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Anthropogenic emissions of carbon dioxide (CO2) and the ongoing accumulation in

the surface ocean together with concomitantly decreasing pH and calcium carbonate

saturation states have the potential to impact phytoplankton community composition

and therefore biogeochemical element cycling on a global scale. Here we report on

a recent mesocosm CO2 perturbation study (Raunefjorden, Norway), with a focus

on organic matter and phytoplankton dynamics. Cell numbers of three phytoplankton

groups were particularly affected by increasing levels of seawater CO2 throughout

the entire experiment, with the cyanobacterium Synechococcus and picoeukaryotes

(prasinophytes) profiting, and the coccolithophore Emiliania huxleyi (prymnesiophyte)

being negatively impacted. Combining these results with other phytoplankton community

CO2 experiments into a data-set of global coverage suggests that, whenever

CO2 effects are found, prymnesiophyte (especially coccolithophore) abundances are

negatively affected, while the opposite holds true for small picoeukaryotes belonging to

the class of prasinophytes, or the division of chlorophytes in general. Future reductions

in calcium carbonate-producing coccolithophores, providing ballast which accelerates

the sinking of particulate organic matter, together with increases in picoeukaryotes, an

important component of the microbial loop in the euphotic zone, have the potential to

impact marine export production, with feedbacks to Earth’s climate system.
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1. INTRODUCTION

Increasing levels of atmospheric carbon dioxide (CO2) as
the result of anthropogenic burning of fossil fuels, and
variations in land-use and deforestation are driving a number
of environmental changes on a global scale (Ciais et al.,
2013). In the surface ocean, simultaneous CO2 concentration
increases reduce pH and calcium carbonate saturation states
(�). Increasing CO2 and decreasing seawater pH have the
potential to selectively affect the photosynthetic activity and
growth of marine phytoplankton, due to individual sensitivities
of so-called carbon concentrating mechanisms (for a review
see e.g., Giordano et al., 2005; Reinfelder, 2010). Declining pH
and � are thought to be of special importance for marine
calcifiers such as corals, mollusks or the autotrophic group of
pelagic coccolithophores (see Kroeker et al., 2010 for a meta-
analysis but also Cyronak et al., 2016a,b; Waldbusser et al.,
2016 for a discussion on the role of individual carbonate
chemistry parameters). Furthermore, increasing surface ocean
temperatures have been hypothesized to lead to the shoaling
of the upper mixed layer depth, changing light and nutrient
availability for marine primary producers. This has the potential
to impact marine primary productivity (Bopp et al., 2001; Boyd
and Doney, 2002) and marine export production (Laufkötter
et al., 2016). The mechanisms behind such changes include
phytoplankton species specific requirements and sensitivities for
CO2 and HCO−

3 , pH, inorganic nutrients, light and temperature,
which in turn will influence community composition, a major
factor shaping export efficiency, i.e., the ratio of carbon exported
to the depth of the euphotic zone (<1% light penetration)
to surface net primary production, and transfer efficiency in
the deep ocean, i.e., the ratio of carbon reaching deeper
layers to export production. Together, the attenuation of the
organic carbon flux with depth and marine primary productivity
ultimately determine the amount of atmospheric carbon locked
away in the deeper ocean for timescales beyond decades
(compare e.g., Buessler and Boyd, 2009; De La Rocha and Passow,
2014; Mouw et al., 2016).

Assessing the impact of increasing CO2 levels and associated
carbonate chemistry changes on phytoplankton community
composition require incubations of natural assemblages, allowing
for species interaction and competition. Experimental setups
vary in a number of aspects, including location, duration and
volume (Table 1), which could influence observed responses. For
instance, the larger the experimental volume, the more trophic
levels can be accommodated, adding important processes such
as grazing by and of herbivores (for an overview see Riebesell
et al., 2013 and references therein). And the longer an experiment
can be run, the higher the likelihood for potential direct CO2

effects to become detectable and trigger indirect ones (Schulz
et al., 2013).

There have been attempts to search for general patterns in
phytoplankton community composition changes in response to
changing carbonate chemistry by comparing past experiments
(e.g., Riebesell, 2004; Boyd et al., 2010; Gao et al., 2012). However,
in the last 4 years alone the amount of studies investigating
the effects of increasing CO2 levels on marine phytoplankton

community composition has more than doubled. This significant
increase in available data should considerably facilitate the
identification of general patterns.

Here we report on original results from a mesocosm CO2

perturbation study in Raunefjorden, Norway, in 2011 and
compare the observed effects on phytoplankton community
composition to similar studies at the same location. This
allows identification of experimental differences, potentially
responsible for differing results. In a second step, community
composition responses to increasing CO2 are compared across
thirty one studies, in an attempt to identify repeating general
patterns within certain phytoplankton groups. Finally, potential
impacts of changes in phytoplankton community composition on
biogeochemical element cycling are discussed.

2. METHODS

2.1. Mesocosm Setup
On 30 April 2011 (day -8) nine mesocosms were deployed from
the research vessel R/V Alkor in Raunefjorden, Norway, and
moored in rows of three at about 60.265◦N and 5.205◦E. The
experimental setup and design of this KOSMOS study (Kiel Off-
Shore Mesocosms for future Ocean Simulations) was similar to
a previous one in Kongsfjorden on the west coast of Spitsbergen
(for details see Riebesell et al., 2013; Schulz et al., 2013). Briefly,
following deployment and mooring of the floating structures
(see Figure 1 for a chronology of major experimental events) the
25 m long and 2 m in diameter (0.5–1 mm thick) thermoplastic
polyurethane bags were lowered to depth the next day, thereby
enclosing a natural plankton community. Screens with a 3mm
mesh size attached to the bottom (instead of the funnel-shaped
sediment trap) and top of the bags, excluded larger plankton
species. Furthermore, the upper ring of the bags were pulled
about 1.5 m underneath the water surface and the enclosed water
was allowed to exchange freely with that of the surrounding
fjord water passing by for an additional 3 days. Then on day −4
the screens were removed and the funnel-shaped sediment traps
mounted by divers while the upper rings were pulled out of the
water and attached about 1.5 m above the water line (see Figure
S-1 for details). On top of the floating structures dome-shaped
roofs weremounted to reduce potential freshwater and dirt input.
A full description of the KOSMOS setup can be found in Riebesell
et al. (2013).

