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Abstract. Ocean acidification and carbonation, driven by an-
thropogenic emissions of carbon dioxide (CO2), have been
shown to affect a variety of marine organisms and are likely
to change ecosystem functioning. High latitudes, especially
the Arctic, will be the first to encounter profound changes
in carbonate chemistry speciation at a large scale, namely
the under-saturation of surface waters with respect to arag-
onite, a calcium carbonate polymorph produced by several
organisms in this region. During a CO2 perturbation study in
Kongsfjorden on the west coast of Spitsbergen (Norway), in
the framework of the EU-funded project EPOCA, the tempo-
ral dynamics of a plankton bloom was followed in nine meso-
cosms, manipulated for CO2 levels ranging initially from
about 185 to 1420 µatm. Dissolved inorganic nutrients were
added halfway through the experiment. Autotrophic biomass,
as identified by chlorophylla standing stocks (Chla), peaked
three times in all mesocosms. However, while absolute Chla

concentrations were similar in all mesocosms during the first
phase of the experiment, higher autotrophic biomass was
measured as high in comparison to low CO2 during the sec-
ond phase, right after dissolved inorganic nutrient addition.
This trend then reversed in the third phase. There were sev-
eral statistically significant CO2 effects on a variety of pa-
rameters measured in certain phases, such as nutrient utiliza-
tion, standing stocks of particulate organic matter, and phyto-
plankton species composition. Interestingly, CO2 effects de-

veloped slowly but steadily, becoming more and more statis-
tically significant with time. The observed CO2-related shifts
in nutrient flow into different phytoplankton groups (mainly
dinoflagellates, prasinophytes and haptophytes) could have
consequences for future organic matter flow to higher trophic
levels and export production, with consequences for ecosys-
tem productivity and atmospheric CO2.

1 Introduction

Anthropogenic emissions of carbon dioxide (CO2) affect the
oceans directly by shifting carbonate chemistry speciation,
and indirectly by warming with associated changes in light
and nutrient availability, potentially impacting autotrophic
growth and biogeochemical element cycling (e.g.Sarmiento
et al., 2004; Riebesell et al., 2009; Marinov et al., 2010and
references therein). Shifts in carbonate chemistry speciation
include decreases in pH, carbonate ion concentrations and
subsequently in carbonate saturation states (termed ocean
acidification), and increases in bicarbonate and dissolved in-
organic carbon concentrations (often referred to as ocean car-
bonation).

Ocean change is a global phenomenon, especially in sur-
face waters. However, some regions are projected to be af-
fected more, or more quickly, than others. High latitudes,
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with their cold sea surface temperatures have naturally low
carbonate saturation states. The Arctic is projected to pre-
cede the Antarctic in being the first region to become under-
saturated on a larger scale for one of the calcium carbonate
polymorphs, aragonite, already in a few decades (Steinacher
et al., 2009). However, regionally and seasonally, Arctic
sea ice melt or biological activity on top of ongoing ocean
acidification causes aragonite under-saturation already today
(Bates et al., 2009; Yamamoto-Kawai et al., 2009). Also pH
is projected to decrease more quickly, mainly due to melt-
ing ice and seawater freshening, but this can be considered
of minor importance in comparison to the overall changes
(Steinacher et al., 2009).

At carbonate saturation states below one, i.e. under-
saturation, calcium carbonate will start to dissolve. Arago-
nite and calcite, two forms of calcium carbonate, are pro-
duced by a variety of marine organisms such as foraminifera,
coccolithophores, pteropods, corals, molluscs, echinoderms
or coralline algae. Most of these have been shown to be
impacted to a certain degree by ocean acidification in var-
ious laboratory studies, already at calcium carbonate over-
saturated levels (seeKroeker et al., 2010for a meta-analysis).

Concerning marine phytoplankton, it is rather changing
pH and/or CO2 than carbonate saturation state that influ-
ences individual performance, probably connected to differ-
ent modes and sensitivities of carbon concentrating mech-
anisms (see e.g.Giordano et al., 2005 or Reinfelder, 2010
for reviews). While physiological studies on the effects of
changes in carbonate chemistry on single species of ma-
rine phytoplankton are countless, only a few studies focus
on potential changes in entire phytoplankton community as-
semblages (see e.g.Tortell et al., 2002, 2008; Kim et al.,
2006; Hare et al., 2007; Schulz et al., 2008; Feng et al.,
2009; Biswas et al., 2011). However, there is no coherent pic-
ture, eventually related to differences in experimental design
(batch or semi-continuous bottle cultures, or mesocosms),
condition (nutrient replete or deplete, and incubation time)
and analysis (relative or absolute abundances, and statistics).

Mesocosm experiments, comprising natural plankton
communities and several trophic levels, are an ideal plat-
form to assess potential effects of changing carbonate chem-
istry as they allow for species interaction and competition in
a quasi-natural environment (Riebesell et al., 2008, 2012).
Here we report on a mesocosm CO2 perturbation study in
Kongsfjorden on the west coast of Spitsbergen (Norway) in
the Arctic. Unfortunately, one of the foci, the response of
Limacina helicina, an important food-web component and
marine calcium carbonate producing pteropod, to ongoing
ocean acidification, had to be dropped due to technical dif-
ficulties (see Sect.2.1 for details). Nevertheless, temporal
biomass and phytoplankton assemblage dynamics were fol-
lowed for about one month.

t −10 t −5 t 0 t 5 t 15t 10 t 20 t 25 t 30

Deployment End

Nutrient addition

2CO   manipulation

1  salt additionst 2   salt additionnd

Fig. 1. Timeline of major experimental manipulations. Mesocosm
deployment was on 31 May, dayt–7. The experiment ended on
7 July on dayt30. See Sect. 2 for details.

2 Methods

2.1 Mesocosm setup

On 31 May 2010 (dayt–7), nine mesocosms were deployed
at 78◦56.2′ N, 11◦ 53,6′ E in Kongsfjorden on the west coast
of Spitsbergen, the largest island of the archipelago of Sval-
bard, Norway (for a summary of important dates and ma-
nipulations, see Fig.1). The floating structures of theK iel
Off-ShoreMesocosms for futureOceanSimulations, KOS-
MOS (Fig. 2), were moored in clusters of three, and fill-
ing of the attached cylindrical bags (0.5–1 mm thick, 17 m
long and 2 m in diameter thermoplastic polyurethane) started
on the morning of the following day. For that purpose, the
opened bottom plates of the bags were lowered carefully to
15 m depth, thereby slowly filling the mesocosms with nat-
ural fjord water. A 3 mm mesh-sized screen attached to the
bottom plates excluded larger organisms such as pteropods,
which, due to their relatively patchy distribution in the water
column, would not have been represented at similar abun-
dances in all mesocosms. Furthermore, to minimize poten-
tial discrepancies in phytoplankton community composition
between bags, caused by differences in timing of filling and
small-scale spatial separation of the mesocosms, the upper
parts of the bags were pulled down about 1.5 m beneath the
water surface. Again, a 3 mm mesh-sized screen attached to
the upper part of the bags kept larger organisms outside the
mesocosms, which, now open to the fjord at both sides, in-
tegrated passing fjord water for about two days. Similarity
between the seawater enclosed in each mesocosm was en-
sured by subsequent CTD (conductivity, temperature, and
depth) casts, comparing vertical profiles of salinity, temper-
ature, chlorophylla (Chl a), turbidity, pH and oxygen con-
centrations. On the evening of 2 June the mesocosms were
closed at the bottom by divers, while the upper parts of the
bags were simultaneously retrieved and attached to the float-
ing structures in about 2 m above the water surface. On top of
the floating structures, about 0.5 m above the upper rim of the
mesocosm bags, dome-shaped hoods minimized freshwater
and dirt input from above. The closing of the bottom plates
also unfolded a conical sediment trap in each mesocosm,
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Fig. 2. Schematic drawing of a KOSMOS mesocosm deployed in
Kongsfjorden, with its characteristic dead space below the sediment
trap, shown in dark grey, at the bottom.

about 2 m high and 2 m in diameter, thereby covering the en-
tire bag (see alsoRiebesell et al., 2012).

Pteropods are important components of Arctic plankton
communities. However, due to their patchy distribution they
have been excluded during filling of the bags, avoiding
otherwise uneven abundances between mesocosms. Adult
pteropods of the speciesLimacina helicinawere, therefore,
hand-picked at different locations within Kongsfjorden. It
took several attempts and three collection days to find suf-
ficient numbers, and 100, 20 and 70 individuals were added
to each mesocosm on dayst4, 5 and 6, respectively. Unfor-
tunately, they disappeared from the mesocosm water column
relatively quickly. Most of them got trapped in the dead space

below the sediment traps (Fig.2) and died, potentially related
to their natural floating/sinking behaviour.

