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The subtropical oceans are home to the largest phytoplankton biome on the planet.

Yet, little is known about potential impacts of ocean acidification (OA) on phytoplankton

community composition in the vast oligotrophic ecosystems of the subtropical gyres.

To address this question, we conducted an experiment with 9 in situ mesocosms

(∼35 m3) off the coast of Gran Canaria in the eastern subtropical North Atlantic

over a period of 9 weeks. By establishing a gradient of pCO2 ranging from ∼350

to 1,025µatm, we simulated carbonate chemistry conditions as projected until the

end of the twenty-first century. Furthermore, we injected nutrient-rich deep water

into the mesocosms halfway through the experiment to simulate a natural upwelling

event, which regularly leads to patchy nutrient fertilization in the study region. The

temporal developments of major taxonomic groups of phytoplankton were analyzed by

flow cytometry, pigment composition and microscopy. We observed distinct shifts in

phytoplankton community structure in response to high CO2, with markedly different

patterns depending on nutrient status of the system. Phytoplankton biomass during

the oligotrophic phase was dominated by picocyanobacteria (Synechococcus), which

constituted 60–80% of biomass and displayed significantly higher cell abundances at

elevated pCO2. The addition of deep water triggered a substantial bloom of large, chain-

forming diatoms (mainly Guinardia striata and Leptocylindrus danicus) that dominated

the phytoplankton community during the bloom phase (70–80% of biomass) and until

the end of the experiment. A CO2 effect on bulk diatom biomass became apparent

only in the highest CO2 treatments (>800µatm), displaying elevated concentrations

especially in the stationary phase after nutrient depletion. Notably, these responses were

tightly linked to distinct interspecific shifts within the diatom assemblage, particularly

favoring the largest species Guinardia striata. Other taxonomic groups contributed

less to total phytoplankton biomass, but also displayed distinct responses to OA

treatments. For instance, higher CO2 favored the occurrence of prymnesiophyceae

(Phaeocystis globosa) and dictyochophyceae, whereas dinoflagellates were negatively
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affected by increasing CO2. Altogether, our findings revealed considerable shifts in

species composition in response to elevated CO2 and/or lower pH, indicating that

phytoplankton communities in the subtropical oligotrophic oceans might be profoundly

altered by ocean acidification.

Keywords: ocean acidification, phytoplankton, marine ecology, diatoms, oligotrophic oceans, upwelling, Canary

Islands, subtropical North Atlantic

INTRODUCTION

Oceanic uptake of anthropogenic CO2 leads to pronounced shifts
in seawater carbonate chemistry and a decrease in pH, a process
commonly termed “ocean acidification” (OA) (Wolf-Gladrow
and Riebesell, 1997; Caldeira and Wickett, 2003).

Intensive research efforts over the past decade have
demonstrated that OA can substantially influence the
physiological performance of marine phytoplankton (Riebesell
and Tortell, 2011; Dutkiewicz et al., 2015). A wealth of laboratory
studies, mostly with single species cultures, has shown highly
variable physiological sensitivities of taxa to changing carbonate
chemistry. Such differential sensitivities to OA could alter
phytoplankton species composition and succession patterns,
with important implications for entire pelagic food webs.

Following these considerations, more recent work has
illuminated how OA effects manifest themselves on the level
of ecological communities by investigating CO2-sensitivities of
entire plankton communities in larger volume incubations (up to
80 m3) under close-to-natural conditions (Riebesell et al., 2013;
Gazeau et al., 2016).

Most of these studies have reported pronounced effects of
simulated OA on plankton communities in different ocean
regions, e.g., in the Arctic Ocean, several locations in subpolar
temperate waters and in the Mediterranean Sea (Bach et al.,
2017; Maugendre et al., 2017; Schulz et al., 2017). These studies
demonstrated that OA may lead to distinct “winners and losers”
within the plankton community, sometimes with wider-reaching
impacts on higher trophic levels and biogeochemical cycles
(Sswat et al., 2018; Stange et al., 2018).

However, geographical coverage of such studies is still sparse
and to date virtually nothing is known about OA impacts on
phytoplankton communities in the oligotrophic regions of the
subtropical ocean. These vast “ocean deserts” cover more than
60% of the ocean surface area, making them the largest ecosystem
in the surface ocean (Longhurst et al., 1995; McClain et al., 2004).
Physical conditions are typically characterized by a nutrient-
poor surface layer, which is separated from deeper nutrient-rich
waters by a strong and almost permanent thermocline. As a
result, primary production (per unit surface area) in these waters
is usually low-yet, their immense size makes the contribution
of oligotrophic waters to global primary production significant
(Signorini et al., 2015).

