food web, and thirdly, by affecting the export through sedi- tions represented one X}, two (2x) and three (%) times
mentation. the present atmospheric G@onditions, respectively. The

As such complicated effects are best studied with naturamesocosms were well mixed by an aquarium pump system
populations, mesocosms are a powerful tool to study closehat recirculated the entire volume ca. 5 times per day (ca.
to natural populations yet in controlled environments. These40Imin—1) during the overall experiment (Jacobsen et al.,
may be both replicated and simultaneously compared for dif-1995).
ferent treatments. Mesocosms thus can be used to better un-
derstand complex responses of marine systems to increasir®)2 Setup and sampling of dilution experiments and nutri-
CO, levels and its feedback effects on carbon cycle (Riebe- ent analysis
sell et al., 2008).

Thus, to investigate how increased £@vels in the at-  Phytoplankton growth and microzooplankton grazing rates
mosphere could affect the phytoplankton-grazer interactionsvere assessed by dilution experiments (Landry and Has-
we conducted a series of dilution experiments to quantifysett, 1982). The experiments were performed using water
microzooplankton grazing during the 2005 Pelagic Ecosys{from the mesocosm 2 (11%tm CGQ=3x), 5 (700uatm
tem CQ Enrichment study (Schulz et al., 2007). During COy=2x), and 8 (35Qatm CGQ=1x). Each mesocosm was
the study a typical bloom developed in all different £6&-  sampled on 4 occasions, corresponding to pre algal bloom
tups, the phytoplankton biomass was dominated by diatomgd1-3), bloom (d7-9) and post bloom conditions (d13-15
and coccolithophorids (i.e. Schulz et al., 2007, this issue)and d20-22; Schulz et al., 2007). Due to logistical reasons,
In the present study, we examined whether an increase iexperiments for mesocosms 2, 5, and 8 could not be con-
pCO, might result in measurable systematic changes in al-ducted on the same day but rather on consecutive days. Thus
gal growth and/or grazing by microzooplankton. Our expec-mesocosm 8 was sampled on days 1, 7, 13, and 20, meso-
tation was that the growth of specific, especially the calcify-cosm 5 on days 2, 8, 14, and 21, and mesocosm 2 on days
ing, algae would be decreased under high,@0nditions. 3, 9, 15, and 22. Water for the dilution experiments was
If so, we would expect this to impact the microzooplankton collected by submerging 251 polycarbonate bott#e30 cm
grazing on a taxonomic level: Either, affected algae wouldfrom the water surface. The main opening was covered by
be grazed more, as they are weakened by §t€@ss already. a 200um nylon mesh to exclude mesozooplankton. The
Alternatively, affected algae might grow so slow, that other spigot was turned open to let air out of the bottle in order to
algae outcompete them, and they are hardly grazed. sample with minimal turbulence and sheer-stress of the del-

icate protists. The experimental bottles were screened opti-
cally for mesoplankton. Particle free seawater was produced
via filtration through 0.2um cellulose acetate filter (What-
man, 142 mm), using tissue culture hoses and low pressure
(<50 hPa). Filtration was conducted in a cold room at in situ
temperature (ca. 2C) immediately before the setup of the
experiments. Ambient seawater was mixed with particle free
seawater to achieve target concentrations of the microplank-
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Table 1. Name and abbreviation of the pigments used as algae taxon-specific markers. “Taxon“ denotes the major taxon the pigment was
considered to reflect here, while the “Additional Taxon” denotes other groups that potentially could contribute to the pool of the specific
pigment (based on the reference given). However, the pigment was not used to characterize the additional taxon in this study.

Pigment Abbreviation  Taxon Additional Taxon  Reference
Chlorophyll a Chla Community Mackey et al., 1996
4-keto-19-hexanoyloxyfucoxanthin  4-keto-hex Prymnesiophytes Zapata et al., 2004
19-hexanoyloxyfucoxanthin 19-hex Prymnesiophytes Mackey et al., 1996
Prasinoxanthin Pras Prasinophytes Prymnesiophytes  Mackey et al., 1996
Fucoxanthin Fuco Diatoms Prymnesiophytes  Mackey et al., 1996
Chlorophyll b Chlb Chlorophytes Prasinophytes Mackey et al., 1996
Peridinin Peri Dinoflagellates Mackey et al., 1996
Zeaxanthin Zea Cyanobacteria Mackey et al., 1996

