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Abstract. Impacts of ocean acidification (OA) on marine sults in decreasing seawater pH and carbonate(m_)
biota have been observed in a wide range of marine sysand increasing bicarbonate (Hg{and CQ concentrations.
tems. We used a mesocosm approach to study the responggpecially the predicted drop in pH, in the following re-
of a high Arctic coastal microzooplankton community dur- ferred to as “ocean acidification (OA)”, is considered to af-
ing the post-bloom period in Kongsfjorden (Svalbard) to di- fect a variety of biological and biogeochemical processes in
rect and indirect effects of highCO,/low pH. We found al-  the oceans with potentially far-reaching consequences on the
most no direct effects of OA on microzooplankton composi- community and ecosystem level (Riebesell et al., 2007). In
tion and diversity. Both the relative shares of ciliates and het-this study, we wanted to test whether Arctic coastal plankton
erotrophic dinoflagellates as well as the taxonomic composicommunities will be in any way affected by higtCOy/low
tion of microzooplankton remained unaffected by changes inpH and thus susceptible to ocean acidification.
pCO/pH. Although the differenpCO; treatments affected Microzooplankton (MZP in the following) include het-
food availability and phytoplankton composition, no indirect erotrophic protozoa and metazoa in the plankton within a
effects (e.g. on the total carrying capacity and phenology ofsize range between 20 and 200 um. In this study we focussed
microzooplankton) could be observed. Our data point to aon heterotrophic dinoflagellates and ciliates since these were
high tolerance of this Arctic microzooplankton community numerically the most important MZP components and they
to changes ipCO/pH. Future studies on the impact of OA  are considered as major phytoplankton consumers worldwide
on plankton communities should include microzooplankton (Calbet and Landry, 2004; Sherr and Sherr, 2007). Bacteriv-
in order to test whether the observed low sensitivity to OA orous protozoa (e.g. heterotrophic nanoflagellates) were not
is typical for coastal communities where changes in seawateincluded in our analysis but are presented by Brussaard et
pH occur frequently. al. (2013). Today, there is strong evidence that MZP play
a pivotal role in suppressing phytoplankton blooms in tem-
perate (Johansson et al., 2004; Aberle et al., 2007) and cold
) waters (Levinsen and Nielsen, 2002; Seuthe et al., 2011).
1 Introduction MZP usually show a rapid numerical response to changes
_ o _ _ . in food availability, and the occurrence of specific species
Since the beginning of the industrial re\./olutlon,_ the oceans, the plankton can be directly linked to specific prey organ-
have absorbed ca. 30 % of anthropogenic&abine etal.,  jsms (Loeder et al., 2011). MZP can thus be strongly bottom-
2004), and oceans thus serve as one of the largest sinks fof, controlled since their development can be directly linked

anthropogenic C@ which in turn affects the marine carbon- 5 food availability. But at times when mesozooplankton
ate system. The on-going increase in atmosphe@©; re-
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abundance is high, top-down control (e.g. by copepods ophosphate and-2.5uM silicate. A detailed description of

meroplanktonic larvae) plays a crucial role in suppressingthe mesocosm design, the deployment logistics, the method-

MZP abundance considerably (Levinsen and Nielsen, 2002)ology of CQ, enrichment and the maintenance of the meso-
Changes inpCO, are known to affect consumers indi- cosms throughout the duration of the experiment is given

rectly via changes, e.g. in food availability, phytoplankton in Riebesell et al. (2012).

community structure, size classes and stoichiometry (Suf-

frian et al., 2008; Feng et al., 2009; Rossoll et al., 2012).2.1 Microzooplankton sampling and identification

On the other hand MZP are known for a direct pH sensitivity )
(Hinga, 2002; Pedersen, 2003), and a drop in seawater pH aaeawater samples for MZP enumeration were taken once

aresult of increasingCO, could directly affect the physiol- 2 W.eek. by a depth-integrating water sampler (depth inte-
ogy of both autotrophic and heterotrophic protists by chang-9ration: 0-12m water depth). A total of 250 mL of seawa-

ing, e.g. intracellular pH, membrane potentials and enzymeter were transferred to brown-glass bottles and fixed with
activities (Nielsen et al., 2010). acidic Lugol’s iodine (2% final concentration). A total of

To investigate the impact of OA on a natural Arctic plank- 100 mL of each sample were transferred to sedimentation

ton community, a mesocosm experiment was conducted iffh@mbers, and MZP were counted by the inverted micro-
Kongsfjorden, Svalbard, over a period of about one month inSC0P€ method (Uterahl, 1958) at a 20& magnification

June/July 2010. The initiation of the phytoplankton spring With & Zeiss Axiovert 135. The whole area of the bottom
bloom in the fjord starts already under the ice cover, cul-Plate was counted for each sample in order to guarantee com-

minating between April and early June after ice break-upParability of the counting method both at periods of high
(Eilertsen et al., 1989: Seuthe et al., 2011). After the spring?"d low MZP abundance. Most dinoflagellates were consid-
bloom, phytoplankton remain moderately high during late ered as hetergtrophlc since mostspgues found mthe.samples
spring and summer (Hop et al., 2002). MZP are under-2'® characterized by obligate or optional heterotrophic feed-

investigated in the Kongsfjorden so far, but there is profound!"d modes. Only some small, chloroplast-bearing dinoflagel-

evidence that ciliates and heterotrophic dinoflagellates playat€s Were considered as predominantly autotrophic and in-
an important role as trophic intermediaries in Arctic plank- ¢luded into the phytoplankton. MZP were identified to the
ton communities (Seuthe et al., 2011). lowest possible taxonomic level (species or genus level) ac-

In the present study we hypothesized the following: cording to Kahl (1932), Foissner et al. (1995) isker-Kypke
et al. (2002), Tomas (1996) and Scott (2005). For biovolume
1. direct effects of highpCO, will alter MZP community  calculations geometric proxies were used according to Hille-
composition and diversity, and brand et al. (1999), and carbon biomass was calculated using
the conversion factors given in Putt and Stoecker (1989). Di-
2. indirect effects of highpCO, by changes in food avail- versity was measured by the Shannon-Wiener functii (
ability and phytoplankton composition will alter the car- loge) (Shannon and Weaver, 1963).
rying capacity and phenology of MZP.
2.2 Phytoplankton sampling and identification