However, despite generally low nutrient levels,
(sub-)mesoscale phenomena like eddies frequently inject
nutrients into the surface layer, thus stimulating biological
productivity in oligotrophic oceans worldwide (Mahadevan,
2016; McGillicuddy, 2016). Such local increases in chlorophyll

and primary production associated with nutrient pumping
in eddies have been also reported from the subtropical ocean
in the Canary Current System, where mesoscale variability is
particularly intense (Arístegui et al., 1997; Sangra et al., 2009;
Schütte et al., 2016).

Predicting how the subtropical oligotrophic ocean will
respond to climate change remains very difficult: One the
one hand, increasing temperatures are expected to result in
an expansion of oligotrophic gyres due to stronger thermal
stratification (Polovina et al., 2008; Bopp et al., 2013). On the
other hand, future changes in wind patterns as a result of global
warming are predicted to increase upwelling-favorable winds in
Eastern Boundary Current Systems, which would also lead to an
increase of eddy kinetic energy and associated upward pumping
of nutrients in these regions (Bakun, 1990; García-Reyes et al.,
2015; Xiu et al., 2018).

Considering the global importance of subtropical oligotrophic
ocean ecosystems and our sparse knowledge about their
potential responses to OA, the goal of the present study
was to investigate how increasing CO2 and lower pH affect
phytoplankton community composition in these oceanic regions.
The experiment was designed in a way, that allowed us to
investigate phytoplankton responses to OA during oligotrophic
periods as well as under the influence of patchy nutrient
fertilization typical of the study region. The present study
complements the findings of a companion paper in this Frontiers
Research Topic, which addresses the effects of OA on size
fractionated PP and biomass (Hernández-Hernández et al.,
2018).

MATERIALS AND METHODS

Mesocosm Experiment Set Up
We conducted a pelagic in situ experiment with large-volume
mesocosms in Gando Bay, Gran Canaria for a period of 62 days
from September to December 2014.

The setup consisted of nine pelagic mesocosms (M1–M9),
each extending to a depth of 15m (13m bag and 2m conical
sediment trap attached to the bottom of the bag) and enclosing
about 35 m3 of the natural water column (Riebesell et al., 2013;
Taucher et al., 2017). One mesocosm (M6) was lost due to
irreparable damage a few days after deep-water addition, and was
thus excluded from analysis in the present study.

The mesocosms were treated with different amounts of CO2-
enriched seawater following the method described in Riebesell
et al. (2013). Briefly, natural seawater was enriched with pure
CO2 in a large mixing tank, filled into 20 L bottles and added
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to the mesocosms with a special distribution device (“spider”),
that allows distributing the water uniformly within a radius of
∼1m. By constantly pulling the spider up and down inside
the mesocosms, we ensured homogenous CO2 enrichment
throughout the entire water columns. CO2 enrichment was
carried out at the beginning of the experiment, and two more
times (day 22 and 38) to maintain carbonate chemistry within
target levels. Based on these CO2 manipulations, we simulated
various scenarios of OA, i.e., seawater carbonate chemistry
conditions that are within RCP pathways projected until the end
of the twenty-first century (IPCC, 2014). Average pCO2 during
the experiment ranged between ∼350 and 1,000µatm in the
different mesocosms (Table 1).

After an oligotrophic phase of almost 4 weeks, we used a
specifically developed deep-water collector to obtain ∼85 m3 of
nutrient-rich deep water (from 650m depth) and by addition to
the mesocosms simulate an upwelling event typical for the study
region. Therefore, we replaced∼20% of the mesocosms’ volumes
with deep water during the night of day 24–25. Deep water
addition had only a marginal effect on the carbonate system,
with in the control mesocosms pCO2 in the control mesocosms
increasing by a maximum of 40µatm.

Based on the timing of deep-water addition and the temporal
development of chlorophyll a, the experiment can be divided
into three distinct phases: (I) the oligotrophic phase until t23,
(II) the phytoplankton bloom between t25 and t35, and (III) the
post-bloom phase from t37 until the end of the study. For a
comprehensive description of experimental design and technical
details, please refer to Taucher et al. (2017).

Sample Collection and Measurements
Phytoplankton Community Composition
Samples for phytoplankton were collected every second day with
a custom-built pump system that created a gentle vacuum (<150
mbar) and allowed for depth-integrated samples that rapidly
collect large volumes of water distributed evenly throughout the
water column of the mesocosms.

Subsamples for chlorophyll a (Chl a) and other phytoplankton
pigments were collected onto glass fiber filters (GF/F Whatman,
pore size: 0.7µm) and analyzed by reverse-phase high-
performance liquid chromatography (HPLC) on a Thermo
Scientific HPLC Ultimate 3000 as described in Taucher et al.
(2017). Contributions of individual phytoplankton groups to
total Chl a were then estimated using the CHEMTAX software,
which classifies phytoplankton based on taxon-specific pigment
ratios (Mackey et al., 1996). Applied pigment ratios corresponded
to those of the original work by Mackey et al. (1996).