tonic community. Concentrations used in this study wereoff, while slowly stirring with the hose. Aliquots for HPLC
25, 50, 75 and 100% of the ambient organismic concentraanalysis (400-500 ml) were filtered under low vacuum (200—
tion. They were mixed in 10| polycarbonate carboys and dis-300 hPa) onto 25 mm GF/F filters (Whatmanjg&ndzy4 of
tributed to triplicate 2| polycarbonate incubation bottles by each experimenuE3). Filters were put in Eppendorf tubes,
siphoning bubble free. The bottles were filled alternating theshock frozen with liquid nitrogen, and stored-a80°C un-
flow into each bottle until they were all topped off at about til further analysis. Subsamples (100-300 ml) for microzoo-
the same time. Absolute dilutions were checked by £hl- plankton analyses were fixed with Lugol’s iodine (1-2% final
concentrations at start in the 101 carboys. concentration) and stored in brown glass bottles at ambient
To assure that the experiments were not biased by nutriedfemperature (ca. &).
limitation, nutrients were measured in the 100% sea water
bottles at the start and the end of the incubations. Nutri-2.3  Algal pigment analysis
ent samples were frozen and stored-&0°C until analy-
sis according to Hansen and Koroleff (1999) and Holmes etPhytoplankton pigments were analysed with high perfor-
al. (1999) as described in detail by Schulz et al. (2007). Nu-mance liquid chromatography (HPLC) to obtain growth and
trients were added to the experimental bottles only when nugrazing rates. Pigments were extracted in 1 ml of 100%
trient levels were below 2mol I~ of nitrate or 0.2umol 1”1 acetone. Additionally 100! of an internal standard (can-
of phosphate (i.e. from d13 on). Final concentrations of nu-thaxanthin) and glass beads were added before sonication
trients added (N:P=10:1) wereuM (NO3, NH;), 0.1uM  (4°C, 5min). Subsequently the samples were centrifuged
(PO?[) and trace metals corresponding i8¢0 medium ac-  (6000rpm, 4C, 15min) and the supernatant was filtered
cording to Guillard and Ryther (1962). Due to logistical re- through 0.2¢m PTFE-syringe filters into Eppendorf reaction
strictions no extra bottles without nutrients were used. Samiubes. The samples were then stored-20°C until mea-
ples for initial concentration of pigments and microzooplank- surement in a Waters HPLC combined with a Waters 474
ton were taken from the 101 carboys at stag} @nd filtered =~ Scanning Fluorescence Detector and a Waters 2996 Photodi-
under low vacuum (200-300 hPa) onto 25 mm GF/F filtersode Array Detector. Pigments were separated at a flow rate
(Whatman). of 1mimin~! by a linear solvent gradient (min, % solvent
The 21 bottles were tightly capped avoiding air bubbles A, % solvent B): (0, 65, 35), (1, 50, 50), (10, 15, 85), (15,
and incubated in situ outside the mesocosms for 24 h, by, 100), (20, 0, 100), and (22, 65, 35), modified after Bar-
hanging them horizontally on strings from a surface float-low et al. (1997). Pigments were detected by absorption at
ing ring to 6m depth. This setup reproduced light condi- 440 nm and identified by comparison of their retention times
tions comparable to the average conditions inside the uppend spectra with retention times and spectra of pigment stan-
mixed layer of the mesocosms. This was measured wittards.
a horizontally mounted LI-192 underwater quantum sensor Chl-« was used as a proxy for the whole phyto-
(not shown). The incubation setup also created a gentle irplankton community while taxon specific marker pig-
regular tipping movement, which prevented sedimentation inments were analysed to obtain specific growth and graz-
the flasks. After 24 hrgs) bottles were collected, kept dark, ing coefficients for different algal groups (Table 1). 19
and taken to the laboratory for immediate processing at in-hexanoyloxyfucoxanthin (19-hex) could not be used as a
situ temperature (ca. Q). Samples for microzooplankton marker for prymnesiophytes during the bloom phase, as it
counts and HPLC analysis were taken from the 21 incuba-could not be well separated from prasinoxanthin in the HPLC
tion bottles. For this bottles were gently mixed and siphonedmeasurements of the samples. To separate this important
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group, pureE. huxleyisamples from Bergen (cells isolated 2.5 Calculation of growth and grazing rates

from the mesocosms by M. N. Mer, IFM-GEOMAR) were

screened by HPLC to find an alternative marker. A clear 19 Changes in pigment concentrations over the incubation pe-
hexanoyloxyfucoxanthin-like peak was found in the samplesriod were used to calculate the apparent phytoplankton
This peak was regarded as being typical for prymnesiophytegrowth rate () and the mortality losses due to microzoo-
or even specific for coccolithophorids (Zapata et al., 2004).plankton grazingg). Assuming exponential growth:

It corresponded to 4-keto-}Bexanoyloxyfucoxanthin (4-

keto-hex), recently reported by Airs and Llewellyn (Airs and 4= In (P,/Po) /1=k—cg 4
Llewellyn, 2006). Both markers, 19-hex and 4-keto-hex
were found at_stable ratios to each other and to Lim-the respectivelyy is the incubation timetttas — 10), k is the
pureE. huxleyisamples from Bergen. Thus, one or both Of. instantaneous coefficient of phytoplankton growghhe co-

these plgmgnts were used_ to |(j(a_nt|fy the prymnesiophytes "fficient of grazing mortality and is the dilution factor ex-
each experiment and for simplicity called 19-hex

pressed as percentage of ambient seawater. The growth rate
u is plotted against and a linear regression is applied to
calculateg (negative slope of the regression) an¢Y-axis-

Samples were settled for 24 h in 50 ml sedimentation Cham_intercept). It can be inferred that is linearly related to the

bers (Uterndhl, 1958). Microphytoplankton was determined dilution factorc (Landry, 1993). Changes in grazer density