2.2 Salt addition

Certain manipulations, such as dissolved inorganic nutrient
addition, require knowledge of the exact seawater volume
enclosed in each mesocosm bag. Otherwise, differences in
volume would be directly reflected in nutrient concentration
differences between mesocosms. The volume was estimated
by adding known amounts (50 kg per mesocosm) of sodium
chloride (NaCl) enriched seawater (250 g NaCl per kg of sea-
water) to each mesocosm with subsequent determination of
changes in salinity (∼ 0.2 units). For that purpose, a disper-
sal device was lowered down to the opening of the conical
sediment trap in 13 m depth and pulled up again to the sur-
face several times. Pumping of the NaCl-enriched seawater
through the dispersal device evenly distributed the salt addi-
tion in the mesocosm water column. Vertical salinity profiles
taken before and after were then used to determine the in-
crease in salinity and hence estimate the seawater volume in
each mesocosm bag. Briefly, the vertically integrated change
in salinity in the mesocosms was compared to a calibration
curve, describing the relation of measured change in salin-
ity upon the addition of varying amounts of NaCl-enriched
seawater to a known amount of mesocosm water. Mesocosm
volume was found to range between 43.9 and 47.6 m3. With
the hand-operated memory probe CTD 60M from Sea and
Sun Technology (see Sect.2.5for details), the typical uncer-
tainty in volume estimate was found to be less than 1 %. For
further details on practical aspects and theoretical considera-
tions of the salt addition, seeCzerny et al.(2012b).

NaCl-enriched seawater was added to each mesocosm
twice, on dayt–4 andt4 (Fig. 1). A second addition was
found necessary as the volume estimate from the first was
impaired by considerable uncertainties in initial salinity pro-
files. These uncertainties were caused by relatively slow (on
the order of days) exchange and equilibration rates of the
mesocosm water with that of the dead space below the sedi-
ment trap (Fig.2), which initially had a slightly higher salin-
ity in comparison to average mesocosm water.

2.3 Carbon dioxide addition

1.5 m3 of 50 µm filtered seawater taken from the fjord were
aerated with pure CO2 (99.995 %) for a minimum of 24 h.
This CO2-enriched seawater was used to increase dissolved
inorganic carbon (DIC) and manipulate the carbonate sys-
tem in seven out of nine mesocosms while the remain-
ing two served as control. The addition of CO2-enriched
seawater increased DIC while leaving total alkalinity (TA)
constant, perfectly mimicking ongoing ocean acidification
(Schulz et al., 2009; Gattuso et al., 2010). For details on
carbonate chemistry measurements and calculations, see
Bellerby et al.(2012).
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Fig. 3. Temporal pH dynamics in each mesocosm and the fjord. Vertical profiles were taken daily by means of a hand-operated CTD.
Recorded pH values were corrected by calculated pH from measured dissolved inorganic carbon and total alkalinity and are reported on the
total scale. Black numbers denote daily depth-averaged (0.3–12 m) mean pH values. See Sect. 2 for further details.

The addition was gradual between dayt–1 and dayt4
(Fig. 1) by pumping varying amounts of the CO2-enriched
seawater (Table1) through a dispersal device, which was
lowered to about 13 m depth in the mesocosms and pulled up
again several times, resulting in an even distribution through-
out the water column (Fig.3). This way, gradients of increas-
ing partial pressures of carbon dioxide (pCO2) and decreas-
ing pH were created in the nine mesocosms, ranging after
equilibration with the water in the dead space between 185–
1420 µatm and 8.32–7.51, respectively (Table1). Although
pCO2 levels of 185 µatm in the two control mesocosms were
significantly lower than the atmospheric counterpart, they are
nevertheless representative for post-bloom conditions at this
time of the year (also compare values for the fjord in Table1).
The CO2 addition was such that five out of seven mesocosms
would be within levels projected until the end of this cen-
tury. The two highest treatments were chosen to keep them
under-saturated with respect to aragonite until the end of the
experiment, despite significant carbonate chemistry specia-
tion changes related to biological activity and air/sea gas ex-
change of CO2.

2.4 Nutrient addition

The dissolved inorganic nutrient addition in the morning of
day t13 (Fig. 1) was meant to simulate the upwelling of
deeper, nutrient-rich waters to a nutrient-depleted surface.

The addition was chosen to increase dissolved inorganic nu-
trients to reasonable concentrations in comparison to deeper
waters. At 30 m depth phosphate concentrations were mea-
sured at about 0.6 µmol L−1. Thus, the addition was targeted
to increase phosphate by 0.31 (about half of deep water lev-
els), nitrate by 5.0 (according to Redfield proportions) and
silicate by 2.5 µmol L−1 (half of nitrate addition).

A stock solution was prepared in 50 µm filtered fjord
water, containing 10 mM nitrate, 0.62 mM phosphate and
5 mM silicate. For that, the respective sodium salts NaNO3,
NaH2PO4 × 2H2O and Na2SiO3 × 5 H2O were dissolved in
deionized water (18.2 M�) and added to the filtered seawa-
ter. Depending on mesocosm volume, 21.95–23.78 kg of this
solution were then pumped into each mesocosm, employing
the same technique and dispersal device as for the CO2- or
NaCl-enriched seawater additions (see above). The nutrient
addition was immediately followed by depth-integrated wa-
ter sampling for nutrient analyses. For the future it is recom-
mended to prepare the nutrient stock solution in deionized
water as silicate at such relatively high concentrations was
found to form precipitates in seawater, potentially in the form
of sodium complexes. Although these complexes slowly dis-
solve again when diluted in seawater, they interfere with bio-
genic silica measurements (see Sect.3.5for details).
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Table 1.Amounts of CO2-enriched seawater added to the mesocosms between dayt–1 and dayt4. Mesocosms that received no CO2 addition
got 25 L of 50 µm filtered natural seawater instead. ResultingpCO2 (µatm) and pH (on the total scale) after equilibration with the dead space
are shown as a mean of dayt8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also shown. Symbols
and colour code denote those used in Figs.6, 7, 8, 9, 10and11.

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9

t–1 50 L 50 L 50 L 50 L 50 L 50 L 50 L
t0 25 L 75 L 75 L 75 L 75 L 75 L
t1 25 L 75 L 75 L 100 L 100 L
t2 20 L 20 L 30 L 40 L 75 L
t4 5 L 8 L 12 L 20 L∑

70 L 95 L 155 L 208 L 230 L 277 L 320 L

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51
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Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|Dis
ussionPaper|

Table 1. Amounts of CO2 enriched seawater added to the mesocosms between dayt–1 and dayt4.
Mesocosms which received no CO2 addition got 25 l of 50 µm filtered natural seawater instead. Resulting
pCO2 (µatm) and pH (on the total scale) after equilibration with the deadspace are shown as a mean of
day t8 andt9 values. For comparison initial (dayt–3) values forpCO2 and pH of the fjord are also
shown. Symbols and color code denote those used in Figs. 6, 7,8, 9, 10 and 11.
table

Fjord M3 M7 M2 M4 M8 M1 M6 M5 M9
t-1 50 l 50 l 50 l 50 l 50 l 50 l 50 l
t0 25 l 75 l 75 l 75 l 75 l 75 l
t1 25 l 75 l 75 l 100 l 100 l
t2 20 l 20 l 30 l 40 l 75 l
t4 5 l 8 l 12 l 20 l∑

8 70 l 95 l 155 208 l 230 l 277 l 320 l

pCO2 170 185 185 270 375 480 685 820 1050 1420
pH 8.35 8.32 8.31 8.18 8.05 7.96 7.81 7.74 7.64 7.51

w w N � w N � w N �

37

2.5 Sampling procedures, CTD operation and light
measurements

If not stated otherwise, depth-integrated (0–12 m) samples
were taken from each mesocosm and the fjord with an inte-
grating water sampler, IWS (HYDRO-BIOS), between 09:00
and 11:00 LT from boats. Except for gas samples, which
were directly filled from the sampler into sampling bottles
on board, water samples were brought back to shore, stored
at in situ water temperature in the dark and, depending on
measurement parameter, usually processed further within the
following hour.

CTD casts were taken daily (except dayt22) in each meso-
cosm and the fjord between 14:00 and 16:00 with a memory
probe (CTD60M, Sea and Sun Technology). The CTD was
equipped with a conductivity cell, turbidity meter, fluorome-
ter for chlorophylla, and temperature, pH, dissolved oxygen
and light sensors. For details on the sensors, respective accu-
racy and precision, and corrections applied, seeSchulz and
Riebesell(2012). Measured profiles, recorded with five data
points per second and taken at 0.2–0.3 m s−1, were scaled to
a uniform depth resolution of 2 cm by linear interpolation.