We used three different flow cytometers to optimize coverage
of the wide size spectrum of phytoplankton cells and particles
during our study. Size classes are based on previously examined
relationships between forward or sideward scatter and cell
size and should thus be considered as an approximation.
Furthermore, we differentiated between phytoplankton groups
based on their patters in plots of forward or side scatter (FSC or
SSC) vs. red (FL3) and orange (FL2) fluorescence.

Presented data for Prochlorococcus, Synechococcus and
picoeukaryotes (<2µm) were obtained by analyzing subsamples

of seawater (about 1ml) with a FACScalibur (Becton and
Dickinson) flow cytometer. Nanophytoplankton (2–20µm) was
enumerated with an Accuri C6 (BD Biosciences) from 650 µl
subsamples. Microphytoplankton (>20µm), including large
chain-forming diatoms were counted with a Cytosense system
(subsample ∼10ml; Dubelaar and Gerritzen, 2000). Note that
counting single diatom cells within a chain with the pulse-shape
approach of the Cytosense was not successful during our study.
Thus, our counts represent the number of diatom chains (and
single cells) rather than the total abundance of diatom cells.

Samples for microscopy were obtained every 4 days, fixed with
acidic Lugol solution and analyzed using the Utermöhl technique
(Utermöhl, 1958), with classification until the lowest possible
taxonomic level (species or genus). Biovolume for the different
diatom species were calculated based on measurements of cell
length and width (approximately 50 cells measured per species)
and subsequent conversion into volume assuming cylindrical
geometry for the present species (Menden-Deuer and Lessard,
2000).

Carbonate Chemistry and Nutrients
Partial pressure of aqueous CO2 (pCO2) was derived from total
alkalinity and dissolved inorganic carbon using CO2SYS (Pierrot
et al., 2006). Inorganic nutrients NO−

3 + NO−

2 , PO
3−
4 , and

Si(OH)4 were determined colorimetrically following Murphy
and Riley (1962) and Hansen and Koroleff, 1999). Ammonium
(NH+

4 ) was fluorometrically measured following Holmes et al.
(1999). For a more detailed description of these measurements
see Taucher et al. (2017).

Statistical Analysis
To examine potential effects of OA on the abundance and
biomass of the different phytoplankton taxa, we applied simple
linear regression analysis. Therefore, we computed temporal
averages of the datasets for the different experimental phases (see
above), using the respective average pCO2 as the explanatory
variable. Statistical significance was assumed for p < 0.05.

RESULTS

Phase I: Oligotrophic Conditions
During the oligotrophic phase with low nutrient concentrations
(Figure 1), chl a concentrations of the different phytoplankton
groups remained consistently low, fluctuating around a total
∼0.1 µg L−1 until day 23 (Figure 2). Based on CHEMTAX
analysis of pigment composition and flow cytometry,
biomass of the phytoplankton community was dominated
by picocyanobacteria (Synechococcus), which constituted
70–80% of total chl a in the mesocosms. Comparison of
temporal patterns and treatment differences between flow
cytometry and pigment-based CHEMTAX analysis revealed
that cyanobacteria biomass was almost exclusively composed
of Synechococcus (Figures 2, 3). Prochlorococcus was present
(∼104-105 cells ml−1) only during the first few days of the
experiment, but disappeared from the mesocosms around day
10 (Supplementary Material). The remaining biomass during
this period was mainly composed of prymnesiophytes (identified
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TABLE 1 | pCO2 treatment of mesocosms (average over the study period), as well as symbols and color-code for figures.

Mesocosm M1 M2 M3 M4 M5 M7 M8 M9

pCO2 (µatm) 369 887 563 716 448 668 1,025 352

Symbol

FIGURE 1 | Inorganic nutrient concentrations over the course of the study. (A) NO−

3 + NO−

2 , (B) PO3−
4 , (C) Si(OH)4, and (D) NH+

4 . The gap and associated change in

concentrations between t23 and t25 denotes addition of nutrient-rich deep water to the mesocosms. For color code see Table 1. Thin black line without symbols

shows conditions in water surrounding the mesocosms.

as Phaeocystis globosus), dinoflagellates, and diatoms, which
increased in biomass from day 15 onwards (Figure 2).