: ; 0
gualitatively (data not shown). We counted microzooplank-Were m°”"°?’3d in the .100/0 bottle at stat (and end £a4)
fon on one to two transects of each chamber at@gag- of the experiment. Since such changes accounted always

o :
nification (Zeiss Axiovert 100, inverted microscope). Ad- for Iessi than ;Olﬁ’ izhOf thethco(;nTu_nlt): (not shown), antq

ditional transects at 400x magnification were used to coun ere always below the methodological error, no correction
smaller cells. A total of 120-1000 cells were enumerated in > 932€f density was applied to the calculations (cf. Landry,

each sample. Cell sizes were measured with an ocular scaljegg?.’)' Regressions were tested with ANOVA (Sigmaplot
version 9, Systat Software Inc.).

and used to calculate bio-volume, using formulas for spheri- h %-d) of initial bi di K
cal (Eqg. 1) and prolate spheroid shapes (Eq. 2), with diameter € percentage (%) of initial pigment standing stoc

" Py and P, are the initial and final pigment concentrations

2.4 Microzooplankton abundance estimates

(d) and height k) grazed daily ¢) by microzooplankton was calculated ac-
' cording to:
- 3
VOlSphere-”/G'd (1) q>=1_e—g-100 (5)
V0|Spheroid_-77/6'd2'h (2)
3 Results

Plankton biovolume (except for ciliates) was converted to
carbon biomass (Eg. 3) according to Menden-Deuer and.1 Development of the overall phytoplankton community,
Lessard (2000): growth and grazing

log pg C cel1=—0.665+0.939 log vol (3) Nutrients became limiting in the mesocosms from d14 on-
wards. To assure that growth was unlimited in the bottle
Ciliate biovolume was converted to carbon (C) biomass usingexperiments nutrients were added thenceforward. Nutrients
a conversion factor of 0.19 pg C pem? (Putt and Stoecker, in the bottles thus were always replete, as shown in the nu-
1989). trient measurements at the end of the incubations (Table 2).
The microplankton was differentiated into autotrophic Since nutrients were limiting in the mesocosms after d13, our
microplankton and microzooplankton (the latter including results after d13 represent maximal potential growth rates,
both heterotrophic and mixotrophic organisms). This waswhich were nonetheless very low. Overall phytoplankton
done by comparison of morphological features to literaturegrowth and grazing estimates based on &ishowed simi-
(Kuylenstierna and Karlson, 1996-2006; iter-Kypke et lar patterns in the three GQreatments during the incubation
al., 2000-2001; Throndsen and Eikrem, 2005; Throndserexperiments (Table 3). The in situ surface water temperature
et al.,, 2003). The microzooplankton was grouped into di-increased from ca.°@ to ~11.5°C over the 25 experimental
noflagellates, ciliates and “Other”. All ciliates were regarded days.
as heterotrophic by morphological features (only apical cilia, Three phases can be observed. After an initial lag phase
no visible chloroplasts). The group named “Other” consisted(d1 and d2) immediately after nutrient addition to the meso-
mainly of microflagellates that were both scarse and of verycosms we saw highest algal growth ratesq.37 to 0.99 d1)
low biomass (Fig. 1). We considered all microflagellates tobefore and during the peak of the bloom (d3 to d9). The mi-
be heterotrophic due to the absence of chloroplasts, and be&rozooplankton community grazing rates also were highest
cause they are known to be common in this area. (¢=0.35— 0.4941) during the phase of high growth, with

Biogeosciences, 5, 1145156 2008 www.biogeosciences.net/5/1145/2008/



K. Suffrian et al.: Microzoo-phytoplankton interaction in g@anipulated setups 1149

12 0O Other
Table 2. Nutrient data measured on the day of experimeitirg 1 3x CO, ;g::ztff:ge"ates
the 100 % seawater treatments at beginnigggnd end fo4) of the 10
dilution experiments. Data are shown fox 12x, and 3x CO»- ]
treatments. Nutrients were added to the experimental bottles from 8
d13 onwards (see text). The %Oconcentration on d13isregarded ]
as an error in the measurement. 61
d NO; PO~ SO o]
-1
1xCO, pumoll , nd
1 10 14.29 0.68 3.08
o4 1422 0.67 293 ]
7 1np 740 027 0.28 0
s 615 011  0.08 3 9 15 22
13 15 193 (1.31) 0.63 12 -
tha 203 019  0.30 =
20 1 1.89 018 0.34 = ] 2x CO,
o4 1.84 013  0.28 5 :
P ]
2xCOy & 8-
2 1o 1441 067 296 -t ]
g 1362 0.69 2.33 g 6
8 1y 694 019 0.16 5 ]
tog 5.04 014 0.15 ‘@ 4]
14 1 173 013 025 a ]
tpa 173 011 0.38 £ ]
21 tn 172 015 031 o 2
tha 165 0.09  0.32 m ] H
0
3xC% 2 8 14 21
3 1p 1272 073 247 12 -
foq 1261 0.69  1.56 ]
9 1 551 018 0.6 | 1xCO,
g 461 014 0.5 10
15 1 1.61 0.15 0.46 1
o4 155 0.08 0.33 8
22 1o 1.32 0.13 0.34 1
o4 117 008 0.30 5] -
a daily Chle standing stock removal of 29-39%. Nonethe- 4
less, the algal community reached a maximum standing stock ]
(6.54-12.23:g Chl-u 171, Table 3) between d8 to d13. Thus, 2
by consuming between a quarter and a third of the algal ]
standing stock per day, the microzooplankton prolonged the 0
temporal progression of nutrient depletion in the mesocosms 1 7 13 20
(Table 1). The excess of growth over grazing seen in Fig. 2
is also consistent with the net accumulation of autotrophic day