Photosynthetic active radiation (PAR) was measured with
two LICOR quantum sensors (LI-192) mounted onshore on
top of a 1.5 m pole and on the roof of the French research
station, Charles Rabot, at one measurement per second. In
seawater PAR profiles were collected by means of a CTD
mounted LICOR spherical quantum sensor (LI-193).

2.6 Analyses

For particulate organic carbon and nitrogen (POC, PON),
and total particulate carbon and nitrogen (TPC, TPN) anal-
yses, 400–500 mL of sample water were filtered (200 mbar)
onto pre-combusted (450◦C for 5 h) GF/F filters, immedi-
ately stored frozen at−20◦C. Prior to analyses filters were
dried at 60◦C and subsequently measured on a EuroVector

elemental analyser according toSharp(1974). POC filters
were treated with fuming HCl in a desiccator for 2 h before
drying and analysis. As there were no calcifying plankton
found in microscopic counts, a mean of POC and TPC, and
PON and TPN was calculated for each day and mesocosm.

For particulate organic phosphorus (POP), 400–500 mL
of sample water were filtered onto pre-combusted (450◦C
for 5 h) GF/F filters. POP was then oxidized to orthophos-
phate by heating the filters in 40 mL of deionized water
(18.2 M�) with Oxisolv (MERCK) in a pressure cooker and
determined colorimetrically on a Hitachi U2000 spectropho-
tometer (Hansen and Koroleff, 1999; Holmes et al., 1999).

For biogenic silica (BSi) 250–450 mL of sample water
were filtered onto cellulose acetate filters. Alkaline, borate
buffered persulphate oxidation, in a pressure cooker was ap-
plied to transform biogenic BSi into silicate, which was sub-
sequently determined spectrophotometrically (seeHansen
and Koroleff, 1999for details).

Determination of dissolved organic nitrogen (DON) and
phosphorus (DOP) was on GF/F (pre-combusted at 450◦C
for 5 h) filtered sample water, which was heated together
with Oxisolv (MERCK) in a pressure cooker. Oxidized or-
ganic nitrogen and phosphorus were measured spectropho-
tometrically as nitrate (nitrite) and phosphate, respectively,
on a Hitachi V2000 (Hansen and Koroleff, 1999; Holmes
et al., 1999). DON and DOP were calculated from a simple
mass-balance taking dissolved inorganic nutrient concentra-
tions into account.

Dissolved organic carbon (DOC) was determined on GF/F
(pre-combusted at 450◦C for 5 h) filtered sample water by
high temperature catalytic oxidation (HTCO) on a SHI-
MADZU TOC-VCS. For details seeEngel et al.(2012).

For chlorophylla (Chl a) analysis, 250–500 mL of sam-
ple water were filtered onto GF/F filters, immediately stored
frozen for at least 24 h. Filters were then homogenized in
90 % acetone with glass beads (2 and 4 mm) in a cell mill.
After centrifugation at 800× g, Chl a concentrations were
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determined in the supernatant on a fluorometer (TURNER,
10-AU) according toWelschmeyer(1994).

Preparations for pigment analyses were like for
Chl a, except that they were solved in 100 % acetone
(HPLC grade), together with canthaxanthin as an in-
ternal standard to account for potential losses during
sample handling. Pigment analyses were by high per-
formance liquid chromatography (WATERS HPLC with
a Varian Microsorb-MV 100-3 C8 column) according to
Barlow et al.(1997). Phytoplankton community composition
was calculated with the CHEMTAX algorithm (Mackey
et al., 1996), by converting the concentrations of marker
pigments to Chla equivalents with suitable pigment to Chla

ratios (for details see Supplement).
Dissolved inorganic nutrients nitrate (NO−

3 ), nitrite
(NO−

2 ), ammonium (NH+4 ), phosphate (PO3−

4 ) and silicate
(H4SiO4) in the sample water were determined on a seg-
mented flow analyser (SEAL QuAAtro) equipped with an au-
tosampler. General methods described inHansen and Korol-
eff (1999) were modified for nitrate (imidazole instead of an
ammonium chloride buffer) and phosphate determinations,
which followedKerouel and Aminot(1997). Sodium dode-
cyl sulfate or Triton X-100 was used to lower surface tension
and facilitate segmented flow analysis.

Counts of phytoplankton cells were on concentrated
(25 mL) sample water, fixed with alkaline Lugol’s iodine
(1 % final concentration) in Uterm̈ohl chambers with an in-
verted microscope (ZEISS Axiovert 100). At 200 times mag-
nification, cells larger than 12 µm were counted on half of the
chamber area, while smaller ones were counted at 400 times
magnification on two radial strips. Plankton were identified
with the help ofTomas(1997); Hoppenrath et al.(2009);
Kraberg et al.(2010) and von Quillfeldt (1996). Biovol-
umes of counted plankton cells were calculated according to
Olenina et al.(2006) and converted to cellular organic car-
bon quotas by the equations ofMenden-Deuer and Lessard
(2000).

2.7 Statistics

In this study it was decided to establish a CO2 gradient rather
than to replicate certain levels, mainly for two reasons. With
nine mesocosms, and the relatively low amount of possible
replicates, the statistical power of regression analyses in a
treatment gradient in comparison to replicated ANOVA anal-
yses is the same, if not superior (Cottingham et al., 2005).
Furthermore, a gradient approach is less vulnerable to the po-
tential loss of one or two mesocosm units. There are more ad-
vantages, all summarized nicely inHavenhand et al.(2010).

2.7.1 Linear regression analyses

Analyses for potentially statistically significant correlations
of various measurement parameters with seawater partial
pressure of carbon dioxide (pCO2) in each of the experimen-

tal phases (see below) were done by plotting the mean of the
measurement parameter to be tested against the respective
meanpCO2 of each mesocosm during a certain phase. Lin-
ear regressions were analysed with an F-test (see Table2 for
details).

2.7.2 Multivariate community analyses

First- and second-stage analyses were applied to three sets of
data, i.e. the organics (POC, PON, POP, DON and DOP), the
CHEMTAX together with Chla, and the phytoplankton car-
bon biomass dataset, to identify anomalous time trajectory
profiles of the nine mesocosms resulting from conventional
first-stage resemblance matrices (Clarke et al., 2006). When
the time trajectories in the first-stage analysis of the treated
mesocosms increasingly separate with increasing CO2 and
time from the control mesocosms, still plotting closely to-
gether, a CO2 effect becomes visible. This can be identi-
fied in the second-stage analysis where the treated meso-
cosms should, depending on their CO2 level, plot increas-
ingly apart from the control mesocosms. To evaluate whether
the time trajectories show any significant, continuous pattern
of change with increasing CO2 level, a model severity ma-
trix was created with a numeric factor for each mesocosm
(0 for both controls and ascending from 1 to 7, in the or-
der of CO2 level, for the treated mesocosms). A subsequent
RELATE test was run, comparing this model severity and
second-stage matrix (Clarke and Gorley, 2006).

For the analyses, the organics dataset was log (x+1) trans-
formed to remove some obvious skewness. The phytoplank-
ton carbon biomass dataset was square root transformed prior
to creating a resemblance matrix based on Bray–Curtis sim-
ilarity (Clarke and Warwick, 2001). Additionally, the organ-
ics and the CHEMTAX+ Chl a datasets were normalized
prior to creating a resemblance matrix based on Euclidean
distance. Furthermore, it was necessary to exclude measur-
ing days with incomplete data of certain parameters. Thus
different numbers of days were included in the analyses of
the three datasets.