2 Methods A total of 100 mL water sample from a depth-integrating

. water sampler (depth integration: 0—12 m water depth) were
In summer 2010 nine polyethylene mesocosm<HQ Tg filled in brown-glass bottles and fixed with alkaline Lu-
17m long) were deployed at 786'2"N, 1I°'53'6"E 4o jodine (1% final concentration). The counting was
in Kongsfjorden, Svalbard, from 28 May 2010 until pertormed after Uterishl (1958) with an inverted micro-

7 July 2010. The mesocosms were moored, and each mesQzqone (zeiss Axiovert 100). Cells bigger than 12 um were
cosm was filled with nutrient-poor, post-bloom seawater .o nted on the half bottom area at 200-fold magnification
from the fjord passed through a net of 3 mm mesh-size during, 4 cells less than 12 UM 6—12 pm) on two to four stripes
filing. CO2-enriched seawater was injected into the meso-5¢ 400-fold magnification. The settling volume was 25 mL.

cosms to achieve a gradientu€O; levels ranging between o jgentification Tomas (1996), Hoppenrath et al. (2009)

175 and 1085 patm respectively from ambient post-bloom,ng kraperg et al. (2010) were used. The biovolumes were

conditions to 21st century predictions (see Table Al for de-c5|cyjated after Olenina et al. (2006), and for transformation

tails on pH andpCO, during the course of the experiment). 14 carhon the equations of Menden-Deuer and Lessard (2000)
Three different levels were defined: IgnC O, level of 175— were used.

250 patm; intermediat@CO, level of 340-600 patm; and

high pCO; level of 675-1085 patm where theC O, values 2.3 Chlorophyll measurements

given are calculated as the mea@ 0O, from day 8-27. On

day 13, nutrients were added to alCO, treatments to en- A total of 250-500 mL of seawater were sampled and filtered
sure a sufficient nutrient supply for bloom development. Theonto GF/F for chlorophylle analysis. Filters were stored
added nutrient concentrations weré UM nitrate,~ 0.3 uM frozen for at least 24 h and homogenized in 90% acetone
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Fig. 1. Microzooplankton (MZP) biomass (ng Ct) and chlorophylle concentrations (ug C1t1) in the differentpCO, treatments (blue
lines: pCO, of 175(A), 180(B) and 250(C); grey lines:pCO, of 340(D), 425(E) and 600(F); red lines:pCO, of 675(G), 860(H) and

1085(1)).

Table 1. Regressions of microzooplankton response variablgs@®, treatments.

2

Variable Unit Equation r P

Biomass maximunGymnodiniunct. arcticum pgCL™1 f =5.15+0.0006x 0.0096 0.8023
Biomass maximunGyrodiniumct. fusiforme  pgCL™1 f=15.98—-0.0114x 0.3522 0.0921
Biomass maximunhohmaniella oviformis pgcL1 f=0.91+0.001x 0.0240 0.6907
Biomass maximuniRimostrombidiunsp. pngcLt f =1.30+0.0006x 0.0217 0.7054
Biomass maximunStrombidiunct. conicum  pgCL™1 f=1.95—0.0009x 0.2796 0.1433
Biomass maximuniKatodiniumcf. glaucum ugC L1 f=2.73—0.0002x 0.0153 0.7510
Microzooplankton diversity H' F=17247.91x 107997 x  3x10°05 0.9883
Biomass maximum (total MZP) ngCc1d f=40.22—0.0186x 0.1249 0.1249
Cumulative biomass (total MZP) pg CHt f=154.14-0.0115x 0.0418 0.5980
Cumulative biomass (ciliates) Mg ct f=42.45+0.0091x 0.2190 0.2040
Cumulative biomass (dinoflagellates) ug CiL f =108.69— 0.0205x 0.1618 0.2831

with glass beads (2 and 4mm) in a cell mill thereafter. STATISTICA 6.0. Diversity was calculated using PRIMER
After centrifugation at 5000 rpm, chlorophyil concentra- 5.2 (© 2001 Primer-E Ltd.).
tions were determined in the supernatant on a fluorometer
(TURNER, 10-AU) according to Welschmeyer (1994).
3 Results

2.4 Statistical analysis 3.1 Chlorophyll a, phytoplankton biomass and

composition
To test for significant effects ghCO, on MZP diversity, a
regression analysis was conducted. As an independent fad-he phytoplankton standing stock started with fairly low
tor, pCO, and, as a dependent factéf, were chosen using values at the beginning of the experiment showing initial
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Fig. 2. Phytoplankton (PP) biomass (ug cl of different taxonomic groups (orange circles: diatoms; green circles: chrysophytes; yellow
triangles: flagellates (3—8 um); blue circles: autotrophic dinoflagellates (mdétbrocapsa rotundajaand pink squares: prasinophytes) in
the differentpCO, treatments 4CO, of 175(A), 180(B), 250(C), 340(D), 425(E), 600(F), 675(G), 860(H) and 1085])).