biomass. Between days 9 and 13, there was a decrease in

instantaneous Chi-growth rates in all C@treatments. Dur-  Fig. 1. Relative biomassegunol CI~1) of major groups of het-
ing the third period (d14 to 22, post bloom) all treatments erotrophic protists at startg of the respective experiments in the
showed a marked decrease in Ghétanding stock to reach ambient mesocosm water. Data are shown fop@®@atments %,
2.06-2.54ugl‘1 at d20-22 (Table 3). In this period phy- 2x, 3x at the respec_tivg day of experim_ent (1-22). Data from 3
toplankton growth rates decreased=0.02-0.29d1) and ~ COz on day 22 are missing (=not determined, nd).

overall microzooplankton grazing pressure stayed relatively

low (5-12%® d—1, Table 3). An exception was detected on

www.biogeosciences.net/5/1145/2008/ Biogeosciences, 5, 11862008
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Table 3. Compilation of pigment-based results from dilution experiments for all 3 treatmeriE@, 2xCO,, and 3«CO,). Day of
experiment ), standing stock ing at time 0 §S), instantaneous coefficient of phytoplankton growih, (nstantaneous coefficient of
grazing mortality ¢), standard error of the regression coefficietg), significance level(p <0.05,** p<0.01,*** p <0.001), correlation
coefficient (?2), number of means used for the calculatiork@indg (), percent standing stock grazed daiy)( not detectable (nd), not
calculated (nc).

d sS k SE g SE R n @
1xCOy» wg pigm—1 d-1 d-1 %
Chl-a 1 1.99 0.56 + 0.05%* 0.28 + 0.08* 0.67 9 25
(Phytoplankton Community) 7 5.80 0.994+ 0.171%* 049 4+ 0.15*% 051 12 39

13 6.54 0.08 £ 0.04 0.19 + 0.06 058 9 17

20 2.54 0.16 + 0.02** 0.06 + 0.03 0.31 12 5
19-hex/4-keto-hex 1 0.01 153+ 0.12 044 + 0.17 0.42 11 36
(Prymnesiophytes) 7 0.51 1.23+ 0.05** 029 + 0.08* 055 12 25

13 0.77 —-0.39 £+ 0.03*** 0.07 £+ 0.04 0.20 12 7

20 0.08 0.20 + 0.07 0.16 + 0.11 0.17 12 14
Fuco 1 0.42 1.15 + 0.06* 041 + 0.10% 0.73 9 34
(Diatoms) 7 4.47 1.12 + 0.06"* 0.35 4+ 0.08* 0.73 9 29

13 212 -031 + 0.03%** 0.25 4+ 0.05** 0.71 12 22

20 0.24 0.29 + 0.07%* 055 4+ 0.10°** 0.73 12 42
Peri 1 0.00 nd £ nd nd £+ nd nd nd nc
(Dinoflagellates) 7 0.11 -0.08 + 0.27** -101 &+ 0.35 055 9 nc

13 0.34 0.78 £+ 0.14°* 0.64 + 0.21* 0.49 12 47

20 1.13 0.49 4+ 0.08%** 032 + 0.14 0.35 12 28
Zea 1 0.14 0.71 £ 0.14"* 055 + 0.20 042 12 42
(Cyanobacteria) 7 0.03 225+ 0.12** 104 + 017 085 9 65

13 0.19 0.74 + 0.12¢* 065 + 0.17* 0.62 12 48

20 0.30 0.86 + 0.05** 032 + 0.0 0.68 12 28
2xCOy
Chl-a 2 3.12 0.12 + 0.04 0.29 + 0.06** 0.68 12 25
(Phytoplankton Community) 8 10.02 0.55+ 0.03** 043 + 0.04** 092 12 35

14 4.64 0.02 £ 0.04 0.06 + 0.06 0.09 12 6

21 2.52 0.37 £+ 0.03%** 0.28 4+ 0.05* 0.75 12 24
19-hex/4-keto-hex 2 0.02 110+ 0.10"* 045 + 0.4 049 12 36
(Prymnesiophytes) 8 0.89 0.63+ 0.05%* 0.10 + 0.07 018 12 9