3 Results

3.1 Changes in light, salinity, temperature and oxygen
concentrations

With the exception of a few days, measured incident pho-
tosynthetic active radiation (PAR) at ground level in air dur-
ing polar night was not lower than 150 µmol m−2 s−1. During
polar day, maximum PAR levels were typically well above
700 and up to more than 1500 µmol m−2 s−1 (Fig.4). Vertical
light profiles and calculated light attenuation coefficients,kd

(derived by fitting normalized light profiles to the exponen-
tial equation f(x) = exp(−kd x)), ranging typically between
0.3 and 0.4, showed little differences between mesocosms
and the fjord. Depending on bloom situation, 2–15 % and
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Table 2. F , p and adjustedR2 values of F-tests on linear regressions of all measurement parameters presented in Figs.6, 7, 8, 9, 10 and
11 in each mesocosm and respectivepCO2 during the three experimental phases. Statistically significant correlations are marked in bold
for positive and italic for negativepCO2 correlations, respectively. It is noted that at a significance level of 0.05 one would expect 5 out of
100 regressions where the true null hypothesis that there is no causal relationship with CO2 is rejected, i.e. a CO2 dependance is postulated
where there is none. Here 43 out of 111 regressions were found to be statistically significant related to CO2.

adj.R2 F p adj.R2 F p adj.R2 F p adj.R2 F p

Chl a 1 NO−

3

phase I −0.0264 0.79 0.402 −0.1173 0.16 0.701
phase II 0.8301 40.08 < 0.001 0.8237 38.38 < 0.001
phase III 0.7487 24.83 0.002 0.6689 17.16 0.004 HPLC Microscopy

POC 1 PO3−

4 Chl a HPLC Total auto

phase I 0.0450 1.38 0.279 −0.1087 0.22 0.656 −0.0344 0.73 0.420 0.0925 1.82 0.220
phase II 0.7813 29.58 0.001 0.7579 26.04 0.001 0.7471 24.64 0.002 0.7953 32.09 < 0.001
phase III 0.0004 1.00 0.350 0.7554 25.71 0.001 0.491 8.72 0.021 0.0785 1.68 0.236

PON NH+

4 Chl a Prasino OF auto

phase I −0.0167 0.87 0.324 −0.0874 0.36 0.569 0.4962 8.87 0.021 −0.0738 0.45 0.524
phase II 0.8342 42.25 < 0.001 0.4903 8.69 0.021 0.5534 10.91 0.013 0.0540 1.46 0.267
phase III −0.1397 0.02 0.8939 0.4188 6.77 0.035 0.3845 6.00 0.044 0.3207 4.78 0.065

POP H4SiO4 Chl a Dino Dino auto

phase I −0.0107 0.92 0.371 0.6325 14.77 0.006 −0.1008 0.27 0.621 0.3082 4.56 0.070
phase II 0.4886 8.64 0.022 0.9016 74.32 <0.001 0.6092 13.48 0.008 0.7210 21.67 0.002
phase III 0.0216 1.18 0.314 0.1710 2.65 0.148 0.3797 5.90 0.046 0.1630 2.56 0.154

DOC POC/PON Chl a Crypto Crypto

phase I −0.0268 0.79 0.403 −0.0270 0.79 0.404 0.8333 40.99 < 0.001 0.0135 1.11 0.327
phase II 0.3448 5.21 0.056 −0.1428 0.00 0.981 0.5622 11.27 0.012 0.6580 16.39 0.005
phase III −0.1254 0.11 0.752 0.5814 12.11 0.010 0.3472 5.26 0.056 0.0449 1.38 0.279

DON POC/POP Chl a Chloro Chloro, Hapto

phase I −0.0916 0.33 0.585 0.5695 11.58 0.011 −0.1332 0.06 0.814 0.0193 1.16 0.318
phase II −0.1383 0.03 0.871 −0.0019 0.99 0.354 −0.1370 0.04 0.854 0.5640 11.35 0.012
phase III −0.1301 0.08 0.789 0.0487 1.41 0.274 0.4719 8.15 0.025 0.2018 3.02 0.126

DOP PON/POP Chl a Cyano

phase I −0.0762 0.43 0.531 0.4744 8.22 0.024 −0.1241 0.12 0.742
phase II −0.0100 0.92 0.369 0.0042 1.03 0.343 −0.1299 0.08 0.785
phase III 0.0652 1.56 0.252 −0.1378 0.03 0.865 0.2029 3.04 0.125

BSi DOC/DON Chl a Diatom Diatom

phase I −0.1267 0.10 0.760 −0.0733 0.45 0.522 −0.0849 0.37 0.560 NaN NaN NaN
phase II 0.8323 40.71 <0.001 −0.0064 0.94 0.362 −0.1016 0.79 0.403 0.2015 1.77 0.226
phase III −0.0986 0.28 0.612 −0.0502 0.62 0.458 0.2671 3.92 0.088 0.5284 9.96 0.016

TSi DOC/DOP Chl a Chryso Chryso

phase I 0.5093 9.30 0.019 −0.1384 0.03 0.874 0.3960 6.25 0.041 −0.1427 0.00 0.973
phase II 0.6432 15.42 0.006 −0.1267 0.10 0.761 0.4631 7.91 0.026 0.4487 7.51 0.029
phase III 0.1189 0.28 0.192 −0.1138 0.18 0.682 0.1735 2.68 0.146 0.1929 2.91 0.132

BSi sediment DON/DOP Chl a Hapto OF hetero

phase I −0.1048 0.24 0.638 −0.0248 0.81 0.399 −0.0233 0.82 0.396 −0.0738 0.45 0.524
phase II 0.4191 6.77 0.035 −0.1187 0.15 0.709 0.4891 8.66 0.021 0.0540 1.46 0.267
phase III 0.6235 14.25 0.007 0.1286 2.18 0.183 0.2632 3.86 0.090 0.3207 4.78 0.065

20–30 % of PAR was measured at 14.0 m and 3.7 m depth, re-
spectively in comparison to the surface layer between 0.1 to
0.2 m. Also absolute PAR levels must have been similar be-
tween mesocosms and fjord. On dayt27kd was about 0.37,
meaning that PAR at 3.7 m should be one-forth of incident
light. And indeed, during a continuous light measurement for
40 h on the following days, four to six times less PAR was

measured at 3.7 m depth in comparison to direct measure-
ments at air (data not shown). The observed variability was
probably connected to cloud cover and solar elevation angle.
Thus, energy input into the water column of the fjord and the
mesocosms were quite similar, and shading by the bags and
the dome-shaped hoods were smaller than one might have
expected.
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Fig. 4. Changes in photosynthetic active radiation (PAR) at ground
level with time as measured by two LICOR sensors. The black line
denotes the mean of both measurements while the grey shaded area
illustrates the variability between them. Numbers denote average
PAR levels during a certain phase, indicated by Roman numbers.

In the fjord, depth-averaged (0.3–12 m) salinity varied be-
tween 32.94 and 34.03, with down to 29.59 at the surface
and up to 34.29 at depth (Fig.5a). In the mesocosms salinity
was relatively stable, apart from the two salt additions on day
t–4 andt4, and steadily increased by about 0.002 units per
day (Fig.5b), translating into a concentration change of all
constituents of about 2 ‰ within the experimental period of
about 30 days. As there was no significant precipitation, this
phenomenon was driven by evaporation.

Temperatures in the mesocosms closely followed those
in the fjord and started at about 2◦C, evenly distributed
throughout the water column. Then water masses slowly
warmed, especially in the upper 5 to 10 m, reaching depth-
averaged (0.3–12 m) values of up to 5.5◦C towards the end
of the experiment (Fig.5c).

Initial oxygen concentrations (depth-averaged) in the fjord
and mesocosms were about 450 µmol kg−1. Considering an
oxygen solubility of 310 to 340 µmol kg−1 at 2 to 5◦C at
given salinities, waters were highly over-saturated. However,
within a period of about 10 days, oxygen in the mesocosms
decreased to saturation levels, probably driven by air/sea gas
exchange. While concentrations remained close to these lev-
els in the upper meters of the mesocosms, depth averaged
(0.3–12 m) they steadily increased towards the end of the ex-
periment by about 30 µmol kg−1 (Fig. 5d).

3.2 Changes in pH

Initial pH levels in the fjord and mesocosms were rela-
tively homogeneously distributed with depth at about 8.36
(reported on the total scale) as measured with a hand-
operated CTD (Fig.3). Additions of varying amounts of
CO2-enriched seawater (Table1) to seven out of the nine
mesocosms between dayt–1 and dayt4 decreased depth-
averaged (0.3–12 m) pH to about 8.18, 8.05, 7.96, 7.81, 7.74,
7.64 and 7.51 in mesocosms M2, M4, M8, M1, M6, M5 and
M9, respectively until dayst8–9. Note that the slight increase
in pH measured on the days right after the last addition was
caused by water exchange with non-treated water masses in
the dead space below the sediment traps. While pH was rela-
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Fig. 5.Measured vertical distribution and change with time of salin-
ity in the fjord (A) and mesocosm M1(B), together with those of
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celsius and µmol kg−1, respectively. Note that both vertical and
temporal changes in salinity, temperature and oxygen were virtu-
ally identical between mesocosms. Vertical numbers denote depth-
averaged (0.3–12 m) means of the respective parameter for each
day.

tively stable throughout the experiment in the control meso-
cosms M3 and M7, pH increased in the other mesocosms,
mostly driven by an interplay of air/sea gas exchange and bi-
ological consumption and production of CO2 (for details see
Silyakova et al., 2012). Vertical pH distribution in the water
column was relatively homogeneous throughout the experi-
ment, with only slightly higher levels at the surface in the
mesocosms with higher CO2 (Fig. 3). In the fjord, pH lev-
els were relatively constant with time, as in the two control
mesocosms.
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in each mesocosm and the fjord. For symbols and colour code, see
Table1. Vertical black lines and Roman numbers illustrate the three
phases after CO2 perturbation while 0 refers to the phase prior to
this event. Red and blue stars denote statistically significant posi-
tive and negative correlations during a certain phase, respectively.
For details on and results of the statistics applied, see Sect.2.7and
Table2. Note that statistics for nitrate and phosphate was done on
rates, not the actual concentrations.