2.2. Volume Determination
Adding a precisely calibrated brine solution of known mass to
each of the mesocosms allows determination of the enclosed
seawater volume by monitoring the change in salinity. Exact
knowledge of the amount of seawater in each mesocosm is
paramount for certain manipulations such as dissolved inorganic
nutrient additions. A full description of this approach can be
found in Czerny et al. (2013). To summarize, the hand-operated
Sea and Sun Technology memory probe CTD 60M (for full
sensor details and corresponding accuracy and precision see
Schulz and Riebesell, 2013) was used to monitor vertical salinity
profiles in each mesocosm before and after the even addition
(∼100 kg per mesocosm) of the calibrated brine solution (∼300 g
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FIGURE 1 | Timeline of major experimental events. The mesocosm

deployment and mooring on day -8 was on April 30, and the end of the

experiment on June 7, day 35. See Section 2.1 for details.

NaCl kg−1 seawater) on day -2. The overall change in mean
salinity was about 0.3 units (compare Figure S-2B) and the
estimated uncertainty in volume determination was less than 1%.
Seawater volumes ranged from 73.5 to 79.9 m3. Prior to the salt
addition, on days -4 and -3, the water column in all mesocosms
was homogenized by aeration with compressed air for 45 s.

2.3. Carbon Dioxide Addition
Seawater carbonate chemistry manipulations were by additions
of CO2 enriched seawater, by increasing dissolved inorganic
carbon (DIC) concentrations while keeping total alkalinity (TA)

constant (Schulz et al., 2009; Gattuso et al., 2010). A full
description of the various steps involved in preparing and evenly
adding the CO2 enriched seawater can be found in Riebesell
et al. (2013). Briefly, while two mesocosms were chosen to
serve as controls varying amounts of CO2 enriched seawater
were added to the remaining seven mesocosms over a period
of five consecutive days (from day 0 to 4), creating an fCO2

(fugacity of carbon dioxide) and corresponding pHT gradient
ranging from initially∼300 to∼3,055µatm and∼8.14 to∼7.20,
respectively (see Table 2 and Figure 2 for details). Although
the three highest CO2 levels might seem unrealistically high
in comparison to projections for the end of this century, they
were chosen to act as “proof of concept” while keeping the
majority of mesocosms within realistic boundaries. After the
CO2 manipulation, seawater carbonate chemistry speciation was
allowed to drift freely in response to air-sea CO2 gas exchange
and biological activity.

2.4. Nutrient Addition
Dissolved inorganic nutrients were added about half-way
through the experiment on day 14, to increase nitrate (NO−

3 )

by 5 µmol l−1, together with phosphate (PO3−
4 ) in a 32:1

ratio. This addition was meant to simulate up-welling of
nutrient-enriched deep water, stimulating autotrophic growth.
The relatively high N/P stoichiometry was chosen to increase
the competitive fitness of the coccolithophore Emiliania huxleyi
over other phytoplankton species, promoting the potential for
bloom formation (Egge and Heimdal, 1994). This is a procedure
successfully employed in several other experiments at the same
location and time of year (e.g., Engel et al., 2005; Schulz et al.,
2008) and was also the rational behind the decision not to supply
additional silicate.While the latter would have left a smaller share
of the added nitrate and phosphate for the other phytoplankton
groups to be utilized, the observed direct CO2 effects, however,
should have prevailed as driven by impacts on cellular growth
rates (compare Sections 4.2 and 4.4.1 for details). For the purpose
of nutrient addition, a single stock solution containing suitable
concentrations of NaNO3 and NaH2PO4 was prepared inMilli-Q
water and added as described in Schulz et al. (2013).

2.5. Sampling Procedures, CTD Operation
and Light Measurements
Sampling procedures, CTD operation and light measurements
are described in full detail in Riebesell et al. (2013) and Schulz
et al. (2013). In short, the water column of each mesocosm was
representatively sampled each day, typically between 09:00 and
11:00 local time, by means of depth-integrating water samplers
IWS (HYDROBIOS) from 0–23 m. Samples for dissolved
inorganic carbon (DIC) and pH were the first samples drawn
from an IWS and filled from the bottom to top into 500 ml
glass stoppered bottles (Schott Duran) using Tygon tubing, with
considerable overflow.Water samples brought back to shore were
stored at in-situ temperatures in the dark and processed within
the next hours.

Daily CTD casts in each mesocosm and the fjord were
typically between 14:00 and 16:00. For a full list of the CTD60M
(Sea and Sun Technology) sensors and associated accuracies and
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TABLE 2 | Amounts of CO2 enriched seawater added to the mesocosms on 5 consecutive days.

Fjord M2 M4 M6 M8 M1 M3 M5 M7 M9

t0 40 l 100 l 100 l 100 l 100 l 100 l 100 l

t1 75 l 125 l 125 l 125 l 125 l 125 l

t2 50 l 100 l 125 l 175 l 250 l

t3 50 l 125 l 175 l

t4 30 l 12 l 25 l 50 l 35 l 35 l 25 l

∑
70 l 187 l 300 375 l 435 l 560 l 675 l

fCO2 265 300 310 395 590 890 1165 1425 2060 3045

pH 8.177 8.142 8.125 8.036 7.876 7.713 7.602 7.516 7.364 7.198

w w N � w N � w N �

Resulting depth-integrated (0–23 m) pCO2 (µatm) and pH (on the total scale) at in situ temperature and salinity are shown for day 5. For comparison fCO2 and pH of the fjord on

day 0 are also provided. Symbols and color code denote those used in Figures 3–5, Figures S-5, S-6. For details on the fCO2 addition and carbonate chemistry determination see

Section 2.3.

precisions see Schulz and Riebesell (2013). The fast shallow-water
oxygen sensor (AMT Analysenmesstechnik GmbH, precision
better than 2%, i.e., better than ∼6 µmol kg−1) had relatively
stable readings (depth-averaged mean of 319 ± 4 µmol kg−1)
in the fjord until day 10. Then after a sharp drop by about
40 µmol kg−1 the next day, depth-averaged dissolved oxygen
concentrations continued decreasing to about 225 µmol kg−1

toward the end of the experiment, probably due to continuous
sensor degradation. Thus, measured depth-averaged oxygen
concentrations in each mesocosm were normalized daily to
corresponding levels in the fjord, termed hereafter 1[O2], thus
not reflecting absolute concentration changes but allowing to
compare mesocosms among each other. CTD pH measurements
were corrected and brought to the total scale by daily linear
regressions (R2 typically better than 0.99) of mean water
column (0.3–23 m) pH as derived from CTD profiles vs.
spectrophotometrically determined pH on the total scale (see
Section 2.7 and Section S-3.1 for details) of IWS samples at in-situ
temperatures.

Measurements of photosynthetic active radiation (PAR) were
performed with a LI-192 quantum sensor (LICOR)mounted on a
pole in about 2 meters height in air, and underwater in parallel to
CTD casts with a spherical quantum sensor LI-193 (LICOR). Due
to a power failure measurements of incident PAR in air between
days 4 and 9 were lost.