14 0.41 -0.07 + 0.0z 0.11 + 0.01** 0.86 12 10

21 0.08 0.38 + 0.04** 042 + 0.06%* 0.82 12 34
Fuco 2 0.64 1.15 £+ 0.04* 056 4+ 0.06%* 0.89 12 43
(Diatoms) 8 8.02 0.31 + 0.02¢** 0.07 + 0.03 0.35 12 7

14 0.88 —-0.22 + 0.03*** 0.07 £+ 0.05 0.19 12 7

21 031 -0.09 + 0.06 0.44 4+ 0.09"* 0.10 12 36
Peri 2 0.05 1.05 £ 0.17%* 1.09 + 0.25* 0.65 12 66
(Dinoflagellates) 8 0.30 0.10 + 0.05 0.21 + 0.08 043 11 19

14 0.32 0.81 4 0.04** 0.14 + 0.06 0.37 12 13

21 0.86 0.39 + 0.03*** 0.30 + 0.04** 0.83 12 26
Zea 2 0.13 0.79 £ 0.07** 077 4+ 0.10* 0.86 12 54
(Cyanobacteria) 8 0.06 1.02+ 0.04"** 043 + 0.06"* 0.84 12 35

14 0.22 0.70 + 0.07<* 066 + 0.1 0.79 12 49

21 0.27 0.71 4+ 0.05%** 0.23 + 0.08 045 12 20
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Table 3. Continued.

d SS k SE g SE R? no @
3xCOy
Chl-a 3 2.75 0.58 + 0.05"** 0.49 4+ 0.08** 081 12 39
(Phytoplankton Community) 9 1223 0.37+ 0.08* 035 + 0.12 047 12 29
15 3.78 0.22 + 0.06* 0.13 £+ 0.09 0.16 12 12
22 2.06 0.29 £+ 0.02** 0.03 £+ 0.03 0.10 12 3
19-hex/4-keto-hex 3 0.05 119+ 0.16% 055 + 0.2r 0.50 9 43
(Prymnesiophytes) 9 111 0.37+ 0.03** 0.10 + 0.05 027 12 9
15 0.36 0.03 + 0.05 0.07 + 0.08 0.07 12 7
22 0.14 0.30 + 0.03** 0.17 + 0.05* 051 12 15
Fuco 3 1.16 0.85 + 0.03** 0.13 £+ 0.04* 051 12 12
(Diatoms) 9 8.36 0.05 + 0.04 0.02 + 0.05 0.01 12 2
15 0.79 -0.04 £ 0.06 0.23 + 0.09 040 12 20
22 0.22 0.29 + 0.03** 030 + 0.05** 078 12 26
Peri 3 0.07 0.77 + 0.14* 0.88 + 0.18* 0.72 10 58
(Dinoflagellates) 9 042 -067 + 0.12* -037 + 0.17 035 11 nc
15 0.38 0.23 + 0.06* 0.17 £+ 0.09 0.23 12 15
22 0.55 0.28 + 0.04 0.03 + 0.07 0.33 12 3
Zea 3 0.15 0.19 + 0.08 0.62 4+ 0.11** 075 12 46
(Cyanobacteria) 9 0.09 0.88+ 0.10* 020 £ 0.14 0.20 11 19
15 0.19 091 + 0.06%* 0.76 + 0.09** 087 12 53
22 0.23 0.47 + 0.06%** 0.02 £+ 0.09 0.00 12 2

d21 in mesocosm:2CO,, where higher growth and grazing biomass. Ciliates made up ca. one third of the commu-
rates were seen. Since these specific rates are determinaity with species of the genuStrombidium(l=27-57.m)
at such low ambient pigment concentrations, a significantand Lohmaniella(l=16—-35um) as the main biomass con-
biomass increase could not be detected. Thus, in the lattaributors. The group named “Other” consisted mainly of
part of the experiment low ambient nutrient concentrationsmicroflagellates (I=16-2@m), of which all were consid-
were reflected in small and slower turnover in the microbial ered heterotrophic although we cannot rule out that some
food web. were autotrophic. Although the biomass of the heterotrophs
thus may have been overestimated, it had negligible quan-
3.2 Microzooplankton community composition and devel- titative effect since the total biomass of “Other” was only
opment 0-6.5% of the total microzooplankton biomass (Fig. 1).
Gyrodinium spp. were largest during the pre-bloom and

Experimental bottles were screened optically for mesozooP100m (I=65-8G:m), and decreased in size thereafter (=43~
plankton, in 1 sample (2d8) out of 19 microzooplankton 54 m). The other genera did not show a significant change
samples two larger nauplii (33®200.m) were found. As in size. We did not detect any significant differences in
these larvae can flatten, they thus pass through the.200 size or dgvelopmer)t of size over time between microzoo-
mesh. Compared to other experiments no significant differPlankton in the 3 different C@treatments. The total_fl1et-
ences were found. Other nauplii found occasionally were€rotrophic biomass reached its maximum (9048 I,

smaller than 20@m, and thus per definition, microzoo- Corresponding to 7-5_—10_;8110|C|‘1) during the experi-
plankton. ment on d13-15, while it decreased again at the time of

k_the last experiments (60—7@ C I-1, corresponding to 5.0—
5.8umol CI~1). While dinoflagellates increased in abun-
ngance during the first 8-15 days, ciliates did not show any

clear trend of development through the experiment.