3.3 Temporal chlorophyll a dynamics

Depth-averaged (0.3–12 m) chlorophylla concentrations in-
side the mesocosms and the fjord started at about 0.2 µg L−1

on dayt–3 and steadily increased to about 1–1.4 µg L−1 in
the mesocosms until dayt6–8 (Fig. 6a). After that peak,
chlorophyll a levels declined again to almost starting con-
centrations on dayt13. Dissolved inorganic nutrient addition
on that day (see next section for details) initiated a second
phytoplankton bloom, with higher chlorophylla levels of up
to 2 µg L−1 in the highest CO2 treatment in comparison to
about 1 µg L−1 in one of the control mesocosms on dayt19.
After the collapse of the second bloom, a third developed,
but this time building up higher chlorophylla concentrations

in the mesocosms with lower in comparison to higher CO2
levels.

Based on the temporal development of chlorophylla dy-
namics, four distinct phases were defined: phase 0 (from the
start of the experiment to the end of the CO2 addition, t–4
to t4), phase I (from the end of CO2 enrichment to the end
of the first bloom,t4 to t13), phase II (from the end of the
first bloom to the end of the second bloom,t13 to t22) and
phase III (from the end of the second bloom to the end of
the experiment,t22 to t30). Chlorophylla concentrations
showed a statistically significant linear correlation with CO2
levels in phase II, while it was negative during phase III
(Fig. 6a and Table2).

In the fjord, temporal chlorophylla dynamics were ini-
tially similar to those in the mesocosms, although reaching
higher levels and peaking a few days later (Fig.6a). Inter-
estingly, there were signs of a second and the beginning of a
third bloom phase in the fjord with similar timing as in the
mesocosms, however, at lower intensities.

3.4 Dissolved inorganic nutrient dynamics with time

Initial nitrate (NO−

3 ) concentrations in the mesocosms were
close to detection limit (about 0.1 µmol L−1) and remained
that low until the addition of dissolved inorganic nutri-
ents on dayt13. Initial ammonium (NH+4 ) and phosphate
(PO3−

4 ) concentrations in the mesocosms were measured
at about 0.5–0.7 µmol L−1 and 0.06–0.09 µmol L−1, respec-
tively. While ammonium steadily decreased from then on,
most of the phosphate initially present was taken up in the
first couple of days (Fig.6b–d).

Additions of dissolved inorganic nutrients on dayt13 in-
creased NO−3 and PO3−

4 concentrations to about 5.5 and
0.4 µmol L−1, respectively. NO−3 and PO3−

4 were then read-
ily taken up by the plankton community, declining towards
detection limits until the end of the experiment. Immedi-
ately after nutrient addition, however, nutrient utilization of
both NO−

3 and PO3−

4 was faster at higher CO2 levels during
phase II, while being slower during phase III (Fig.6b and d).
This observation was statistically significant. NH+

4 concen-
trations were also correlated to CO2 level in a statistically
significant manner, negatively in phase II and positively in
phase III of the experiment (Fig.6c and Table2).

Dynamics of NO−

3 , PO3−

4 and NH+

4 in the fjord during
phase 0 and I of the experiment were similar to those in the
mesocosms. However, they remained at relatively low levels
also in phase II and III (Fig.6c).

3.5 Silicate addition and silicon budget

Prior to the addition of dissolved inorganic nutrients on day
t13, silicate concentrations, together with those of biogenic
silica and total silicate (the sum of silicate and biogenic sil-
ica), were relatively stable in all mesocosms. However, dur-
ing phase I there was a statistically significant correlation
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Fig. 7. Temporal development of depth-averaged (0.3–12 m) sili-
cate(A), biogenic silicate(B), total silicate as the sum of silicate
and biogenic silicate(C), and sedimented biogenic silicate concen-
trations(D). For details on sediment sampling and processing, see
Czerny et al.(2012a). Style and colour code follow those of Fig.6,
and statistical results are summarized in Table2.

of silicate and total silicate with CO2, with higher concen-
trations towards lower CO2 (Fig. 7a, c, and Table2). The
addition of silicate (targeted for about 2.5 µmol L−1) on day
t13 to all mesocosms increased concentrations to only about
1.3–1.6 µmol L−1. The rest of the added silicate was in a pre-
cipitated form and increased biogenic silica concentrations
to about 0.8–1.2 µmol L−1. In the first days after the nutri-
ent addition, silicate continued to increase in all mesocosms,
reaching higher concentrations at lower CO2 levels, but then
steadily declined towards the end of the experiment. While
silicate concentrations in phase II displayed a statistically
significant negative correlation to CO2, those of biogenic sil-
ica were positively correlated (Fig.7a, b, and Table2). Dur-
ing that phase, also the amount of biogenic silica collected
in the sediment traps was higher at higher CO2 levels, al-
though absolute amounts were relatively small compared to
water column inventories (Fig.7d). This trend reversed in
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concentrations. Style and colour code follow those of Fig.6, and
statistical results are summarized in Table2.

phase III, when more biogenic silicate at lower CO2 levels
was collected in the sediment traps (again at relatively low
concentrations), at a time when no CO2 effect was observed
on any of the water column silica components (Fig.7).

3.6 Particulate and dissolved organic matter dynamics
with time

Initial concentrations of particulate organic carbon (POC),
nitrogen (PON) and phosphorus (POP) started at about
15–25 µmol L−1, 3–4 µmol L−1 and 0.2–0.3 µmol L−1, re-
spectively (Fig.8a–c). POC and PON peaked during phase I
of the experiment, similar to chlorophylla. However, this ob-
servation was less evident for POP. Both POC and PON in-
creased after nutrient addition in phase II and III, and again
this was less obvious for POP. During phase II, standing
stocks of POC, PON and POP were positively correlated to
CO2. This trend was statistically significant (Table2).

While temporal dynamics of POC, PON and POP were ba-
sically identical, those of dissolved organic carbon (DOC),
nitrogen (DON) and phosphorus (DOP) were quite different.
DOC, starting at about 70–80 µmol L−1 in all mesocosms,
increased before nutrient addition during phase 0 and I. As
a result, there was a tendency towards higher DOC con-
centrations at higher CO2 in phase II, although statistically
not significant (Table2). After nutrient addition, however,
there seemed to be no further DOC accumulation (Fig.8d).
In contrast, DON, starting at about 5–6 µmol L−1 in all
mesocosms, steadily declined before nutrient addition dur-
ing phase 0 and I by about 1 µmol L−1, and remained rather
constant from then on, although with considerable scatter in
the data (Fig.8e). Finally, DOP concentrations, starting at
about 0.2 µmol L−1 in all mesocosms, seemed rather constant
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during phase 0 and I, but increased after nutrient addition
by 0.05–0.1 µmol L−1 in all mesocosms during phase II, and
then remained rather stable until the end of the experiment
(Fig. 8f).

Dynamics of particulate and dissolved organic element
concentrations in the fjord were similar to those in the meso-
cosms during phase 0 and I, with the exception of POC,
which peaked at higher concentrations (Fig.8). However,
after nutrient addition, absolute concentrations tended to be
smaller.

3.7 Temporal dynamics of particulate and dissolved
organic element stoichiometry

POC/PON started slightly below the classical Redfield sto-
ichiometry (C/N/P of 106 : 16 : 1) in all mesocosms and in-
creased during phase I (Fig.9a). Nutrient addition at the be-
ginning of phase II decreased POC/PON back below the Red-
field ratio. However, during the end of phase III, POC/PON
started to increase again, towards higher ratios at lower CO2.
This trend in phase III was statistically significant (Table2).

Both POC/POP and PON/POP were close to the respec-
tive Redfield ratio during the entire experiment, although
with considerable scatter in the data (Fig.9b and c). Meso-
cosms with higher CO2 had higher POC/POP and PON/POP
in phase II, an observation that was statistically significant
(Table2). During the last days of the experiment, POC/POP
started to increase in all mesocosms.

Both, DOC/DON and DOC/DOP started (and remained)
well above classical Redfield stoichiometry in all mesocosms
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Fig. 10.Temporal development of depth-averaged (0.3–12 m) Chla

equivalent concentrations of prasinophytes(A), dinoflagellates(B),
cryptophytes(C), chlorophytes(D), cyanobacteria(E), diatoms(F),
chrysophytes(G) and haptophytes(H) as analysed by HPLC and
CHEMTAX (see Materials and Methods section for details). Green
shaded area illustrates minima and maxima of total Chla concen-
trations in the mesocosms. Style and colour code follow those of
Fig. 6, and statistical results are summarized in Table2.