2.6. Analyses
Samples for particulate organic carbon, nitrogen and phosphorus
(POC, PON, POP) and total particulate carbon and nitrogen
(TPC and TPN) were taken by filtration of typically 500 ml of
seawater onto pre-combusted (450◦C for 5 h) duplicate GF/F
filters. Sample water for dissolved organic carbon, nitrogen
and phosphorus (DOC, DON, DOP) was passed through pre-
combusted, acid andMilli-Q rinsedGF/F filters. Pigment samples
including chlorophyll a (Chl a) were again taken by filtration
of similar amounts of seawater onto GF/F filters, while for
the collection of biogenic silica (BSi) cellulose acetate filters
(0.45 µm) were used. POC/PON filters were fumed over 37%

HCl in a desiccator for 2 h prior to drying and analysis and
measured together with dried TPC/TPN filters according to
Sharp (1974) on a EuroVector elemental analyser. Given the
relatively small contribution of particulate inorganic carbon
(PIC) to TPC by Emiliania huxleyi of less than 1 µmol l−1

for most of the experiment (at cell numbers of less than 1,000
cells/ml and assuming a cellular PIC quota of about 10 pg), and
given increased noise in the acid-fumed filters, probably due to
storage in plastic petri-dishes, both TPC and POC, and TPN
and PON measurements were pooled, averaged and reported as
particulate organic carbon and nitrogen in the following. POP,
DOP and BSi were measured following Hansen and Koroleff
(1999) on a Hitachi U2000 spectrophotometer, Chla and other
phytoplankton pigments on a WATERS high performance liquid
chromatograph (HPLC) equipped with a Varian Microsorb-MV
100-3 C8 column according to Barlow et al. (1997), and DOC and
DON as detailed in Engel et al. (2014) and described by Qian and
Mopper (1996) and Cauwet (1999) on a Shimadzu TOC-VCH.
Further details on actual analytical procedures can be found in
Schulz et al. (2013) and it is noted that the here reported POP
might comprise an inorganic phase (Labry et al., 2012).

Dissolved inorganic nutrients nitrate (NO−
3 ), nitrite (NO−

2 ),

ammonium (NH+
4 ) , phosphate (PO3−

4 ) and silicate (Si(OH)4)
were analyzed using standard methods outlined in Hansen and
Koroleff (1999) on a Hitachi U2000 spectrophotometer.

Phytoplankton counts by microscopy were on concentrated
50 ml samples, fixed with alkaline Lugol’s iodine (1% final
concentration) on a ZEISS Axiovert 100. Details on species
identification, enumeration and cellular organic carbon
conversions can be found in Schulz et al. (2013). Separation
of dinoflagellates into toxic and non-toxic groups followed
Ignatiades and Gotsis-Skretas (2010). Flow cytometric counts
were aquired on a BD (Beckton, Dickinson and Company)
FACSCalibur, equipped with a 488 nm argon laser providing
15mW. Phytoplankton groups were classified in fresh samples by
red fluorescence, and forward and side scatter, and Synechococcus
and cryptophytes by additional orange fluorescence (for details
see Larsen et al., 2001). Finally, phytoplankton community
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FIGURE 2 | Changes in depth-integrated (0–23 m) measured dissolved

inorganic carbon (A) and pHT (B), and calculated fugacity of carbon dioxide

(C), practical alkalinity, PA (D) and calcite saturation state (E) at in-situ

conditions. For symbols and color coding see Table 2. Vertical lines and

Roman numbers illustrate the different phases during this experiment while 0 is

the phase prior to any significant CO2 gradient. For details on phases and

CO2 calculations see Sections 3.1 and 2.7, respectively. Note that the drop in

salinity-derived PA estimates in mesocosm M2 from day 27 onwards is related

to water exchange with the fjord (see Section 2.8 for details).

composition (in terms of contributions to total Chla) was also
assessed by pigment analysis using the CHEMTAX algorithm
(Mackey et al., 1996). Details on pigment ratios, and the input
and output matrices are provided as a supplement.

2.7. Carbonate Chemistry Measurements
and Calculations
Dissolved inorganic carbon (DIC) was measured coulometrically
according to Johnson et al. (1987) and calibrated against certified
reference material, CRM batch 108, (Dickson, 2010). Precision
was typically better than 2µmol kg−1. If measurements could not
be done on the same day, samples for DIC were poisoned with a
saturated mercury chloride solution (0.5‰ final concentration)
following Dickson et al. (2007).

For seawater pH determination, a similar spectrophotometric
approach as described in Carter et al. (2013) was adopted
(see Supplement S-3.1 for details). Prior to pH measurements
seawater samples were gently pressure-filtered (see Supplement
S-3.2 for details), in a similar fashion as described in Bockmon
and Dickson (2014).

Seawater carbonate chemistry speciation at in-situ
temperature and salinity was calculated from measured
DIC and pH (see Supplement S-3.3 for details).

2.8. Statistics
Instead of treatment replication a wide range of fCO2 levels
was chosen along a gradient from initially ∼300 to ∼3,000
µatm, corresponding to a pHT of ∼8.14 and ∼7.20, respectively
(compare Table 2). A regression type approach is not as
vulnerable to the potential loss of one or two mesocosms, a
critical assest in larger scale experiments. And indeed, a hole
discovered in mesocosm M2 during the first week could not be
mended despite considerable efforts. Based on measured salinity
changes mesocosm M2 exchanged several cubic meters of water
with the fjord and was thus excluded from statistical analyses
(although still shown in the figures). Regressions of fCO2 means
from each mesocosm (excluding M2) during a certain phase
against the means of each measurement parameter were analyzed
with F-tests (see Table S-1 for details).

3. RESULTS

For details on temporal changes and evolution of light,
temperature and salinity within the mesocosms and the fjord
during the 2011 CO2 perturbation study in Bergen, Norway, the
reader is referred to Section S-4.1 and Figures S-2 and S-3.

3.1. Dividing the Experimental Period into
Different Phases
In accordance to CO2 manipulation, and Chla and dissolved
inorganic nutrient dynamics (mainly nitrate and phosphate),
the experiment was sub-divided into several phases (compare
Figure 3). Phase 0 encompasses the time prior to establishing
any significant CO2 gradient between the mesocosms (day -2
to 2). During phase I (day 3–8) the first phytoplankton bloom
peaked while dissolved inorganic nutrients were rapidly utilized.
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FIGURE 3 | Temporal dynamics of depth-integrated (0–23 m) Chla (A), nitrate (B), ammonium (C), phosphate (D) and silicate concentrations (E) inside the fjord

and the mesocosms. Daily depth-averaged dissolved oxygen concentrations from CTD casts were normalized to respective fjord levels (F). For symbols and color

coding see Table 2. Vertical lines and Roman numbers illustrate the different phases during this experiment while 0 is the phase prior to any significant CO2 gradient.