There was no measurable difference in microzooplan
ton community composition between the three differenp CO
treatments (Fig. 1). Dinoflagellates were the most abunda
group dominated numerically lgymnodiniunspp. (length,
I=8-29um) andMinusculasp. (I=10-18:m). The larger
Gyrodiniumsp. (I=43-86.m) dominated the dinoflagellate
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3.3 Development of standing stock, growth and grazing ofstudies (Egge et al., 2007; Paulino et al., 2007; Schulz et
specific algae groups al., 2007). The main effects of GCaddition were an in-
creased carbon uptake relative to nutrient uptake, resulting
Samples were optically screened for chain-forming and othein an increased carbon drawdown, increased subsurface O
large phytoplankton. Mesophytoplankton was found to beconsumption and decreased ammonium regeneration in the
excluded effectively. Only fragments Qferatiumspp. were  higher CQ treatments (Riebesell et al., 2007).
seen in microscopic samples. Diatoms and prymnesiophytes Following nutrient addition algae grew fast during d3-9 of
dominated the phytoplankton community. No calculationsthe experiment (Schulz et al., 2007). During this period mi-
for relative contributions of genera to bulk Chwere made  crozooplankton was grazing actively=<0.28—0.49d1) on
in this study, for information refer to CHEMTAX data of the the autotrophic biomass and increased its biomass during the
main contributing genera in Schulz et al. (2007). same period. However, microzooplankton did not inhibit net
Of the seven analysed specific algal pigments (Ta-phytoplankton growth or the bloom development. Their ac-
ble 1) only the following pigments were assumed to tivity rather prolonged the temporal progression of nutrient
characterize some of the most dominant groups; Prymdepletion and decreased the ultimate phytoplankton biomass
nesiophytes (4-keto-1$hexanoyloxyfucoxanthin and 29  accumulation.
hexanoyloxyfucoxanthin, 19-h&x Diatoms (fucoxanthin, After onset of nutrient depletion (d10), the blooms in all
Fuco), Dinoflagellates (peridinin, Peri) and Cyanobacteriamesocosms rapidly declined. This decline was probably due
(zeaxanthin, Zea) yielded significant growth or grazing ratesto a combination of reasons: Firstly, the nutrient depletion
in most of the experiments (Table 3). Thus, data on the otheas reported by Schulz et al. (2007) led to reduced growth
pigments are not further discussed. and increased algal mortality, as well as sedimentation. Sec-
It is not surprising that the general pattern observed for theondly, a high abundance of approx. 10-216 viruses mi?
total phytoplankton community (Chil) was mirrored in the  at the end of the coccolithophorid bloom (Larsen et al., 2007)
effect of the microzooplankton grazing on Fuco and 19thex could also have contributed to the decline. As the mortality
as these pigments reflect the dominant diatoms and prymeue to viral lysis compromises the assumption of the dilu-
nesiophytes. Grazing on diatoms and prymnesiophytes alstion approach, namely that algal cells are under non-limited
showed similar patterns. During the first ten days, the growthgrowth, viral activity might explain some of the close-to-zero
rates of these algae were generally higher than the grazingnd negative growth rates in the dilution experiments. In fact,
rates. Grazing rates exceeded the growth rates during d13the few negative growth rates (Table 3) coincided with the
15 while they were generally in balance at the end of thehigh viral abundances, so that the viral mortality might have
experiment (d20-22). added up with the grazing mortality, leading to a net decrease
The grazing pressure on cyanobacteria standing stock wai§ standing stock. Nevertheless this remains speculative, as
higher compared with that on the larger autotrophs, ranging?nly one virus could yet be clearly assigned to specific algae
between 19% and 65% of standing stock during the first tergrowing in the mesocosm experiments (Larsen et al., 2007).
days (Table 3). This intense feeding activity was balanced by At the beginning of PeECE Ill a N:P ratio 6£25:1 was
higher instantaneous growth ratés.19—-2.25d1). Thus,  used to stimulate growth of the coccolithophoEchiliania
analysis of Zea showed the more rapid turnover in this com-huxleyi(Egge, 1993; Egge and Jacobsen, 1997). When nutri-
partment of the phytoplankton than for bulk algae. The ap-ents were depleted in the mesocosms, they were added to our
parent patterns of growth and grazing on dinoflagellates wergxperimental bottles to ensure unlimited algal growth rates.
more inconsistent, and few conclusions may be drawn fromDuring the post-bloom phase only §@ould have been lim-
these data. iting. As nutrients were never completely depleted in our ex-
As observed for Chit, the microzooplankton grazing on perimental bottles (Table 2), nutrients were added in a more
phytoplankton as indicated by the change in pigments conhatural N:P ratio ok10:1. Nevertheless, although growth
centrations did not seem to be influenced by the differentates stayed low during this phase of the experiments, they
CO, treatments. The highest daily percentages of standind'ave to be considered maximal potential growth rates. The
stock removed by microzooplankton were 42% for diatoms,addition of nutrients in a different ratio did not change the