chlorophylla concentrations between 0.26G0, 1085) and 3.2 Microzooplankton biomass
0.36 ug L=t (pCOy 180) (Fig. 1). In general, a three-phase
bloom development occurred at gliCO, levels: the first The experiment started with fairly high MZP biomass
phase before nutrient addition (before day 13), the secon@t all pCO, levels ranging between a minimum
phase after nutrient addition until the second chlorophyllof 15ugCL*(pCO, 600) and a maximum of
minimum (day 13-21) and the third phase until the end of54MgC L (pCO, 675) (Fig. la—i). While the MZP
the experiment (after day 21). Each phase was characterizejomass in the lowgCO,: 175-250; Fig. 1a—c) and the high
by an increase in phytoplankton biomass and a subsequemtCO:z levels (pCO;: 675-1085; Fig. 1g—i) decreased during
decline in chlorophylk right after the bloom. Chlorophyil  the first phase of the experiment until day 13, biomass in
reached maximum peak heights during the third phase othe intermediatepCO;, level (pCO,: 340-600; Fig. 1d-f)
bloom development while highest chlorophyliconcentra-  increased from day 0 to day 7, followed by a decline until
tions occurred at low£CO,: 175-250; Fig. 1a—c), and in- day 13. During the second and the third phase, an increase
termediatepCO; levels (pCOy: 340-600; Fig. 1d—f) and re- iIN MZP biomass was observed at alCO; levels reaching
duced chlorophyll peaks were observed at higitO; lev-  highest biomass peaks of 46 pg Cli(pCO, 175, Fig. 1a)
els (pCOy: 675-1085; Fig. 1g—i). and 50 ug C L1 (pCO;, 250, Fig. 1c) at lowpCO, levels.
During the first phase of bloom development, the phyto- However, no correlation was found between the MZP
plankton (PP) community was dominated by chrysophytesdiomass maxima and the differeptCO, treatments (Ta-
and nanoflagellates (3-8 pm) at alO; levels (Fig. 2). Dur-  ble 1). In addition, no trend was observed for the cumulative
ing the second phase, a moderate bloom of prasinophyte@iomass (total MZP, ciliates and dinoflagellates) in relation
(~5pm) occurred showing higher peak heights at intermedi-t0 the differentpCO; treatments (Table 1).
ate and highpCOy levels (pCO,: 425-1085; Fig. 2d-i) (see
Brussaard et al., 2013 for details). The third phase was dom
inated by autotrophic dinoflagellates (mairtieterocapsa
rotundatg, which showed a higher biomass at intermediate
and highpCOs levels (pCOy: 425-1085; Fig. 2e—i). Diatoms
were of minor importance occurring only at low biomass at
the end of the experiment.

3.3 Microzooplankton composition and diversity

Heterotrophic dinoflagellates dominated the MZP commu-
nity throughout the experiment, independenp&O, level,

while ciliates contributed to lower proportions to the MZP
biomass (Fig. 3a—i). The taxonomic composition of the MZP
community showed almost identical patterns at @8O,

levels. Table 2 shows the taxonomic composition of MZP
(biomass in pgCLY) over the course of the mesocosm

Biogeosciences, 10, 1471481, 2013 www.biogeosciences.net/10/1471/2013/
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Table 2. Taxonomic composition of microzooplankton (biomass in ug‘é).over the course of the mesocosm experiment (white rows:

dinoflagellates; light grey rows: ciliates) in the differgr€O, treatments.

1475

\ 175 pCO, (Day of the experiment)

18pCO, (Day of the experiment)

25pCO, (Day of the experiment)

Taxa | 0 7 13 19 25 29] 0 7 13 19 25 29] 0 7 13 19 25 29
Gyrodiniumcf. fusiforme 2150 1352 599 845 2281 3.9521.12 15.13 3.92 745 852 1.3421.27 16.20 5.15 10.90 18.28 6.45
Protoperidiniumcf. brevipes 393 421 153 262 534 398 438 3.02 267 324 262 113 623 458 139 198 6.98 1.60
Protoperidiniumcf. ovatum 044 040 054 089 3.09 295 024 010 097 138 246 06B 030 037 052 073 273 0.61
Gymnodiniuntf. arcticum 0.62 062 0.00 0.00 310 0.3t 031 124 093 093 031 217 031 0.00 0.00 000 558 1.71
Katodiniumcf. glaucum 0.18 0.00 0.09 0.00 0.35 0.18 0.00 0.22 0.00 035 044 0.6 0.09 0.09 0.09 0.00 0.44 0.20
Protoperidiniumcf. pellucidum | 0.75 0.86 043 043 4.28 4.38 0.86 1.28 1.92 0.00 257 0.86 0.32 1.92 0.21 0.86 342 513
Strombidiuncf. conicum 0.00 0.04 199 040 051 047| 025 040 191 061 043 004| 0.05 0.14 238 047 0.79 0.07
Strombidium capitatum 0.00 0.00 6.79 566 226 0.00| 6.04 151 151 10.94 0.00 000| 7,55 1.89 6.41 113 453 0.00
CystStrombidium capitatum 1.65 047 0.24 047 1.88 0.71 565 024 024 0.00 024 0.71 224 212 141 0.00 235 0.24
Strombidiumspp. 161 0.23 0.29 0.29 0.06 0.04 194 042 0.34 0.50 0.00 0.00 1.97 0.92 0.87 0.37 0.09 0.00
Rimostrombidiunsp. 0.61 0.26 069 0.87 0.17 0.09| 0.00 0.6 0.09 078 0.00 026| 030 0.69 052 260 0.26 0.17
Lohmaniella oviformis 0.20 0.10 0.01 077 060 0.00| 0.14 0.16 057 125 0.00 001| 0.02 0.09 005 058 0.15 0.34
Myrionecta rubra 0.72 036 036 000 000 000| 229 036 000 0.00 0.00 024| 030 0.96 024 0.00 0.00 0.00
Strobilidium spiralis 1.11 0.00 0.00 0.64 127 111 032 048 111 0.48 0.32 0.16 0.40 0.16 0.32 0.00 1.91 0.08
Laboea strobila 1.05 079 0.79 131 0.53 0.79 2.36 1.71 2.89 236 0.53 0.53 0.00 0.53 1.84 1.84 2.63 1.05
Taxa \ 340 pCO;, (Day of the experiment) 425CO0O;, (Day of the experiment) 60pCO, (Day of the experiment)