Red and blue stars denote statistically significant positive and negative correlations with fCO2 during a certain phase, respectively (compare Section 2.8 and Table S1

for details.) Style and color coding follow that of Figure 2.

Phase II (day 9–14) was the first post-bloom phase with little
change in autotrophic biomass at relatively low nitrate and
phosphate availability. The second phytoplankton bloom then
peaked during phase III (day 15–25), stimulated by the addition
of nitrate and phosphate on day 14. The last experimental period,
phase IV (day 26–34), was again characterized by little change
in autotrophic biomass at relatively low, probably limiting,
phosphate concentrations. Note that in terms of phase division,
Bach et al. (2016) chose to combine phases 0, I, and II into a single
one.

3.2. Changes in Carbonate Chemistry
Speciation and Oxygen
Initial depth-averaged (0.3–23 m) water column pHT levels on
day -4 in the fjord and mesocosms ranged between 8.09 and 8.12,
being about 0.05 units higher and lower at the surface (0.3–5 m)
and depth (15–23 m), respectively (Figure S-4). Corresponding
depth-averaged fCO2 levels started at about 330µatm. Following
the CO2 enriched seawater additions between days 0 and 4
(compare Table 2) a pHT and fCO2 gradient was established
on day 5 with depth-averaged levels ranging from 7.12 and
about 3045 µatm, respectively, in the highest CO2 treatment
to 8.13–8.14 and 310–300 µatm, respectively, in the two
control mesocosms. From then on, pH continuously increased

while fCO2 levels decreased in all mesocosms, except the two
controls where both remained relatively constant (Figures 2B,C).
Changes were most pronounced in the surface layer, especially
toward higher CO2 levels. Nevertheless, a pHT (and fCO2)
gradient between mesocosms was maintained until the end of the
experiment with depth-averaged levels ranging from 7.59 to up to
8.15 (Figure 2 and Figure S-4). In comparison, pHT in the fjord
gradually declined from day 0 onwards by a total of about 0.06
units.

In comparison to the fjord oxygen concentrations in the
mesocosms (1[O2]) increased by about 40 µmol kg−1 from
day −4 to 6, the peak of the first bloom during phase I
(compare Figure 3F). From then on it continuously declined
until the end of phase II. The second bloom period during
phase III was marked by another increase in 1[O2] and followed
by a another decline, however, this time both were lower
toward higher CO2 levels with statistical significance (compare
Table S-1).

Only during the first 2 weeks both oxygen and carbonate
chemistry speciation such as fCO2 or pH were relatively
homogeneously distributed with depth (see Figure S-4 for pH).
From then on, continuous fresh water increasingly stratified
the water column (Figure S-2) in all mesocosms, separating
the surface from depth. Although phytoplankton and biomass
density together with CO2 levels were certainly higher in the
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upper than in the lower layer, this should not influence our
analyses and conclusions regarding potential CO2 effects on
community composition as stratification was the same in all
mesocosms.

3.3. Dissolved Inorganic Nutrient Dynamics
Over Time
Closing of the mesocosms on day -4 enclosed significant
amounts of dissolved inorganic nutrients such as nitrate (NO−

3 ),

ammonium (NH+
4 ), phosphate (PO3−

4 ) and silicate (Si(OH)4),
measured at about 1.5, 0.45, 0.2, and 1.2 µmol l−1, respectively,
on day -1 (Figure 3). Following the build-up of autotrophic
biomass, dissolved inorganic nutrients constantly declined
toward the end of phase II in all mesocosms. While a statistically
significant higher NO−

3 and NH+
4 draw-down was observed

toward higher CO2 levels during phase I, a statistically significant
higher depletion of NH+

4 and PO3−
4 toward higher CO2 levels

occurred in the next phase II (Figure 3 and Table S-1).
Following the additions of about 5 µmol l−1 of NO−

3 and

0.16 µmol l−1 of PO3−
4 on day 14, a second autotrophic bloom

event during phase III rapidly utilized the remaining Si(OH)4,
and most and nearly all of the added NO−

3 and PO3−
4 ,

respectively. While there were no detectable CO2 related trends
concerning the latter two nutrients, Si(OH)4 draw-down was
statistically higher toward higher CO2 when the highest level
was excluded (R2 = 0.7744, f = 21.59, p = 0.006). In the
second post-bloom period during phase IV, [NO−

3 ] decreased by

about another 1 µmol l−1, [PO3−
4 ] were relatively stable at about

0.05 µmol l−1, and [NH+
4 ] started to increase in all mesocosms

(compare Figure 3).
In the fjord dissolved inorganic nutrient dynamics were

comparatively small and while there was hardly any temporal
change concerning [NH+

4 ] and [PO3−
4 ], hovering around 0.1

and 0.05µmol l−1, respectively, [NO−
3 ] and [Si(OH)4] constantly

increased during the second part of the experiment to up to about
1 and 0.8 µmol l−1, respectively (Figure 3).

3.4. Temporal Chlorophyll a, and
Particulate and Dissolved Organic Matter
Dynamics
The autotrophic bloom development, depicted by Chla, with
its two distinct bloom peaks (phases I and III) and the post-
bloom condition in phase II was closely resembled by particulate
organic carbon, nitrogen and phosphorus concentration changes
(compare Figure 3 and Figure S-5). To a certain extent
overall particulate biogenic silica (BSi) dynamics were similar,
differing however during the first post-bloom phase II, with BSi
concentrations remaining rather constant toward higher CO2

and declining at lower levels.
During the first bloom peak in phase I Chla, POC, PON and

POP concentrations were higher toward increasing CO2 levels.
These correlations were statistically significant (Table S-1). For
POP this was also the case during the following post-bloom
phase II.

Dynamics of dissolved organic matter, however, were
different for carbon, nitrogen and phosphorus. While DOC

concentrations clearly increased throughout the experiment from
about 95 by about 30 µmol l−1, DON concentrations slightly
increased during phases I and II by an average of about
1 µmol kg−1, dropped after the nutrient addition on day 14
and continued increasing toward the end of the experiment by
about another 2 µmol kg−1. In contrast, DOP concentrations
slightly decreased throughout the first couple of days from about
0.12 by about 0.04 µmol l−1 and remained rather constant from
then on until the middle of phase II from which on it slowly
increased by about 0.15 µmol l−1 in all mesocosms until the
end of phase III. Then in the last phase IV DOP concentrations
seemed to decrease again (Figure S-5). Statistically significant
correlations with CO2 (Table S-1) were found for DOC in
phase IV (negative) and DOP in phases I (negative) and III
(positive).