43% for prymnesiophytes and 65% for cyanobacteria. species composition by favouring other algae than before.
This is in agreement with data from Paulino et al. (2007) and

Schulz et al. (2007), which show the same species composi-

4 Discussion tion as our results.
The turnover of algal biomass by growth and subsequent
4.1 General microzooplankton grazing suggests a close coupling of al-

gal growth and loss factors in the mesocosms. The cycli-
The general temporal dynamics of the phytoplankton com-cal progression of the specific rates of growth and grazing
munity, observed in our bottle incubation experiments, mir- (Fig. 2) show an initial excess of growth, allowing for the
rored the dynamics observed within the mesocosms by othebuild-up of a bloom, followed by a phase of excess grazing
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Fig. 2. Instantaneous grazing mortality coefficieg) @gainst instantaneous phytoplankton growth coefficientb@sed on chlorophyll

(Chl-a), fucoxanthin (Fuco, diatoms), L@exanoyloxyfucoxanthin or 4-keto-2Biexanoyloxyfucoxanthin (19-h&xprymnesiophytes), and
zeaxanthin (Zea, cyanobacteria). The dotted lines indicate steady state, arrows indicate the temporal order of the experiments, and data poin
are labelled with the respective day of experimemtCD, (green), ZCOy (grey), 3xCOy (red).

over growth, coinciding with the period of bloom decline. Ir- ever, even though they had a low contribution to the biomass
respective of the dimension of the standing stocks, this clos¢hey showed high turnover rates and significant grazing on
coupling is a characteristic of most pelagic systems, sincehe algal stocks.

within the microbial compartment response times to changes

in prey and predator can be extremely rapid. Microzooplank-

ton biomass (7.5-10,9mol C I=1) comprised 10%—20% of

the total particulate organic carbon in the mesocosms during

the bloom (30—10@mol CI-1; Schulz et al., 2007), How-
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4.2 Use of specific marker pigments as a proxy for differentcould not be conducted the same day, due to the labour in-
algae. tensive method necessary to use for determination of detailed
grazing rates (see e.gaBistedt et al., 2000), they were con-
When using pigments as markers for individual taxa it is im- ducted successively directly after each other. The time lag
portant to verify against direct optical observations. (Antajanbetween experiments in the same round (1-2 days) was less
et al., 2004; Irigoien et al., 2004). We compared the pig-than between each round of experiments$ (days). Four
ment data to microscopic counts (data not shown), as welfounds of experiments were conducted throughout the meso-
as to plankton analyses from the mesocosms (Egge et alcosm experiment in similar phases in the bloom development
2007; Schulz et al., 2007), and found it to be consistent.in the different mesocosms. This suggests that if there were
Due to the initial high silicate concentrations in all mesocomssubstantial differences in grazing responses between the CO
(Table 2) the phytoplankton community biomass rapidly be-treatments this should be reflected in the overall results.
came dominated by diatoms while the silicate became signif- The grazing showed a highly dynamic course over the
icantly reduced (Egge et al., 2007; Schulz et al., 2007). Thustime of the mesocosm experiment. However a similar tem-
the development of the fucoxanthin standing stock (Table 3)poral development was detected in the three investigated
closely mirrors the biomass accumulation of the diatoms. Formesocosms, which can be related to the development of the
fucoxanthin, the same cyclical changes in the relative coefblooms in the mesocosms (as would be expected from pre-
ficients of growth and grazing, reflecting biomass increaseviously published data e.g. Riebesell et al., 2007; Schulz
and subsequent decrease, could be seen (Fig. 2). Diatones al., 2007). Therefore we conclude that no effect 0,CO
are generally not considered the preferred prey of many mi-on microzooplankton grazing or phytoplankton growth was
crozooplankton species. The presence, indeed dominanceetectable when comparing the plankton community in the
of heterotrophic dinoflagellates among the microzooplank-three CQ-treatments over a three-week period.
ton may be due to their ability to envelop food particles and In contrast to some laboratory studies which have shown a
digest them internally, something which ciliates cannot do.number of acute effects on single planktonic organisms (even
Indeed, dinoflagellates have been found to be major grazer$ sometimes conflicting and contradictory, as discussed in
of diatoms (Sherr and Sherr, 2007). Schulz et al., 2007), we suggest from our results that either:
The calcifying prymnesiophyté&miliania huxleyi only
reached moderate numbers. Other prymnesiophytes were
also present in the mesocosms (Engel et al., 2007; Paulino
et al., 2007; Schulz et al., 2007, Egge and Larsen, personal
communication, 2006), corroborating the use of 19*hex
an indicator of coccolithophores in all the g@eatments.
Also the development of the dominating cyanobactg8siae-
chococcussp. (Paulino et al., 2007) appeared to follow the o
same pattern as the development of the zeaxanthin measured
here. Although we observed autotrophic dinoflagellates (not
shown), while analysing the heterotrophic dinoflagellates,
the development of the peridinin concentration and rates (TaRiebesell et al. (2007) describe that the DIC-consumption in-
ble 3) is less clear, and may be obscured by the problem ofreased with an increasgd”O,, whereas the nutrient up-
defining mixotrophy in this group. The smallest group of take remained stable. However, such, G®er-consumption
phytoplankton, the cyanobacteria, clearly showed the highwould lead to offset Redfield ratios, and possibly significant
est growth and grazing rates (Fig. 2) here. This clearlydeterioration of the content of essential constituents in the
demonstrates, that individual phytoplankton groups can hav@rey of the microzooplankton. This has not been investi-
turnover rates differing significantly from that of the bulk gated here. If the observed GOver-consumption observed
phytoplankton. by Riebesell et al. (2007) in this system leads to a deteriora-
tion of the food quality this may not be readily visible on the
4.3 Effects of the C@treatments on phytoplankton growth first trophic level. This is based on the fact that at least some
and grazing. microzooplankton, e.g. some dinoflagellates, may have the
capacity to upgrade low quality prey (Veloza et al., 2006),
The main aim of this study was to compare microzooplank-such as carbon rich algae. If this is true, the trophic cascade
ton grazing and algae growth interactions in different;2€O response may thus not be visible until higher levels in the ma-
environments. rine food web, such as copepods. However, effects on higher
The time lag of one to two days due to consecutive ex-trophic levels may need longer experimental duration than a
periments in the different CQevels is unfortunate, consid- few weeks to be clearly manifested.
ering that the entire duration for the bloom to develop was Itis also interesting to notice that while the ciliates did not
~7 days. However, although the experiments in each rounac¢hange substantially in biomass over the course of time, the