(Fig. 9d and e). While DOC/DON steadily increased during
phase 0 and I and remained rather constant during phase II
and III, DOC/DOP relatively quickly increased towards the
end of phase I and then declined throughout phase II, stabi-
lizing again in phase III. DON/DOP also started well above
classical Redfield stoichiometry in all mesocosms, but then
rather steadily declined throughout the experiment and sta-
bilized towards the end slightly below its respective ratio
(Fig. 9f).

Temporal dynamics of particulate and dissolved organic
element stoichiometry in the fjord were similar to those in
the mesocosms. An exception were absolute ratios of POC
to PON, being higher during phase I and II (Fig.9).

3.8 Temporal changes in phytoplankton community
composition derived from HPLC analysis of marker
pigments

Chl a as measured by HPLC followed the same tempo-
ral evolution, and most importantly with the same CO2-
related trends between treatments as the fluorometric deter-
minations, although at slightly lower absolute concentrations
(Figs.6a and10).

According to CHEMTAX analysis, the Chla peak during
phase I was mostly due to the presence of haptophytes, with
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Fig. 11. Temporal development of depth-averaged (0.3–12 m)
plankton carbon biomass of all autotrophs(A), autotrophic di-
noflagellates(B), cryptophytes(C), chlorophytes or haptophytes
(D), diatoms(E), chrysophytes(F), autotrophic flagellates other
than dinoflagellates(G), and heterotrophic flagellates(H) as
counted by light microscopy. Style and colour code follow those
of Fig. 6, and statistical results are summarized in Table2.

minor contributions of prasinophytes and diatoms (Fig.10h,
a and f, respectively). The second Chla peak during phase II
was dominated by the bloom of prasinophytes, dinoflag-
ellates (especially at higher CO2 levels) and cryptophytes
(Fig. 10a–c, respectively). Finally, the third Chla peak in
phase III was driven by the growth of haptophytes, prasino-
phytes, dinoflagellates and chlorophytes, with the former
being responsible for about half of autotrophic biomass
(Fig. 10h, a, b and d, respectively). Cyanobacteria and
chrysophytes contributed only marginally to the autotrophic
biomass throughout the experiment (Fig.10e and g). There
were several statistically significant CO2 effects on phy-
toplankton biomass, such as positive CO2 correlations
for prasinophytes, cryptophytes and chrysophytes (phase I
and II), dinoflagellates (phase II and III) and haptophytes
(phase II), and negative CO2 correlations for prasinophytes
and chlorophytes in phase III (Table2).

Temporal phytoplankton dynamics as revealed by HPLC
in the fjord was similar to the mesocosms for most groups,
although at lower absolute biomass. An exception were
prasinophytes and dinoflagellates, important contributors to
autotrophic standing stocks in all mesocosms during phase II
and III, having insignificant contributions in the fjord during
this time (Fig.10).

3.9 Temporal changes in plankton community
composition as determined by light microscopy

As determined by microscopic counts, most autotrophic car-
bon biomass during phase I was found in chrysophytes and
chlorophytes, although the latter could have been alsoPhaeo-
cystis, belonging to the group of haptophytes (Fig.11). Dur-
ing phase II most autotrophic carbon was found to be in di-
noflagellates and again the chlorophytes (or haptophytes).
Finally, phase III was clearly dominated by autotrophic di-
noflagellates, with minor contributions by diatoms. As for
HPLC-derived phytoplankton community composition, there
were statistically significant trends with CO2, positive ones
for autotrophic dinoflagellates, cryptophytes, chlorophytes
(or haptophytes), chrysophytes and autotrophic flagellates
other than dinoflagellates in phase II. During phase III car-
bon biomass by diatoms was higher at lower CO2 levels, a
trend found to be statistically significant (Table2). It has to
be noted, however, that CO2 was most likely indirectly influ-
encing diatom biomass (see Sect. 4.2.2 for details).

Compared to total autotrophic carbon, similar amounts
(between 0.5 and 1.5 µmol L−1) were found in heterotrophic
flagellates (Fig.11h). However, concentrations seemed to
slightly decline during phase I in all mesocosms, while the
dynamics during phase III appeared to be varying between
mesocosms, although with no particular CO2 trend.

Dynamics of plankton carbon standing stocks in the fjord
were similar to those in the mesocosms, but usually at lower
absolute concentrations (Fig.11). An exception were au-
totrophic dinoflagellates with insignificant and chrysophytes
with higher carbon biomass in comparison to the mesocosms
at certain times.

3.10 First- and second-stage analyses

First-stage MDS (multi-dimensional scaling) plots for the
combined CHEMTAX and Chla dataset showed no clear
succession pattern between the control and the CO2-treated
mesocosms (Fig.12a). Furthermore, the two control meso-
cosms (M3 and M7) had rather different patterns concern-
ing their time trajectories, indicating natural variability of the
enclosed plankton assemblages. Only the time trajectory of
mesocosm M9 had a clear succession in the temporal evolu-
tion, in contrast to the others. Based on this, it is not clear
whether there was a CO2 effect on the temporal development
of the phytoplankton community or whether it was masked
by slightly different starting conditions. The second-stage
MDS plot showed no clear separation between the control
and treated mesocosms, probably related to differences be-
tween the controls. However, a differentiation according to
CO2 level is obvious. This was confirmed by the RELATE
analysis, identifying the temporal pigment (CHEMTAX and
Chla) evolution, when the entire experiment was considered,
to be statistically different and related to CO2, at a signifi-
cance level of 0.001 (Table3).
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Fig. 12. First-stage MDS time trajectories and second-stage MDS plots from analyses of the CHEMTAX together with Chla (A), and
phytoplankton carbon biomass datasets(B). See Sect.2.7.2for details.

Table 3. Significance levels of the RELATE analyses for the
CHEMTAX and Chla, phytoplankton carbon biomass, and organ-
ics (POC, PON, POP, DON and DOP) datasets. While a dashed line
indicates that there were too few observations for an analysis, bold
numbers highlight a statistical significance below the 5 % level.

CHEMTAX + Chl a Phytoplankton Organics

Phase 0 – – –
Phase I 0.425 – 0.943
Phase II 0.172 – 0.369
Phase III 0.023 – 0.11

Phase 0–III 0.001 0.048 0.222

First-stage MDS plots for the phytoplankton carbon
biomass dataset showed a more consistent pattern among
time trajectories of the control and treated mesocosms
(Fig. 12b). In this respect, the two control mesocosms were
considerably more similar as compared to those of the
CHEMTAX and Chla dataset and revealed also differences
in their temporal evolution compared to the CO2-treated
mesocosms. For example, the days 14 and 16 plot far apart
from each other in the control mesocosms M3 and M7, while
the days 20 and 22 plot very close together. This was, with
the exception of M5 and M9, not the case for the CO2-treated
mesocosms. As a result, the second-stage MDS plot, de-
picting similarity of the time trajectories among the meso-
cosms, clearly separated the control from the CO2-treated
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mesocosms. The RELATE analysis confirmed this observa-
tion, when the entire experiment was considered, identifying
the temporal carbon biomass dynamics to be statistically dif-
ferent and related to CO2, at a significance level of 0.048
(Table3).

While the RELATE analysis, considering the entire exper-
iment, identified the temporal development of phytoplankton
pigments (CHEMTAX) and Chla, and that of phytoplank-
ton carbon biomass to be statistically different and related to
CO2, the dynamics in the organics dataset were not different
at a statistically significant level (Table3). Considering in-
dividual phases of the experiment, the temporal evolution of
phytoplankton pigments (CHEMTAX) and Chla was statis-
tically different and related to CO2 in phase III. Interestingly,
while calculated levels of significance of the RELATE anal-
yses were relatively high in the beginning of the experiment
in phase I (thus not statistically significant), they steadily de-
creased throughout phase II and III.

4 Discussion

4.1 Oceanographic setting

At the beginning of the experiment, the plankton community
was clearly in a post-bloom phase, indicated by high O2 and
pH, and lowpCO2 levels in the water column. Oxygen levels
were supersaturated by about 140 µmol kg−1 in comparison
to dissolved inorganic carbon (DIC), being under-saturated
by about the same amount, when taking initial measured
mean total alkalinity (TA) and DIC and calculating DIC in
atmospheric equilibrium using the dissociation constants for
carbonic acid byMehrbach et al.(1973) at in situ temperature
and salinity (for details on carbonate chemistry, seeBellerby
et al., 2012). Considering that autotrophic growth, depend-
ing on nitrogen source, is typically producing 1–1.4 mol oxy-
gen per mole DIC consumed (Laws, 1991), and that oxygen
exchanges with the atmosphere about ten times faster than
carbon dioxide (Broecker and Peng, 1982), a phytoplankton
bloom came to an end probably just a couple of days before
the beginning of the experiment.