| 0 7 13 19 25 29] 0 7 13 19 25 29] 0 7 13 19 25 29
Gyrodiniumcf. fusiforme 994 13.05 215 7.37 737 2991820 1659 399 553 522 042 6.14 1866 6.68 845 9.37 1.46
Gymnodiniuntf. arcticum 161 487 054 262 505 302 378 7.02 173 299 468 073 0.83 477 240 403 10.09 0.66
Katodiniumcf. glaucum 025 065 025 120 196 186 0.62 202 0.65 1.15 271 056 0.03 078 0.80 1.77 337 0.34
Protoperidiniumcf. pellucidum | 0.16 0.00 0.00 0.93 0.62 0.93 0.31 1.86 0.31 0.62 0.00 1.55 0.62 0.00 0.93 0.00 248 1.40
Protoperidiniumcf. brevipes 0.00 0.22 0.00 0.40 0.31 0.18 0.00 0.44 0.18 0.18 0.22 0.2 0.18 0.09 0.04 0.09 0.00 0.09
Protoperidiniumcf. ovatum 053 0.86 0.64 0.00 257 406 1.71 000 0.64 192 128 096 021 086 0.64 1.92 000 1.50
Strombidiuncf. conicum 0.00 1.05 043 029 025 033| 018 130 159 065 043 022| 0.00 126 123 054 0.22 0.00
Strombidium capitatum 528 7.92 3.02 302 000 038| 264 453 113 490 377 000| 509 830 226 113 0.00 0.00
CystStrombidium capitatum 2.47 1.06 0.00 0.71 0.47 0.71 1.65 235 094 047 0.00 047 1.18 0.24 0.47 0.00 0.00 0.24
Strombidiumspp. 0.16 225 0.06 023 002 003| 290 435 020 047 011 000| 0.00 130 032 031 0.17 0.00
Rimostrombidiunsp. 0.22 1.13 035 147 009 0.09| 0.00 0.69 043 043 0.09 000| 013 043 035 460 0.00 0.13
Lohmaniella oviformis 0.01 0.11 0.06 091 089 041| 011 0.07 010 127 0.24 023| 0.02 011 016 138 065 0.18
Myrionecta rubra 139 108 0.72 000 000 0.00| 205 000 0.00 0.00 000 0.00| 024 096 036 6.39 0.00 0.00
Strobilidium spiralis 0.64 080 0.00 1.27 0.64 0.00 0.16 0.32 0.96 0.00 0.32 0.16 0.00 0.16 0.48 0.48 0.48 0.08
Laboea strobila 079 0.79 053 079 026 026| 289 0.00 053 341 053 000| 0.00 0.26 053 184 0.00 0.39
Taxa \ 675 pCO, (Day of the experiment) 86pCO, (Day of the experiment) 108pCO, (Day of the experiment)

‘ 0 7 13 19 25 29‘ 0 7 13 19 25 29‘ 0 7 13 19 25 29
Gyrodiniumcf. fusiforme 20.43 16.74 3.07 6.45 737 2231747 1037 3.76 6.68 6.76 1.1119.20 11.90 553 568 3.46 0.38
Gymnodiniuntf. arcticum 470 561 146 336 324 361 255 428 161 329 481 281 438 401 314 574 314 1.39
Katodiniumcf. glaucum 044 040 080 263 270 151 030 062 075 253 211 09D 046 084 059 235 215 0.70
Protoperidiniumcf. pellucidum | 0.31 0.00 0.31 0.00 155 3.4 0.16 0.00 0.00 0.31 093 21 0.31 0.31 0.00 0.00 217 140
Protoperidiniumcf. brevipes 0.09 022 026 022 040 0.1B 0.09 022 0.09 035 0.09 011 0.00 026 0.22 031 031 0.11
Protoperidiniumcf. ovatum 192 086 107 171 150 128 160 150 299 000 0.64 160 192 192 192 214 150 0.00
Strombidiuncf. conicum 047 043 076 072 000 000| 013 0.25 116 014 025 0.18| 033 0.61 155 040 040 0.13
Strombidium capitatum 1132 528 151 151 000 0.38| 9.62 340 113 0.00 0.00 019| 566 3.02 151 566 113 0.00
CystStrombidium capitatum 6.83 1.18 0.47 1.88 1.41 0.00 2.47 165 094 0.00 0.00 0.71 424 047 024 0.24 1.88 0.00
Strombidiumspp. 3.23 142 0.07 006 000 000| 042 121 006 003 0.01 000| 246 251 023 019 0.29 0.01
Rimostrombidiunsp. 0.00 035 0.17 121 043 0.09| 022 0.69 000 043 035 043| 0.00 035 052 082 217 0.13
Lohmaniella oviformis 0.19 0.16 0.06 027 000 061| 0.09 0.22 011 096 0.70 028| 0.15 0.14 047 096 111 0.03
Myrionecta rubra 133 024 036 000 000 0.00| 440 024 024 0.00 000 0.00| 145 0.00 0.00 0.00 0.36 0.00
Strobilidium spiralis 0.80 0.80 080 287 143 064| 0.08 0.80 032 223 175 040| 048 032 080 096 462 0.40
Laboea strobila 1.84 079 0.00 3.68 158 0.00| 013 184 053 236 000 158| 289 105 053 053 131 0.00

experiment, while Table A2 shows MZP abundance dataspiralis, Strombidiunef. conicum, Rimostrombidiusp. and

(individuals *mL~1). In general, small-sized<(30 pm) cil-

Myrionecta rubraoccurred only sporadically. MZP diversity

iates and dinoflagellates played only a minor role while (H') ranged between 1.64C0O, 175) and 1.794CO;, 340),

large-sized £ 30 um) ciliates and dinoflagellates showed

a and no correlation was found between H’ and the different

higher MZP biomass. Small-sized ciliates were comprisedpCQO; treatments (Table 1).

of the choreotrichidlohmaniella oviformisand strombidi-

ids (Strombidiunsp.), while small-sized dinoflagellates were 3.4 Microzooplankton succession

comprised ofGymnodiniumcf. arcticum Katodinium cf.
glaucumand Protoperidinium brevipesLarge-sized ciliates
were mainly represented b$trombidium capitaturmand
large-sized dinoflagellates yyrodiniumcf. fusiforme.The
dinoflagellate Protoperidinium pellucidumand Protoperi-
dinium ovatunand the ciliated aboea strobilaStrobilidium

www.biogeosciences.net/10/1471/2013/

During the first phase of bloom development, biomass re-
sponse of MZP at the differepiCO; levels was quite hetero-
geneous. The strongest positive biomass response to increas-
ing chlorophylla concentrations during the first phase was
observed for the dinoflagella®ymnodiniumcf. arcticum

Biogeosciences, 10, 1412013
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Fig. 3. Microzooplankton (MZP) biomass (ug C) (dark grey: ciliates< 30 pm; light grey: ciliates> 30 pm; orange: dinoflagellates
< 30 um; purple: dinoflagellates 30 um) in the differenpCO, treatments §CO, of 175(A), 180(B), 250(C), 340(D), 425(E), 600(F),
675(G), 860(H) and 10851)).