1. complex, close to natural systems such as investigated
here may show such a complex response pattern to
increasing CQ, that it needs more detailed studies
(including e.g. biogeochemical studies of the material
transport between the trophic compartments) to be dis-
closed. or

such complex systems may have large “buffering capac-
ities” enabling them to absorb increased £@t least
under certain conditions.
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heterotrophic dinoflagellates did (Fig. 1). This may be ex-Bamstedt, U., Gifford, D. J., Irigoien, X., Atkinson, A., and Ro-
plained by that many dinoflagellates feed on diatoms (com- man, M.: Feeding, in: ICES Zooplankton Methodology Manual,
pare e.g. feeding guilds discussed in Nejstgaard et al., 1997, edited by: Harris, R. P., Wiebe, P. H., Lenz, J., Skjodal, H. R.,
2001). Diatoms were the phytoplankton group showing the &nd Huntley M., 297-399, 2000.
highest growth and grazing rates here. Barcelos_ e Ramos, J., Blswas_, _H., Schulz, K._G., LaRoc_he_, J. U,

In contrast to dinoflagellates, ciliates may have a wider 2"dRiebesell, U. Effect of rising atmospheric carbon dioxide on
prey-size range, reaching from ’2 to 5h (e.g. Burkill and the marine nitrogen fixefrichodesmiumGlobal Biogeochem.

! NI e Cy., 21, GB2028, d0i:2010.1029/2006GB002898, 2007.

Mantoura, 1987 and references therein). Thls erX|.b|I|ty Barlow, R. G., Cummings, D. G., and Gibb, S. W.: Improved res-
could be favourable during an algal succession as in the qytion of mono- and divinyl chlorophylis a and b and zeaxan-

PeECE Il experiment. Ciliates may also be a high qual-  thin and lutein in phytoplankton extracts using reverse phase C-8
ity prey for larger organisms (Stoecker and Capuzzo, 1990), HPLC, Mar. Ecol.-Prog. Ser., 161, 303—-307, 1997.
although it is not clear whether this is due to their biochem-Burkill, P. H. and Mantoura, R. F. C.: Microzooplankton grazing
ical composition or size alone (Klein Breteler et al., 1999; and selectivity of phytoplankton in coastal waters, Mar. Biol.,
Koski, 2007; Koski and Rampen, 2004; Koski and Wexels 93, 581-590, 1987.
Riser, 2006). Thus, if the two main contributing genera of the Caldeira, K. and Wicket, M. E.: Anthropogenic carbon and ocean
microzooplankton represented favourable food for the cope-_ PH. Nature, 425, 365, 2003.
pods this may help explain the lack of large differences in=99¢: J- K. Nutrient control of phytoplankton growth: effects of

. . . macro nutrient composition (N, P, Si) on species succession, The-
copepod egg production, hatching success, and naupliar re-

. . . - ) sis, University of Bergen, Bergen, Norway, 72 pp., 1993.
cruitment rates in copepods incubated in water from dlﬁerentE ge, J. K. and Jacobsen, A.: Influence of silicate on particulate

CO; treatments in this mesocosm experiment (Carotenuto et ~carhon production in phytoplankton, Mar. Ecol.-Prog. Ser., 147,
al., unpublished data). 219-230, 1997.
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in such marine systems and more data are required be- and Riebesell, U.: Primary production during nutrient-induced
fore such conclusions can be drawn. Further studies, espe- blooms at elevated COconcentrations, Biogeosciences Dis-
cially on the possible effects on food quality vs. quantity for ~ cuss., 4, 4385-4410, 2007,
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