Finally, Chla, and particulate and dissolved inorganic matter
dynamics in the mesocosm followed similar trends as in the
fjord. While the first bloom peak in phase I was at about the
same time in the fjord as in the mesocosms, the second occurred
a couple of days earlier in the fjord due to natural nutrient
up-welling. Furthermore, absolute concentration changes were
typically smaller in the fjord compared to the mesocosms
(compare Figure 3 and Figure S-5).

3.5. Temporal Changes in Phytoplankton
Community Composition based on Marker
Pigment Analysis, Flow Cytometry and
Light Microscopy
Phytoplankton community composition was estimated by three
different, but complementary approaches, i.e., CHEMTAX
analysis of marker pigment ratios (differentiating mostly into
taxonomic classes), flow cytometry (differentiating mostly by
cell size (forward scatter), but also being able to identify
cells with specific fluorescence (red and/or orange) or surface
texture (side scatter) patterns such as unicellular cyanobacteria
like Synechococcus sp. and coccolithophores like Emiliania
huxleyi) and traditional light microscopy (typically identifying
the larger phytoplankton groups down to the genus or species
level).

Based on CHEMTAX analysis the most important
contributors to total Chla were diatoms, followed by
chlorophytes, cryptophytes and haptophytes. Of minor
importance were cyanobacteria, dinoflagellates and chrysophytes
(Figure 4). Statistically significant negative CO2 effects were
detected for haptophytes in phases II, III, and IV, for diatoms
in phase III, and for chrysophytes and cryptophytes in phase
II. Positive effects were found for chlorophytes in phases
I, II, III, and IV and for cyanobacteria in phases II, III,
and IV (compare Table S-1). Comparison of phytoplankton
peak heights and shapes identified by CHEMTAX analysis
with those obtained by flow cytometry suggests that the
cyanobacteria were most likely dominated by Synechococcus
sp. (compare Figure 4G and Figure 5A), most chlorophytes
were belonging to the size class of picoeukaryotes (compare
Figure 4E and Figure 5B), the coccolithophore Emiliania
huxleyi was probably not the dominant haptophyte at least
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FIGURE 4 | Temporal dynamics of depth-integrated (0–23 m) contributions to Chla by haptophytes (A), chrysophytes (B), dinoflagellates (C), diatoms (D),

chlorophytes (E), cryptophytes (F), and cyanobacteria (G) inside the fjord and the mesocosms, as determined by CHEMTAX analysis on pigments measured by HPLC

(see Section 2.6 for details). For comparison, total Chla concentrations from Figure 3A are also shown (H). Style and color coding follow that of Figure 2.

not in phases I and II (compare Figure 4A and Figure 5C),
small nanoeukaryote dynamics were similar to that of diatoms
(compare Figure 4D and Figure 5D), and the group of big
nanoeukaryotes seemed to encompass a variety of organisms
including dinoflagellates, haptophytes and diatoms. Although
some estimates on the relative biomass contribution of
phytoplankton groups based on microscopic counts differ from
those based on CHEMTAX analysis, general patterns were
similar (Figure S-6). Moreover, the most important diatom was
identified to be Arcocellulus sp., the dominant coccolithophore
was Emiliania huxleyi and one of the chlorophytes, but
probably not the most important one (compare Figure S-
6E, Figure 5B and Figure 4E), was Chlamydomonas sp..
Furthermore, the dominant chryptophyte was identified to be
Plagioselmis prolonga. When sub-dividing dinoflagellates into
those known as heterotrophic, toxic and non-toxic statistically
significant CO2 effects were only found on non-toxic (negative)
and heterotrophic (positive) species in phase II (compare
Table S-1).

4. DISCUSSION

4.1. Experimental Starting Conditions
Depth-averaged (0.3–23 m) dissolved oxygen concentrations

as derived from daily CTD profiling was relatively stable in

the fjord until about day 10, at 319.0 ± 3.8 µmol. This was

slightly higher than calculated equilibrium concentrations of

300 µmol kg−1, for an initial temperature of about 7◦C and a

salinity of 32 (García and Gordon, 1992). Oxygen over-saturation

corresponds well with under-saturated seawater fCO2. A level

of 270 µatm would suggest that a minimum (concomitant

temperature increase would reduce the measured difference) of

60 µmol kg−1 of dissolved inorganic carbon had been taken up

by the plankton community during a previous bloom (calculated

from initially measured TA and a fCO2 in equilibrium with

the atmosphere of 400 µatm). Using a photosynthetic quotient

(amount of oxygen evolved per carbon fixed) of 1.4, predicted for
phytoplankton growth relying on nitrate as sole nitrogen source
(Laws, 1991), one could have expected an oxygen over-saturation
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FIGURE 5 | Temporal dynamics of depth-integrated (0–23 m) cell concentrations of Synechococcus (A), picoeukaryotes (B), the coccolithophore Emiliania

huxleyi (C), small nanoeukaryotes (D), big nanoeukaryotes (E), and cryptophytes (F) inside the fjord and the mesocosms, as determined by flow cytometry (see

Section 2.6 for details). Style and color coding follow that of Figure 2.

by 84 µmol kg−1. The reason for measuring only about a fourth
of that is most likely the result of the about 10 times quicker
air/sea gas equilibration for oxygen than for carbon dioxide. This
in turn is explained by the fact that only about a tenth of the DIC
consumed is reflected in an actual CO2 draw down. In summary,
seawater oxygen and carbon dioxide levels were indicative for
post spring-bloom conditions, as expected for this time of the
year.

4.2. General Autotrophic Biomass and
Nutrient Dynamics: Direct and Indirect CO2

Effects
Like in other CO2 perturbation experiments with a very similar
experimental design (Schulz et al., 2013; Paul A. J. et al., 2015),
there were numerous (59 out of 160) statistically significant
correlations between mean treatment CO2 levels in a certain
phase and corresponding dissolved inorganic nutrient, and
organic matter concentrations and its derivatives (compare Table
S-1). This is in contrast to some, but also supported by other,
CO2 perturbation studies with natural plankton assemblages (for
a comprehensive list see Table 1). Apart from the possibility
of simply non-existing CO2 effects in some studies a potential
alternative explanation could be differences in the individual
experimental design which can make it more or less likely to
observe CO2 effects. Critical factors include incubation time,
sampling intervals, separation of CO2 manipulation from other

changes such as in nutrient, light and temperature regime, and
will be discussed in more detail in Section 4.3.