(Fig. 4a). Most MZP species showed a distinct biomass in-ar to that of the post-bloom period in Kongsfjorden in 2006
crease during the second or the third phase of bloom devel(Seuthe et al., 2011).

opment at allpCO; levels (Fig. 4). While the biomass of

the ciliates_ohmaniella oviformisRimostrombidiunsp. and 4.1  Direct effects of highpCO, will alter

Strombidiumcf. conicumpeaked already during the second microzooplankton community composition

phase of bloom development at allCO; levels (Fig. 4c— and diversity

e), others, e.gKkatodiniumcf. glaucum showed increasing

biomass until the third phase. Overall responses of singlesravious studies on the impact of OA on MZP communi-
species to increasing phytoplankton availability showed sim+;es showed no clear trend (Suffrian et al., 2008; Rose et al.,
ilar patterns at alpCO; levels, and no trend in biomass max- »00g). In order to understand the causes and consequences
ima of specific MZP species in relation to the differ@@0,  f fyture CQ, and pH conditions, it is essential to consider
levels was observed (Table 1). all components of the plankton, from protists to metazoans,
and to compare among sites with different degrees of natural
pH fluctuations (Nielsen et al., 2012).
4 Discussion MZP play a major role in the global carbon cycle by fix-
ing inorganic carbon, and the interplay between auto- and
The initial MZP biomass of 15-54 pg CLin our mesocosm  heterotrophic protists is crucial since up to 60—75 % of phy-
study in Kongsfjorden in late May 2012 was high comparedtoplankton production in coastal and open oceans is con-
to studies from the same season and location where MZRBumed by MZP (Landry and Calbet, 2004). MZP thus act as
biomass ranged between 2 and 13ug¢ (Seuthe et al., a trophic link between phytoplankton and mesozooplankton
2011; Hodal et al., 2012). However, our data are in line withand contribute substantially to the cycling of bulk organic
post-bloom MZP bhiomass reported for other coastal Arcticmatter and nutrients (Irigoien et al., 2005; Calbet and Saiz
regions, e.g. Disko Bay, West Greenland (Levinsen et al.2005). However, only few studies have addressed the impact
2000; Hansen et al., 2003). In good agreement to Hodal ebf OA on MZP communities so far, although there is indi-
al. (2012), small-sized ciliates and dinoflagellates were ofcation for pH sensitivity of MZP especially at elevated pH
minor importance while large-sized ciliates and dinoflagel- (pH of ~8.0 to 9.5) (Hinga, 1992; Pedersen and Hansen,
lates dominated the MZP. Furthermore, the taxonomic com-2003). Experimental studies off the coast of Norway (Suf-
position of the MZP community we found in 2012 was simi- frian et al., 2008) and in the open North Atlantic Ocean (Rose

Biogeosciences, 10, 1471481, 2013 www.biogeosciences.net/10/1471/2013/
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Fig. 4. Temporal succession of specific microzooplankton spe@gsinodiniunef. arcticum(A), Gyrodiniumcf. fusiforme(B), Lohmaniella
oviformis(C), Rimostrombidiunsp. (D), Strombidiumcf. conicum(E) andKatodiniumcf. glaucum(F) in the differentpCO» treatments
(blue lines:pCO, of 175, 180 and 250; grey lineCO, of 340, 425 and 600; red linepCO, of 675, 860 and 1085). Note the different
scaling on the y-axes. Vertical green lines depict the three phases of bloom development.

et al., 2009) found no direct effects of a higicOy/low pH

on MZP. This is in line with our observation, since no di- range expected for the 21st century and thus not as extreme
rect effects on MZP composition and diversity was observed;as in the scenario simulated by Nielsen et al. (2012). But sim-
neither the relative shares of ciliates and heterotrophic didlar to their study, we found a high tolerance of MZP towards
noflagellates were affected nor did a low pH induce changesnoderate changes in pH. In general, open ocean plankton
in taxonomic composition. However, Nielsen et al. (2012) communities are considered more vulnerable to OA since the
showed that a reduced pH 6.3) can alter the performance pH in coastal environments fluctuates more strongly with fre-
of autotrophs (reduced abundance and photosynthetic rateuent variations by up to 1 or more pH units (Hansen, 2002;
and MZP (reduced abundance). For coccolithophores suchlinga, 2002). So, even today coastal MZP temporarily ex-

In our study, the changes imCO, and pH were within the

direct effects are assumed to be related to changes in thperience highpCOy/low pH as predicted for the next cen-

intra-cellular pH, which in turn alters enzymatic reactions tury, but the question remains whether communities that are

and growth rates (Nimer et al., 1994; Suffrian et al., 2011).

www.biogeosciences.net/10/1471/2013/
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Table Al. Exact pH andpCO», values in the differenpCO, treatments.