The relatively substantial amounts of ammonia in compar-
ison to nitrate are indicative of a recycling system, typical for
this location and time of the year (Iversen and Seuthe, 2011).
The autotrophic community did not appear to be nutrient lim-
ited, as indicated by particulate organic carbon to nitrogen
(POC/PON) below classical Redfield stoichiometry (Red-
field et al., 1963), although most of the particulate organic
matter was probably not in the autotrophic but rather het-
erotrophic compartment or detritus, as initial POC to Chla

ratios (µmol/µg) were well above 100. Typical ratios for phy-
toplankton range between 3 and 8 (Montagnes et al., 1994).
Nevertheless, the increase in Chla during phase 0 and I in
all mesocosms is further indication that autotrophic biomass
was initially not nutrient limited.

During the experimental period, considerable variability in
salinity was measured in the fjord, being as low as 29.59 at
the surface and up to 34.29 in 12 m depth. This was probably
the result of changing relative influence of Arctic and At-
lantic water masses and meltwater runoff (Hop et al., 2006).
Despite this water mass variability, general characteristics in
plankton bloom development in the fjord were surprisingly
similar to those in the mesocosms (see Sect.4.6for details).

4.2 Autotrophic biomass and nutrient dynamics

During phase 0 and then I, after CO2 manipulation, a first
phytoplankton bloom developed in all mesocosms, how-
ever, with no particular effect of CO2 on actual concen-
trations of Chla or particulate organic matter (Figs.6a,
and 8a–c). Taking the mean of all mesocosms, utilization
of ∼ 0.05,∼ 0.2 and∼ 0.7 µmol L−1 of phosphate, ammo-
nium and DON, respectively, explain reasonably well the
build-up of∼ 9 µmol L−1 of POC during this time. Consid-
ering measurement uncertainties at such low nutrient con-
centrations and the relatively small POC production at much
higher background levels, the bloom can be thought to have
followed conventional Redfield proportions (Redfield et al.,
1963), although carbon quotas seem elevated. The resulting
POC to Chla ratio (µmol/µg) of∼ 9 (Figs. 6a and8a) is
about twice as high and at the upper range of reported values
for marine phytoplankton (Montagnes et al., 1994). This in-
dicates that a significant portion of the freshly produced au-
totrophic biomass was consumed by heterotrophic grazing,
although not reflected by protozooplankton biomass during
that time (Aberle et al., 2012). However, cirripedia nauplii,
dominating the mesozooplankton community in this phase,
grew to cypris larvae, the next developmental stage (Niehoff
et al., 2012), and uptake of13C-labelled autotrophic mate-
rial by both cirripedia nauplii and copepods was observed
(de Kluijver et al., 2012). Furthermore, grazing by micro-
zooplankton on nanoeukaryotes, an important phytoplankton
component in this phase, probably haptophytes (Fig.10h),
was measured (Brussaard et al., 2012). Apart from grazing,
viral lysis of phytoplankton was found to contribute to the
termination of the first bloom (Brussaard et al., 2012).

4.2.1 Direct effects of CO2 on marine phytoplankton

Interestingly, a positive effect of CO2 on abundances of
prasinophytes, probably identified by flow cytometry as pi-
coeukaryotes (Brussaard et al., 2012), started to develop al-
ready in phase I. Nutrient addition on dayt13 amplified
this trend, and prasinophytes, dominating the phytoplankton
community in terms of biomass during phase II, clearly prof-
ited from higher CO2 levels (also compareBrussaard et al.,
2012). Associated dissolved inorganic nutrient drawdown of
nitrate, phosphate and ammonium during the first part of
phase II was also higher (Fig.6b–d). This can fully be ex-
plained by higher autotrophic biomass build-up during this
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time. Assuming a mean carbon to Chla ratio of 4 (µmol/µg)
for autotrophic growth (Montagnes et al., 1994) would result
in a nitrogen to Chla ratio of about 0.6 (µmol/µg), mean-
ing that, for 1 µg L−1 of Chl a produced, 0.6 µmol L−1 of ni-
trate (or ammonium) is taken up. Differences in maximum
Chl a levels and nutrient utilization between CO2 treatments
were indeed on this order of magnitude (Fig.6). Such direct
effect of CO2 on picoeukaryotes, most likely belonging to
the group of prasinophytes, was also found in other meso-
cosm experiments where especiallyMicromonas-like (s.i.c.)
phylotypes profited from higher CO2 levels (Paulino et al.,
2008; Engel et al., 2008; Meakin and Wyman, 2011; New-
bold et al., 2012). The reason for such pronounced CO2 sen-
sitivity could be speculated to be related to the mode of the
cellular carbon concentrating mechanism (CCM) employed.
Micromonas is known to operate a C-4-like carbon fixa-
tion pathway (Worden, 2009) and to express extra-cellular
carbonic anhydrase (Iglesias-Rodŕıguez et al., 1998), facil-
itating the otherwise slow inter-conversion between carbon
dioxide (CO2) and bicarbonate (HCO−3 ). However, its rela-
tively small size (less than 2 µm in diameter) could make the
extensive operation of active CO2 and HCO−

3 uptake, like
in most bigger phytoplankton species (e.g.Giordano et al.,
2005 and references therein), unnecessary as the diffusive
boundary layer can be considered relatively small (Riebe-
sell et al., 1993). Thus, if cells are so small that dissolved
inorganic carbon supply can at least partly be met by dif-
fusion, higher seawater CO2 concentrations could stimulate
photosynthetic carbon fixation and growth in these species.
In other words, species that are not able to saturate photo-
synthesis at current CO2 levels might directly profit from
increasing seawater concentrations, like the picophytoplank-
ton smaller 2 µm in this study. However, what applies to the
very small species might also apply to the very big ones as
suggested byTortell et al.(2008) who found larger diatoms
(Chaetoceros) to profit from increasing seawater CO2 con-
centrations at the expense of smaller, although still compara-
tively big ones (Pseudo-nitzschia).

Also autotrophic dinoflagellates, as identified by micro-
scopic counts and HPLC pigment analysis, profited from
higher CO2 during phase II (Fig.11b). As they appear to pos-
sess only moderately efficient CCMs (seeReinfelder(2010)
for a review and references therein), they also can be re-
garded as potential winners in the phytoplankton community
at increasing levels of carbon dioxide.

4.2.2 Indirect effects of CO2 on marine phytoplankton

As the termination of the first bloom in phase I, also that
of the second bloom in phase II was probably connected to
viral infection. Flow cytometry identified two distinct virus
clusters appearing, of which one correlated with the decline
of the dominant nanophytoplankton cluster in phase I and
the other with the dominant picophytoplankton cluster in
phase II (seeBrussaard et al., 2012for details).

During phase III of the experiment, the positive CO2 ef-
fect on autotrophic biomass observed in phase II reversed
(Fig. 6a). Now diatoms, prasinophytes and to a certain extent
also haptophytes grew to higher abundances at low in com-
parison to high CO2 (Figs.10 and11e). This is most likely
an indirect CO2 effect as, after the collapse of the second
bloom in phase II, more inorganic nutrients were available
at lower CO2 concentrations (Fig.6b and d). This was at a
time when dissolved silicate concentrations were similar in
all mesocosms (Fig.7). As the silicic frustules of diatoms
are known to efficiently ballast organic matter, facilitating the
export to depth (Armstrong et al., 2001; Francois et al., 2002;
Klaas and Archer, 2002, but see alsoPassow, 2004), higher
diatom-derived biomass could be connected to the higher or-
ganic biomass collected in the sediment traps in the meso-
cosms with lower CO2 levels (seeCzerny et al., 2012afor
details). However, the experiment ended at a time of rela-
tively high sedimentation and it is thus not clear if the obser-
vation of more export at lower CO2 would be a persistent sig-
nal. Nevertheless, global export production in the future and
biomass transfer to higher trophic levels could be affected
if more nutrients are being utilized by small picoplankton,
profiting from enhanced CO2 levels, and rather being grazed
by nano-/microzooplankton and remineralized in the surface
ocean.