Changes in autotrophic biomass based on Chla and certain
group specific equivalents corresponded well with changes in
particulate and dissolved organic matter in all phases (although
to a lesser extent in phase IV), with 1(POC + DOC) to 1Chla
ratios (µmol/µg) of about 5 in both bloom phases II and IV
(Figure S-5, Figure 4). This is well within the range reported for
marine phytoplankton (Montagnes et al., 1994). Furthermore,
these changes were basically mirrored by dissolved inorganic and
organic nutrient dynamics (Figure 3) close to classical Redfield
proportions (Redfield et al., 1963). This highlights the prime
importance of marine autotrophs in this experiment concerning
biogeochemical element cycling (as opposed to a potential
top-down control by heterotrophs). The numerous CO2 related
differences in nutrient utilization, organic matter turnover and
stoichiometry (for the latter see Boxhmmaer et al., submitted for
additional details) are thusmost likely connected to CO2 induced
(both directly and indirectly) community composition changes.

Examples for potentially direct (physiological) effects are
reduced haptophyte abundances with increasing CO2 and the
opposite for chlorophytes and cyanobacteria (Figure 4) as (1)
all three occur early on in the experiment as an immediate
response to carbonate chemistry manipulation, and (2) are
consistent throughout the entire experiment. An example for
a potentially indirect effect are the lower diatom abundances
toward higher CO2 during phase III as this appears a
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consequence of lower silicate availability at the beginning of this
period (compare Figure 4D and Figure 3E). However, indirect
effects on phytoplankton community composition can also be
brought about by grazers or viruses, selectively impacting certain
species, although there is no clear indication for either of them in
our particular experiment.

4.3. Comparison of CO2 Effects on
Phytoplankton Community Composition of
This with Other Studies in Raunefjorden:
Potential Effects of Experimental Design
In this study three phytoplankton groups, i.e., haptophytes,
chlorophytes, and cyanobacteria were potentially directly
impacted by increasing levels of carbon dioxide (or associated
changes in carbonate chemistry speciation), as indicated
by CO2 related changes in cell abundances early on and
consistently throughout the experiment (compare Figures 4A,E
and Figure 4G, respectively). While an important member
of the pigment-based haptophyte fraction identified was the
coccolithophore Emiliania huxleyi, the chlorophytes appeared
to belong to the size class of picophytoplankton and the
cyanobacteria to be dominated by Synechococcus (compare
with Figures 5B,C and Figure 5A, respectively). In the first
mesocosm CO2 experiment at this location in 2001 (Engel
et al., 2005), only one of this three groups was specifically
targeted, i.e., the coccolithophore Emiliania huxleyi (compare
Table 1). However, no statistically significant CO2 effects on
Emiliania huxleyi abundances were found back in 2001 (for a
discussion on growth rates see Section 4.4.1), a phenomenon
also encountered in two more successful experiments a few
years later (Schulz et al., 2008; Calbet et al., 2014). This is in
contrast to the findings of both this study, and another (Hopkins
et al., 2010), reporting on negative CO2 effects on Emiliania
huxleyi abundances. An obvious difference between those five
studies at the same location is that the three which did not detect
such CO2 effect on Emiliania huxleyi had inorganic nutrients
added together with the CO2 manipulation at the start of the
experiments. It has been argued that inorganic nutrient addition
when applied in combination with the CO2 manipulation will
dominate any phytoplankton community response, at least
initially during the subsequent bloom phase (Riebesell et al.,
2008), thus masking potentially more subtle CO2 effects (Schulz
et al., 2013). Such overpowering nutrient response was also found
in a recent experiment comparing phytoplankton responses to
CO2 with and without initial nutrient addition in a summer
community (Sala et al., 2015). During winter, however, there
was no significant difference in terms of community response
between CO2 treatments with and without inorganic nutrient
addition. This is most likely connected to the fact that initial
residual nutrient concentrations were already relatively high
during winter, effectively being a nutrient addition treatment.
Thus, both treatments in winter started with substantial amounts
of inorganic nutrients, which might also be reflected in the fact
that the community responses in both rather resembled those
of the nutrient addition in the summer (in terms of overall
phytoplankton community responses).

In essence, potential CO2 sensitivities of phytoplankton can
be masked by the stimulating response to inorganic nutrients,
which affect physiological rates in a more fundamental manner
than ocean-acidification relevant ranges in carbonate chemistry
speciation. For instance, a growth rate difference of nutrient
limited and therefore relatively slowly growing phytoplankton
of 0.15 per day (observed for Emiliania huxleyi in this study,
but see also Section 4.4.1) between cells grown at high in
comparison to low CO2 will not lead to easily detectable
differences in abundance if growth rates are considerably
stimulated by concomitant nutrient addition and the same CO2

offset in growth. This is connected to a more pronounced
temporal separation of potential peak abundances at overall
lower growth rates. Furthermore, a nutrient addition after the
CO2 manipulation will tend to amplify CO2 related abundance
differences because of differing seed stock population sizes
(compare Riebesell et al., 2017).

On the other scale of the nutrient spectrum, such as in the
oligotrophic Mediterranean (initial nitrate concentrations below
300 and phosphate below 50 nmol l−1) potential CO2 effects
on phytoplankton community composition appear also small,
at least in shorter-term incubations (e.g., Gazeau et al., 2017;
Maugendre et al., 2017).

Finally, consideration has to be given to the analytical
methods and techniques employed to assess phytoplankton
community composition such as pigment analysis, flow
cytometry or light microscopy. As each has individual
advantages and disadvantages over the others with respect
to certain phytoplankton groups, employing as many as possible
in a single experiment makes detection of potential CO2 effects
more likely. For instance, picophytoplankton will be difficult
to quantify by microscopy as opposed to flow cytometry. For
the latter, however, taxonomic identification can be challenging
and clusters of certain scatter/fluorescence patterns can contain
multiple species or taxonomic groups, a gap which in turn
can partially be filled by correlative pigment analysis (compare
Figures 4, 5 and Figure S-6).

4.4. General Patterns of CO2 Effects on
Marine Phytoplankton: A Comparison
among Studies of Global Distribution
All available studies with phytoplankton community
composition responses to increasing levels of CO2

constitute a data-set of global coverage (Figure 6).
Experimental setups and designs among these thirty one
studies vary in several respects (compare Table 1) and
have the potential to significantly influence detectability
of CO2 effects (compare Section 4.3). Thus, we opted
against aggregating all in a meta analysis. Nevertheless,
an attempt is made in the following to identify general
patterns or the lack thereof within individual phytoplankton
groups.