Day of the pCO, treatments

experiment 175pCO;, 180pCO;, 250pCO, 340pCO, 425pC0, 600pCO, 675pCO, 860pCO, 1085pCO;

Units — pH pCO; pH pCO; pH pCO,; pH pCO, pH pCO; pH pCO; pH pCO;  pH pCO;  pH pCO,

pCO, (Hatm)

0 833 18149 833 180.75 818 24749 821 24952 822 24492 7.97 24013 8.22 24205 822 24206 822 24175
1 833 179.80 8.32 18070 8.18 246.16 8.07 357.46 7.99 438.08 7.70 42450 7.98 44577 7.99 43593 7.99  438.13
2 835 170.82 8.36 167.73 822 23921 8.11 32255 7.95 489.78 7.79 78353 7.76 770.74 7.70 906.07 7.71  869.87
3 835 16825 830 169.72 820 24971 808 35058 7.96 47059 7.83 50510 7.67 967.61 7.59 117517 7.48 1528.83
4 834 17677 831 178.12 826 26067 805 37345 7.96 47231 7.81 68116 7.67 97411 7.60 114482 7.50 1451.02
5 833 179.35 8.32 18476 8.36 26545 8.06 367.27 7.90 551.82 7.84 717.55 7.68 950.37 7.57 122830 7.40 1833.17
6 833 177.34 832 16470 822 263.88 811 32486 801 41811 7.81 699.73 7.75 801.14 7.67 980.35 7.52 1395.01
7 832 18219 832 19215 828 273.02 805 37886 7.93 51171 7.86 68576 7.70 902.34 7.60 1159.64 7.52 1396.04
8 832 18472 831 187.73 828 27090 805 37523 7.95 48637 7.89 689.13 7.74 82945 7.63 106526 7.51 1447.05
9 8.33 180.14 8.32 183.01 825 266.06 8.06 367.70 7.97 46170 7.87 663.63 7.75 793.65 7.65 101250 7.53 1367.89
10 832 18296 832 18566 822 27200 805 37518 7.98 45518 7.86 66556 7.76 788.59 7.66 999.31 7.54 1335.93
11 832 18584 834 18551 824 27264 805 373.82 7.97 46007 7.88 658.16 7.76 776.80 7.66 997.14 7.54 1338.29
12 8.32 18253 833 187.60 825 268.40 8.06 369.11 7.97 461.99 7.89 660.05 7.78 742.65 7.67 96593 7.56 1261.48
13 832 18312 833 186.02 828 260.85 8.06 364.83 7.97 45747 7.0 63451 7.77 760.95 7.68 957.02 7.56 1270.86
14 832 18210 8.32 18373 825 266.76 8.06 369.95 7.99 443.61 7.90 638.10 7.79 729.01 7.69 936.08 7.59 1182.97
15 8.34 17519 833 17641 825 25427 808 348.30 8.00 42898 7.92 61039 7.81 69223 7.70 901.35 7.60 1132.42
16 834 17561 833 178.60 823 252.83 808 34625 801 42253 7.91 59221 7.82 677.54 7.72 85868 7.63 1057.06
17 833 177.30 835 179.08 827 25477 809 34449 800 430.64 7.94 59462 7.81 68056 7.73 84542 7.62 1097.41
18 8.33 180.05 8.33 18592 830 258.37 8.09 34437 801 42206 7.97 59485 7.83 658.67 7.74 82005 7.66 1001.83
19 833 181.87 8.33 18200 828 25598 8.08 347.22 801 423.26 7.97 59651 7.83 662.84 7.74 82554 7.66 999.54
20 835 171.86 835 17821 834 24422 810 33262 801 41603 7.99 56349 7.84 64315 7.76 779.18 7.69  932.96
21 835 16841 836 169.97 828 24094 8.11 32258 8.04 388.48 801 546,61 7.87 58947 7.77 75650 7.71  889.40
22 835 17259 8.36 178.70 24268 811 32643 8.03 404.85 55427 7.87 60492 7.77 760.12 7.69 934.84
23 832 18455 837 180.92 831 25372 8.11 33042 7.98 45545 8.02 578.25 7.87 609.67 7.75 802.62 7.69 935.45
24 835 169.28 8.33 17206 8.32 23478 8.12 31625 805 38567 803 54590 7.88 58520 7.78 760.11 7.71  897.84
25 8.36 166.96 8.32 16570 835 22741 8.14 301.09 8.06 368.27 806 516.93 7.90 562.75 7.79 73147 7.72  865.66
26 836 16491 836 164.02 838 22126 8.15 296.60 8.06 367.66 8.09 500.14 7.90 562.45 7.80 719.33 7.72 871.03
27 837 16215 830 160.74 842 22111 8.16 28640 8.07 362.88 8.13 49327 7.91 546,76 7.80 708.69 7.73 843.64

permanently subject to a high GQvorld will display the
same level of pH tolerance.

4.2 Indirect effects of high pCO5 by changes in
food availability and phytoplankton composition
will alter the carrying capacity and phenology
of MZP

ElevatedpCO, is known to affect autotrophic processes di-
rectly (Riebesell and Tortell, 2011), while MZP are consid-
ered to be predominantly indirectly affected by higg8O2
from changes, e.g. in food availability, phytoplankton com-
munity and size structure (Suffrian et al., 2008; Rose et al.
2009).

Our initial expectation was that the differen€0O, levels
would induce general shifts in phytoplankton composition,

ogy of MZP. This might be related to the fact that changes in
community composition happened only on short time scales
and responses were usually not maintained over a longer pe-
riod of bloom development (Brussaard et al., 2013). Phyto-
plankton usually comprise a multitude of species, and thus
short-term,pCOy-induced alterations in algal diets of con-
sumers can often be mitigated (Urabe and Waki, 2009). Fur-
ther, as pointed out by Suffrian et al. (2008), the distinct ef-
fects of elevated C&on single plankton species observed in
laboratory studies are not comparable to those obtained in ex-
periments simulating close-to natural conditions since such
complex systems seem to have a higher buffering capacity to

changes irpCO,. This is in line with observations of Rose et

al. (2009) where no relationship between the MZP commu-
nity composition and elevated G@ould be observed.
In the mesocosms, nanophytoplankton (e.g. nanoflagel-

which in turn could affect the carrying capacity and phenol- lates and chrysophytes) played a major role during the first
ogy of MZP. Chlorophyllz concentrations in the mesocosms phase of bloom development and, apart from MZP grazing,
did not show a pronounced response to,@@richment, but  viral lysis enforced the nanophytoplankton bloom to decline

an increase with time in all mesocosms, which was not re{Brussaard et al., 2013). The rapid decline in nanophyto-
flected in MZP biomass. Phytoplankton composition in our plankton induced by viruses corresponds well with the steep
mesocosms showed some clear @@pendent trends, e.g. biomass decline of ciliates and dinoflagellates during the first
a positive CQ effect on dinoflagellates, while prasinophytes phase of bloom development, which points to a food shortage
and haptophytes profited at low G@vels during phase 3 of of MZP. This is also confirmed by the moderate grazing rates
the experiment (Schulz et al., 2013; Brussaard et al., 2013)observed for MZP during the nanophytoplankton bloom at

However, these changes in phytoplankton community com-all pCO; levels (Brussaard et al., 2013).

position altered neither the carrying capacity nor the phenol-

Biogeosciences, 10, 1471481, 2013 www.biogeosciences.net/10/1471/2013/
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Table A2. Taxonomic composition of microzooplankton (abundance in individuals hnlover the course of the mesocosm experiment
(white rows: dinoflagellates; light grey rows: ciliates) in the differe@O, treatments.