4.3 Comparison of phytoplankton biomass
determination approaches

Although there are inherent uncertainties associated with
converting phytoplankton counts to biovolume and relating
this to organic matter standing stocks, according to micro-
scopic counts, the carbon found in autotrophic biomass was
relatively low in comparison to measured built-up of POC
and Chla (Figs.11, 8, and6a). Part of this seeming discrep-
ancy could be connected to biomass transfer to higher trophic
levels by grazing (compareCzerny et al., 2012a; Brussaard
et al., 2012; de Kluijver et al., 2012; Aberle et al., 2012and
Niehoff et al., 2012, but also Sect.4.2). Furthermore, phy-
toplankton pigment analysis revealed prasinophytes (poten-
tially Micromonas-like phylotypes) and haptophytes to dom-
inate the autotrophic biomass during most of the experiment,
an observation not picked up by light microscopy. This is
probably related to their small size asMicromonasis less
than 2 µm in diameter and most of the haptophyte carbon is
usually found in the size class below 3 µm, often dominating
overall marine autotrophic biomass in the ocean (Lui et al.,
2009; Uitz et al., 2010; Cuvelier, 2010). The dominance of
picophytoplankton in certain phases of the experiment was
confirmed by flow cytometry (seeBrussaard et al., 2012for
details).
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4.4 Temporal dynamics of particulate organic matter

Temporal dynamics, especially effects of CO2, in and on
standing stocks of particulate organic matter was not as
clear as for Chla and phytoplankton community composi-
tion (Figs.8, 6a, 10 and11). Given measurement uncertain-
ties and relatively low autotrophic production on a relatively
large particulate organic matter background, trends clearly
seen in the autotrophic compartments only become visible
in particulate organic matter dynamics when phytoplankton
growth exceeds a certain threshold (also compareKim et al.,
2011), like after nutrient addition in phase II (Fig.8a–c).
Thus, the observation that there was no measurable effect of
CO2 on standing stocks of particulate organic matter such as
carbon, observed in several mesocosm studies, does not al-
low the conclusion that autotrophic carbon built-up was not
affected (compareEngel et al., 2005; Schulz et al., 2008).
This also applies to stoichiometric ratios of particulate and
dissolved organic matter. To directly observe carbon utiliza-
tion by phytoplankton and identify potential CO2 effects,
tracers such as13C provide much better insights (compare
de Kluijver et al., 2010, 2012).

4.5 Temporal development of CO2 effects

There are numerous standing stock or plankton assemblage
composition parameters that were positively or negatively
correlated with CO2, sometimes even reversing from one to
another phase. Interestingly, taking most of them together in
a MDS and subsequent RELATE analysis shows that CO2-
related differences between mesocosms become increasingly
significant with time (Table3). For instance, although sta-
tistically not significant in phase I and II, significance levels
of the RELATE analysis for the combined CHEMTAX and
Chl a dataset steadily decreased from 0.425, 0.172 to 0.023
in phase I, II and III, respectively. Thus, it seems that CO2-
related differences slowly develop with time, becoming more
and more pronounced and, consequently, statistically signifi-
cant only after a certain period of time. The time necessary to
detect such differences is probably connected to generation
and turn-over times of the enclosed plankton communities
and organic material. In this respect, the finding that increas-
ing temperatures (ranging between 2.5 and 8.5◦C) did not
affect particulate maximum built-up of organic carbon and
Chl a during a Baltic phytoplankton bloom in winter/spring
(Wohlers et al., 2009) as opposed to a summer bloom (tem-
peratures ranging between 9.5 to 17.5◦C) at the same loca-
tion (Taucher et al., 2012) could be connected to higher turn-
over times at absolute higher temperatures and more rapidly
evolving differences between treatments. However, different
CO2 sensitivities of the dominating phytoplankton species in
these two experiments cannot be ruled out (compareTaucher
et al., 2012).

Finally, it seems that dissolved inorganic nutrients can be
thought of as an amplifier. Upon addition, potential differ-

ences, for instance in phytoplankton community structure,
too small to be detected at a statistically significant level,
would be amplified during phytoplankton biomass build-up
(as observed in this experiment during phase II). However,
if added right after CO2 manipulation, when differences be-
tween mesocosms are just starting to develop (as seen by
the RELATE analysis), there is little to be amplified. This
could be the reason why a previous experiment could only
detect statistically significant differences in phytoplankton
community composition in the declining but not the build-up
phase of a bloom (Schulz et al., 2008). Interestingly, it was
then again the picoeukaryotes profiting from higher CO2 lev-
els, as observed in this experiment.

4.6 Dynamics in the fjord in comparison to the
mesocosms

Concerning seasonal phytoplankton dynamics, a typical
spring bloom, dominated by diatoms, usually develops in
Kongsfjorden. Afterwards, into the summer season, the phy-
toplankton assemblage becomes more diverse and dinoflag-
ellates, cryptophytes and small flagellates dominate the com-
munity (Hop et al., 2002; Halldal and Halldal, 1973). Fur-
thermore,Keck et al.(1999) reported on the occurrence of
unidentified flagellates smaller than 3 µm during this time. It
is, however, not clear whether the abundant small flagellates
described in previous observations belong to the dominant
groups of prasinophytes or haptophytes as identified here.
Nevertheless, the general pattern of phytoplankton species
composition after the spring bloom in this study seems to be
typical for this time of the year.

As described in Sect. 4.1, significant salinity changes mea-
sured in the fjord are indicative of changing relative influence
of Arctic and Atlantic water masses and meltwater runoff.
Thus, one could expect that phytoplankton bloom dynam-
ics and species composition would develop independently in
the closed mesocosms. However, in the fjord general tem-
poral dynamics in many measured parameters such as par-
ticulate organic matter, Chla, but also phytoplankton com-
munity structure (with some exceptions) was quite similar
to those in the mesocosms, although occasionally at differ-
ent absolute concentrations. For instance, Chla also peaked
in the fjord during phase I, declined and increased again
in phase II, followed by a decline and another increase in
phase III, like in the mesocosms (Fig.6a). This indicates that
in the fjord at least similar processes, but most importantly
triggers, were at operation, although water masses were con-
stantly changing in comparison to the water masses enclosed
in the mesocosms. As light and temperature were identical
inside and outside the mesocosms, both are potential triggers
for observed biomass dynamics, changing from averages of
444, 586 to 392 µmol m2 s−1 between phase I II and III, and
from 3.3, 2.9 to 5.1◦C, respectively (Fig.5c and4). Other
shaping factors are the development of viral abundances and
grazing on the plankton community, mainly responsible for

Biogeosciences, 10, 161–180, 2013 www.biogeosciences.net/10/161/2013/



K. G. Schulz et al.: Temporal biomass dynamics of an Arctic plankton bloom 177

autotrophic biomass decline. Different dissolved inorganic
nutrient availability inside the mesocosms and the fjord, es-
pecially during phase II and III, seemed rather to determine
absolute biomass than influence the temporal dynamics. In
this respect, although maybe surprising, mesocosms appear
capable of reflecting natural processes and plankton succes-
sion at a certain location quite realistically, at least for a cer-
tain period of time.

5 Conclusions

Temporal dynamics of the natural plankton community
present in the Arctic Kongsfjorden on the west coast of Spits-
bergen (Norway) were generally well captured inside the
nine mesocosms, manipulated for initial CO2 levels ranging
between 185 to 1420 µatm (see Sect.4.6 for details). Dis-
solved inorganic nutrients, added halfway through the ex-
periment, amplified already established and developed CO2-
related differences in phytoplankton community composition
(see Sect.4.5 for details). Direct CO2 effects, most likely
by impacting individual species performance, and indirect
effects, most likely by species competition and interaction,
were identified. Picophytoplankton smaller than 2 µm, proba-
bly belonging to the group of prasinophytes, directly profited
from increased CO2 concentrations. Right after dissolved in-
organic nutrient addition, this group utilized more inorganic
nutrients and grew to higher biomass at higher CO2 lev-
els (see Sect.4.2.1 for details). Viral attack terminated this
bloom and in the following nanophytoplankton, probably
belonging to the group of haptophytes and dinoflagellates,
started to dominate the phytoplankton community. This time,
higher biomass was built-up at lower CO2 levels, an indirect
effect caused by higher dissolved inorganic nutrient avail-
ability related to the reduced prior utilization by picophyto-
plankton at low in comparison to high CO2 (see Sect.4.2.2
for details). In general, the observed CO2 effects developed
slowly but steadily with time, becoming more and more sta-
tistically significant (see Sect.4.5 for details). Although any
mesocosm study is intrinsically a snapshot in space and time,
general patterns seem to emerge. For instance, stimulating
CO2 effects on picophytoplankton have been found already
in several studies. If a bigger share of the dissolved inorganic
nutrients available can be seized by this group, then future
marine ecosystem functioning could be impacted by changes
in energy transfer to higher trophic levels, remineralization
patterns and export production, with potential feedbacks to
the climate system.

Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
161/2013/bg-10-161-2013-supplement.zip.
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