4.4.1. Potential CO2 Effects on Prymnesiophytes

(Haptophyta), with a Focus on Coccolithophores
There is only one community study so far which has reported
positive CO2 effects on haptophyte abundances (Schulz et al.,
2013 but also compare Table 1). Unfortunately, neither the
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FIGURE 6 | Geographical distribution of all phytoplankton community

composition experiments listed in Table 1. Color coding refers to no

observed (gray) and positive or negative CO2 effects (dark green and red,

respectively), and tendencies (light green and red, respectively. For details see

see Table 1.

exact genus, family, order or class was determined as marker
pigments were used for identification with the CHEMTAX
algorithm (Mackey et al., 1996). Neither flow cytometry nor
light microscopy provided any further clues, except that
the haptophyte(s) in question did not belong to the group
of coccolithophores. In the other seven community studies
(compare Table 1) reporting negative CO2 effects on haptophyte
abundances, two were identified as Phaeocystis sp. (Tortell et al.,
2008; Thoisen et al., 2015), three as coccolithophores (Hopkins
et al., 2010 and this study as Emiliania huxleyi and Endo et al.,
2013 as unidentified), one as Chrysochromulina sp. (Hama et al.,
2012), and one was an un-identified haptophyte (Yoshimura
et al., 2013). Among the haptophytes these three identified genera
are all prymnesiophytes, indicating that this entire class might
be negatively impacted by increasing seawater levels of carbon
dioxide. Potential drivers of reduced cell abundances include
reduced cellular growth rates, indeed reported affected in single-
species andmesocosm CO2 experiments (for details see Riebesell
et al., 2017)—although it should be noted that the responsible
carbonate chemistry parameter is rather the concomitantly
decreasing pH level than increasing CO2 (Bach et al., 2011;
Kottmeier et al., 2016). Optimum CO2/pH levels for growth have
been suggested to vary between species and strains (e.g., Langer
et al., 2006, 2009; Krug et al., 2011; Bach et al., 2015), but also
by other environmental factors such as temperature (Sett et al.,
2014) and light (Rost et al., 2002; Rokitta and Rost, 2012; Zhang
et al., 2015). For an Emiliania huxleyi strain isolated in Bergen
in 1994 at the location of this study optimum CO2/pH has been
found around current day levels at 15◦C and a light intensity
of 150 µmolm−2s−1 (Bach et al., 2011). This is also the case
for the coccolithophores Gephyrocapsa oceanica at 15 and 20◦C
(Sett et al., 2014) and Coccolithus pelagicus at 15◦C, although
the latter with a wider optimum (Bach et al., 2015). There is
also evidence for a CO2 optimum for growth close to present
day levels or even lower toward saturating light conditions in
Phaeocystis sp. at 15◦C (Chen and Gao, 2011; Hoogstraten et al.,
2012) and at 20◦C (Wang et al., 2010), although in an Antarctic
population grown at 3◦C this trend was less clear (Trimborn

et al., 2013). This difference could be related to overall lower
temperatures or the actual species as the former experiments
were with Phaeocystis globosa while the latter utilized Phaeocystis
antarctica. In summary, there appears to be a general tendency
toward lower CO2 optima for growth in prymnesiophytes, in
contrast to other phytoplankton taxa such as picoeukaryotes (see
Section 4.4.2 for details) or some diatoms (see Section 4.4.3 for
details).

However, indirect CO2 effects as drivers of reduced cell
abundances of prymnesiophytes such as increased grazing
pressure can not be ruled out. In the case of coccolithophores
this could be related to typically decreased calcification rates
toward higher CO2 levels (for an overview see e.g., Bach
et al., 2015), although calcification as an effective defensive
mechanisms against zooplankton grazing is controversially
discussed (e.g., compare Paasche, 2002; Monteiro et al.,
2016).

4.4.2. Potential CO2 Effects on Picoeukaryotes

(Chlorophyceae)
Out of the eleven phytoplankton community studies which
investigated the effects of increasing CO2 levels on picoeukaryote
abundances two did not detect any significant effects (Feng
et al., 2009; Neale et al., 2014), one found a tendency for higher
abundances at the highest of three CO2 levels (Biswas et al.,
2015), and the remaining eight reported on positive effects,
especially on the smaller size fraction of the picoeukaryotes
(compare Table 1). When taxonomic identification of the
picoeukaryotes was attempted, it was the class of prasinophytes,
or the division of chlorophytes in general, which profited from
higher CO2 levels. Like for prymnesiophytes, direct effects
of changed carbonate chemistry speciation on growth rates,
although with an opposite sign, are conceivable. The only single
species CO2 experiment with chlorophytes or prasinophytes in
the picophytoplankton size class, that we are aware of, indeed
found higher growth rates in sixteen ecotypes of Ostreococcus
tauri at about 1,000 in comparison to 400 µatm (Schaum et al.,
2013). Furthermore, in this and other studies (e.g., Schulz et al.,
2013; Crawfurd et al., 2016, but also Davidson et al., 2016)
positive CO2 effects on small picoeukaryotes were detected early
on and almost throughout the entire experiment, indicating
a direct stimulating effect on cellular growth rates. Having
observed this CO2 stimulation in a previous experiment, Schulz
et al. (2013) speculated that picoeukaryotes might refrain from
operating the costly active uptake of CO2 and HCO−

3 like
most phytoplankton species investigated thus far (and therefore
directly profit from increasing seawater CO2 levels), because
of the relatively small diffusive boundary layer around the
cells. In this respect it is interesting to note that whenever the
picoeukaryote community was further divided into different size
classes, it was the smallest which consistently profited from
increasing CO2 concentrations (Hopkins et al., 2010; Brussaard
et al., 2013). Finally, as mentioned above, the stimulation
might not only be due to size but also connected to a certain
taxonomic group (sharing a common evolutionary history),
namely the class of prasinophytes or division of chlorophytes
in general.
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4.4.3. Potential CO2 Effects on Marine Diatoms
While in this study there were no detectable CO2 related
effects on overall diatom biomass development during
phases I and II, it was negatively affected during the second
bloom in phase III (compare Figure 4 and Figure S-6).
It is noted, however, that this is most likely an indirect
consequence of lower silicate availability toward higher
CO2 during this period which had developed in phase II
(Figure 3E).

Although there is some evidence for negative (Hare et al.,
2007; Hopkins et al., 2010; Yoshimura et al., 2010; Schulz
et al., 2013) or positive (Tortell et al., 2002; Feng et al.,
2009) effects on diatom biomass with increasing CO2 levels
most studies did not find strong evidence for either (compare
Table 1). This more variable response in comparison to
prymnesiophytes or small picoeukaryotes belonging to the group
of prasinophytes, or chlorophytes in general, could be related
to their relatively high diversity, estimated at more than 4,500
marine, morphologically distinct, planktonic species (Malviya
et al., 2016). Thus they appear to be a more heterogeneous
group of organisms, potentially able to occupy a wider range
of ecological niches. Furthermore, also concerning size they
are much more diverse than the two other groups, spanning
two orders of magnitude (Tomas, 1997). For instance, it has
been reported that larger diatoms did profit at the expense of
smaller ones (Tortell et al., 2008; Feng et al., 2009), however,
also the opposite has been found (Davidson et al., 2016).
A potential issue is clearly that actual sizes in categories of
“large” and “small” can be variable when comparing different
species within and then between experiments. That can even
be the case for the same species as diatom populations
grow considerably smaller in size with progression of the
annual cycle (e.g., D’Alelio et al., 2010). In essence, potential
CO2 effects are more likely on the species level rather
than on the entire diatom community and therefore more
difficult to detect, especially with flow cytometry and pigment
analysis.