Taxa \ 175 pCO;, (Day of the experiment) 18pCO, (Day of the experiment) 25Q:CO, (Day of the experiment)

[ 0O 7 13 19 25 29 0 7 13 19 25 29 0 7 13 19 25 29
Gyrodiniumcf. fusiforme 560 352 156 220 594 108550 394 1.02 194 222 035554 422 134 284 476 168
Gymnodiniurref. arcticum 3.18 340 124 212 432 322354 244 216 262 212 091504 370 112 160 564 1.29
Katodiniumcf. glaucum 070 064 086 140 488 465038 016 154 218 388 108048 058 082 116 432 0.96
Protoperidiniumcf. pellucidum | 0.04 0.04 0.00 0.00 0.20 0.0p 0.02 0.08 0.06 0.06 0.02 0.140.02 0.00 0.00 0.00 036 0.11
Protoperidiniumct. brevipes 0.08 0.00 0.04 000 0.16 0.080.00 0.10 0.00 016 020 0.300.04 0.04 004 0.00 0.20 0.09
Protoperidiniumcf. ovatum 0.07 0.08 0.04 004 040 041008 012 018 0.00 024 0.08003 0.18 0.02 0.08 0.32 048
Strombidiunrcf. conicum 0.00 0.02 110 0.22 0.28 0.26| 0.14 0.22 1.06 0.34 024 0.02| 003 0.08 132 0.26 0.44 0.04
Strombidium capitatum 0.00 0.00 0.36 0.30 0.12 0.00| 0.32 0.08 0.08 0.58 0.00 0.00| 040 0.10 0.34 0.06 0.24 0.00
CystStrombidium capitatum 0.14 0.04 0.02 0.04 0.16 0.06| 048 0.02 0.02 0.00 002 0.06| 019 0.18 0.12 0.00 0.20 0.02
Strombidiunspp. 340 048 062 062 0.12 0.08| 410 0.88 0.72 1.06 0.00 0.00| 418 1.94 184 0.78 0.20 0.01
Rimostrombidiunsp. 0.14 0.06 0.16 0.20 0.04 0.02| 0.00 0.06 0.02 0.18 0.00 0.06| 0.07 0.16 0.12 0.60 0.06 0.04
Lohmaniella oviformis 0.32 0.16 0.02 1.24 096 0.00 022 0.26 092 2.02 0.00 0.02| 004 0.14 008 0.94 0.24 0.54
Myrionecta rubra 0.12 0.06 0.06 0.00 0.00 0.00| 0.38 0.06 0.00 0.00 0.00 0.04| 0.05 0.16 0.04 0.00 0.00 0.00
Strobilidium spiralis 0.14 0.00 0.00 0.08 0.16 0.14| 0.04 0.06 0.14 0.06 0.04 0.02| 005 0.02 0.04 0.00 0.24 0.01
Laboea strobila 0.08 0.06 0.06 0.10 0.04 0.06 | 0.18 0.13 0.22 0.18 0.04 0.04| 0.00 0.04 0.14 0.14 0.20 0.08
Taxa \ 340 pCO, (Day of the experiment) 42pCO, (Day of the experiment) 60 CO, (Day of the experiment)

| © 7 13 19 25 29] 0 7 13 19 25 29] 0 7 13 19 25 29
Gyrodiniumcf. fusiforme 259 340 056 192 192 078474 432 104 144 136 011160 486 174 220 244 0.38
Gymnodiniuntf. arcticum 1.30 394 044 212 408 244306 568 140 242 378 05p067 386 194 326 816 0.53
Katodiniumcf. glaucum 039 102 040 19 310 294098 320 102 182 428 0.890.05 124 126 280 532 0.54

Protoperidiniumcf. pellucidum | 0.01 0.00 0.00 0.06 0.04 0.060.02 0.12 0.02 0.04 000 0.100.04 0.00 006 0.00 0.16 0.09
Protoperidiniumcf. brevipes 0.00 0.10 0.00 0.18 0.14 0.080.00 0.20 0.08 0.08 0.10 010008 0.04 0.02 0.04 0.00 0.04
Protoperidiniumcf. ovatum 0.05 0.08 0.06 000 024 0380.16 000 0.06 018 0.12 0.00002 0.08 0.06 018 0.00 0.14

Strombidiuncf. conicum 0.00 058 0.24 0.16 0.14 0.18| 010 0.72 0.88 0.36 0.24 0.12| 0.00 0.70 0.68 0.30 0.12 0.00
Strombidium capitatum 0.28 042 0.16 0.16 0.00 0.02| 0.14 0.24 0.06 0.26 0.20 0.00| 0.27 0.44 0.12 0.06 0.00 0.00
CystStrombidium capitatum | 0.21 0.09 0.00 0.06 0.04 0.06 | 0.14 0.20 0.08 0.04 0.00 0.04| 0.10 0.02 0.04 0.00 0.00 0.02
Strombidiumspp. 0.33 476 0.12 048 0.04 0.06| 6.14 9.20 042 1.00 0.24 0.00| 0.00 2.76 0.68 0.66 0.36 0.00
Rimostrombidiunsp. 0.05 0.26 0.08 0.34 0.02 0.02| 000 0.16 0.10 0.10 0.02 0.00| 0.03 0.10 0.08 1.06 0.00 0.03
Lohmaniella oviformis 0.02 0.18 0.10 146 144 0.66| 018 0.12 0.16 2.04 038 0.37| 004 0.18 026 222 1.04 0.29
Myrionecta rubra 0.23 0.18 0.12 0.00 0.00 0.00| 0.34 0.00 0.00 0.00 0.00 0.00| 0.04 0.16 0.06 1.06 0.00 0.00
Strobilidium spiralis 0.08 0.10 0.00 0.16 0.08 0.00| 0.02 0.04 0.12 0.00 0.04 0.02| 0.00 0.02 0.06 0.06 0.06 0.01
Laboea strobila 0.06 0.06 0.04 0.06 0.02 0.02| 022 0.00 0.04 0.26 0.04 0.00| 000 0.02 004 0.14 0.00 0.03
Taxa \ 675 pCO, (Day of the experiment) 86PpCO;, (Day of the experiment) 108%CO;, (Day of the experiment)

\ 0 7 13 19 25 29\ 0 7 13 19 25 29\ 0 7 13 19 25 29
Gyrodiniumcf. fusiforme 532 436 080 168 192 058455 270 0.98 1.74 176 029500 310 144 148 0.90 0.10
Gymnodiniuncf. arcticum 3.80 454 118 272 262 292206 346 130 266 3.89 227354 324 254 464 254 112
Katodiniumcf. glaucum 0.70 064 126 416 4.26 238048 098 118 4.00 334 1.4p0.72 133 094 372 340 1.10

Protoperidiniumcf. pellucidum | 0.02 0.00 0.02 0.00 0.10 0.22 0.01 0.00 0.00 0.02 006 0.140.02 0.02 000 0.00 0.14 0.09
Protoperidiniumcf. brevipes 0.04 010 0.12 0.10 0.18 0.080.04 0.10 0.04 016 0.04 0.0p000 0.12 0.10 014 0.14 0.05
Protoperidiniumcf. ovatum 0.18 0.08 0.10 0.16 0.14 0.120.15 0.14 028 0.00 0.06 015018 0.18 0.18 0.20 0.14 0.00

Strombidiuncf. conicum 0.26 0.24 042 040 0.00 0.00| 0.07 0.14 064 0.08 014 0.10| 0.18 0.34 0.86 0.22 0.22 0.07
Strombidium capitatum 0.60 0.28 0.08 0.08 0.00 0.02| 051 0.18 0.06 0.00 0.00 0.01| 030 0.16 0.08 0.30 0.06 0.00
CystStrombidium capitatum | 0.58 0.10 0.04 0.16 0.12 0.00| 0.21 0.14 0.08 0.00 0.00 0.06| 0.36 0.04 0.02 0.02 0.16 0.00
Strombidiumspp. 6.84 3.00 0.14 0.12 000 0.00f 089 256 0.12 0.06 002 0.00| 520 532 048 040 0.62 0.03
Rimostrombidiunsp. 0.00 0.08 0.04 0.28 0.10 0.02| 0.05 0.16 0.00 0.10 0.08 0.10| 0.00 0.08 0.12 0.19 0.50 0.03
Lohmaniella oviformis 030 026 0.10 044 0.00 098 015 036 0.18 154 112 045|024 022 076 154 178 0.05
Myrionecta rubra 0.22 0.04 0.06 000 0.00 0.00| 0.73 0.04 0.04 0.00 0.00 0.00| 0.24 0.00 0.00 0.00 0.06 0.00
Strobilidium spiralis 0.10 0.10 0.10 036 0.18 0.08| 001 0.10 0.04 028 0.22 0.05| 0.06 0.04 0.10 0.12 0.58 0.05
Laboea strobila 0.14 0.06 0.00 0.28 0.12 0.00| 0.01 0.14 0.04 0.18 000 0.12| 0.22 0.08 0.04 0.04 0.10 0.00

During the second and the third phase of bloom develop-ty and an increasing biomass of autotrophic dinoflagellates
ment, increases in MZP biomass were observed i@, (mainly H. rotundatg, MZP showed a rapid decline during
levels. This corresponds well to the high nanophytoplank-the third phase of bloom development. This phenomenon is
ton biomass (mainly prasinophytes, autotrophic dinoflagel-most likely not bottom-up regulated but related to an en-
lates and haptophytes; see Schulz et al., 2013 for detailshanced top-down control of MZP by mesozooplankton. In
during the second half of the experiment (phase 2 and 3)our study the mesozooplankton were comprised of Cirri-
In addition, high MZP grazing rates on pico- and nanophyto-pedia and copepod nauplii initially and shifted towards a
plankton were observed during the phases after nutrient adecommunity dominated by polychaete larvae and copepodites
dition from day 13 on (Brussaard et al., 2013). But despite(mainly Calanusspp.) from day 18 onwards at gllCO, lev-

a continuously high pico- and nanophytoplankton availabil- els (Niehoff et al., 2012). Cirripedia larvae, which dominated

www.biogeosciences.net/10/1471/2013/ Biogeosciences, 10, 14/R1.-2013
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the mesozooplankton clearly during the first phase of bloom munity and biogeochemical response, Mar. Ecol.-Prog Ser., 388,
development, are characterized by an herbivorous feeding 13-25, 2009.
mode in contrast to other meroplanktonic larvae such adoissner, W., Berger, H., and Kohmann, F.: Taxonomische und
copepod nauplii (Turner et al., 2001). This might explain the Okologische Revision d.er Ciliaten des Saprobiensystems Band I-
high initial MZP biomass in the mesocosms when predation \V edl_ted by: Wasserwwltschaft, I B._ L. f, Infor.mat|onsber|chte
pressure by omnivorous mesozooplankton was still low. Sub- ?gg’g”iggis 1;%”5(165&‘”‘“”Wasserw'rtSChan’ Mnchen, 1991,
S:equently, polychaete larvae abdlanuscopepodites, eﬁep— Hanseny, P. J.:’ Effect of high pH on the growth and survival of ma-
tive grazers of MZ.P.(Tumer etal, 2901)’ became highly rine phytoplankton: implications for species succession, Aquat.
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