4.4.4. Potential CO2 Effects on Cyanobacteria

(Synechococcus)
In this study Synechococcus sp. appeared to directly profit
from increasing CO2 levels, indicated by increased abundances
(determined by flow cytometry and corroborated by pigment
analysis), early on and throughout the entire experiment
(compare Figure 5A and Figure 4G). This is in contrast to two
other experiments at the same location (Schulz et al., 2008;
Hopkins et al., 2010), although it has to be noted that the
effects found in Schulz et al. (2008) were post-bloom only
and that inorganic nutrients had been added together with the
CO2 addition at the beginning of the experiment (compare
4.3). Combining the findings of all available studies, about one
third did detect negative, one third positive and one third
no CO2 related effects (compare Table 1). Thus, there are
either so far overlooked factors (including potentially indirect
rather than direct effects) within the individual experimental
designs that can lead to positive, negative or no observable
CO2 effects, or the genus Synechococcus (mostly a flow

cytometric cluster of a particular forward scatter and orange
fluorescence) contains a physiologically more diverse group
of autotrophic bacteria than the label Synechococcus might
suggest. Indeed, the genus Synechococcus has been described
to comprise more than a dozen clades at a single geographic
location and numerous ecotypes with specific environmental
preferences (Ahlgren and Rocap, 2006; Hunter-Cevera et al.,
2016). Furthermore, the presence of either a more opportunistic
than specialized life-cycle, broadly associated to either more
coastal or oceanic conditions (Dufresne et al., 2008) could
add to the differing CO2 responses observed. In single species
laboratory experiments, growth rates of an open ocean Sargasso
Sea isolate (CCMP1334, a.k.a WH7803 or DC2) significantly
increased when CO2 was raised from about 380 to 750
µatm (Fu et al., 2007). Surprisingly, a second experiment
on the same isolate found exactly the opposite response
(Traving et al., 2014). It has to be noted, however, that
dissolved inorganic nutrient and DIC concentrations in the
latter where rather unusual, with 8.8 mmol l−1 of nitrate,
0.2 mmol l−1 of phosphate at only 0.2 mmol kg−1 of DIC,
potentially manifested in relatively low overall growth rates
and thus a differing response. Hence, the usual call for
more experiments seems justified in the case of Synechococcus,
preferentially withmultiple isolates of different clades and known
ecotypes.

4.5. Implications for Future
Biogeochemical Element Cycling
When combing the results of this mesocosm study with previous
experiments on phytoplankton community composition at
increasing levels of CO2, two groups stand out with relatively
consistent response patterns. Among the prymnesiophytes,
coccolithophore abundances (mostly Emiliania huxleyi)
were negatively correlated with increasing CO2, while small
picoeukaryotes belonging to the group of prasinophytes, or
chlorophytes in general, were positively affected in this respect
(compare Table 1).

Concerning biogeochemical element cycling and export of
organic matter from the sunlit surface to depth, both groups
are thought to serve distinct and opposing functions within
the pelagic system. The calcium carbonate (CaCO3) produced
by coccolithophores has been hypothesized to effectively ballast
otherwise almost neutrally buoyant organic matter and facilitate
export production. This is based on positive correlations of
CaCO3 with organic carbon in deep sea sediment traps
(Francois et al., 2002; Klaas and Archer, 2002). In contrast,
being an important component of the microbial loop in the
euphotic zone, small picoeukaryotes are typically thought to
rather retain organic carbon in the surface ocean. This is
evidenced by export efficiencies in the lower range (more of
the net primary production is remineralized in the euphotic
zone) at various open ocean locations with a considerable
picophytoplankton contribution (for a review see De La Rocha
and Passow, 2014). At a single location, however, during a
seasonal cycle smaller assemblages, although not necessarily
comprising picophytoplankton, can be associated with higher
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export efficiency than larger assemblages (Mouw et al.,
2016).

In this study, the total amount of organic carbon accumulating
in the sediment traps at 25 m depth decreased by about 25%
toward higher CO2 and higher overall picophytoplankton (and
lower Emiliania huxleyi) abundances (compare Figure 4 and see
Riebesell et al., 2017 for details). Together with similar POC
and less DOC in the water column and lower net oxygen
production levels at the end of the experiment toward higher
CO2 (Figures S-5A,B and Figure 3F, respectively), this points
toward more organic carbon turnover in the upper water column
under these conditions (e.g., less Emiliania huxleyi and more
picophytoplankton). In general, a reduction in marine export
production and an increase in remineralization of organic matter
within the upper winter mixed layer would constitute a positive
feedback mechanism to atmsopheric CO2 levels by reducing the
ocean’s uptake capacity.

It is noted that in the community experiments compiled
here, CO2 was the only driver of ocean change considered,
while increasing levels of atmospheric CO2 are projected to
furthermore result in increased surface ocean temperatures,
reduced mixing and therefore changes in dissolved inorganic
nutrient and light availability. These in turn have the potential
to significantly influence marine productivity on a global scale
(e.g., Bopp et al., 2001; Boyd and Doney, 2002). Thus, the
direct CO2 effects reported here are likely to be modulated
by light and nutrient availability but also temperature changes.
However, whether they will amplify or mitigate the observed
CO2 effects is impossible to forecast, although it is unlikely
that the trends in certain groups will simply reverse as
nutrients, light and temperature have stimulating effects on the
entire phytoplankton community. Currently, there are reports
suggesting decreasing coccolithophore abundances/calcification
in the Southern Ocean (Freeman and Lovenduski, 2015),
poleward expansion (Winter et al., 2014) or a subtropical
North Atlantic increase (Krumhardt et al., 2016) over the past
decades. Given the more than an order of magnitude larger
increase in atmospheric CO2 levels projected until the end
of the the century in comparison to that during the past
decades, these reports and our findings and conclusions are not a
contradiction.

Other potentially climate-relevant processes impacted by
coccolithophore abundances are the production of trace gases
such as DMS (dimethylsulfide), being lower at lower Emiliania
huxleyi abundances in this (Webb et al., 2016) and other CO2

perturbation experiments (Hopkins et al., 2010; Avgoustidi et al.,
2012).

In summary, the consistent negative and positive effects of
increasing levels of atmospheric CO2 on coccolithophore and

picoeukaryote abundances throughout numerous experiments
have the potential to significantly impact biogeochemical element

cycling, and marine export production in particular, in the future
ocean.
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