Elevated CO2 significantly increased the abundance and
biomass of Synechococcus under oligotrophic conditions, as
indicated by flow cytometry and pigment analysis (Tables 2,
3). We could distinguish between two distinct Synechococcus
populations based on their fluorescence patterns in flow
cytometry analysis. We here refer to them as the high and
low fluorescence populations (high-FL and low-FL). While both
populations were similarly abundant (between 20,000 and 40,000
cells ml−1), they clearly differed in their response to CO2:
while the high-FL cluster did not show a statistically significant
response to CO2 (but a rather negative trend), the cell densities
of the low-FL population were significantly enhanced with
increasing CO2 (Figures 3A–C).

Most other groups did not display a response to CO2

treatments during oligotrophic conditions, except for
prymnesiophytes, which were negatively affected by increasing
CO2 during this phase I (Table 3).

Phase II: Phytoplankton Bloom
By addition of deep water, inorganic nutrients concentrations
were increased to 3.15, 0.17, and 1.60 µmol L−1 for NO−

3 +NO−

2 ,

PO3−
4 , and Si(OH)4, respectively (Figure 1). In response to

this nutrient fertilization, a phytoplankton bloom developed
rapidly, visible both by a sharp increase in chl a concentrations
and corresponding increases in cell numbers counted by flow
cytometry and microscopy (Figures 2–5).

With the development of the bloom, the phytoplankton
community quickly shifted toward the dominance of diatoms,
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FIGURE 2 | Biomass of phytoplankton groups based on pigment analysis and CHEMTAX. Dashed vertical lines denote different experimental phases (I-III, see section

Methods). (A) Diatoms, (B) Cryptophyceae, (C) Dinophyceae, (D) Chrysophyceae (mainly reflecting the signal of the Dictyochophycea Vicicitus globosus), (E)

Prymnesiophyceae (mostly Phaeocystis globosus), (F) Chlorophyceae, (G) Cyanophyceae (mostly Synechococcus), and (H) Prasinophyceae. Asterisks denote

statistically significant effect of CO2 during this phase (red = positive, blue = negative). (I, J) Relative composition of total phytoplankton chl a under (I) ambient CO2

(M1, M9) and (J) in the high CO2 mesocosms (M2, M8).
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FIGURE 3 | Flow cytometry. (A) Synechococcus total, (B) Synechococcus low fluorescence cluster, (C) Synechococcus high fluorescence cluster, (D)

Picoeukaryotes, (E) Nanophytoplankton, (F) Microphytoplankton. Color code and symbols as in Figure 2.

which constituted up to 80% of total biomass (Figure 2). The
most important species were Guinardia striata, Leptocylindrus
danicus, Bacteriastrum delicatulum, and Nitzschia sp. Guinardia
striata dominated the diatom community in terms of biovolume,
constituting ∼50 to >90% of diatom biovolume throughout the
study (Figure 4).

The peak in diatom biomass (based on CHEMTAX) was
reached on day 28 in all mesocosms, i.e., only 3 days after
deep-water addition and declined steadily until day 35, when
biomass started to fluctuate around post-bloom levels. The bloom
peak was somewhat delayed for larger microphytoplankton
(counted by flow cytometry) and the dominant diatom species in
particular. Here, highest abundances were reached between day
30 and 40 (Figures 3F, 4).

The abundance and biomass of other phytoplankton groups
also increased substantially during the bloom, with some
groups also displaying significant responses to CO2. Data
from flow cytometry indicated that abundances of pico- and
nanophytoplankton increased with elevated CO2 (Figure 3;
Table 2).

Furthermore, analysis of CHEMTAX data revealed positive
CO2 effects on prymnesiophytes and chyrsophytes (Table 3).
Microscopy and visual inspection of sediment trap material

indicated high (but very patchy) abundances of Phaeocystis
globosa colonies. Since this species is usually identified as
a prymnesiophyte in CHEMTAX analysis (Mackey et al.,
1996; Zapata et al., 2004), this suggests that this species
also dominated the signal and CO2 effect on this group in
our study. Chrysophyte biomass consisted mainly of Vicicitus
globosus (dictyochophycea). Species of this group have long
been classified as chrysophyceae and have only recently been
ordered into a separate taxonomic class (actinochrysophyceae;
Mikrjukov and Patterson, 2001; Lee, 2008). Yet, based on
their pigment signature, particularly the marker pigment 19′-
butanoyloxyfucoxanthin (Chang et al., 2012), they are still
identified as chrysophyceae in CHEMTAX analysis.

In contrast, dinoflagellate biomass was significantly lower
under high CO2 conditions, not even indicating any signs of
population growth in the highest treatments. This pattern was
visible both in bulk dinoflagellate biomass (Figure 2), as well as
for individual taxa (Figure 5).

Diatoms, the dominant group during the phytoplankton
bloom, did not display a clear response to CO2 in terms of bulk
biomass based on CHEMTAX analysis. However, microscopic
analysis revealed differential CO2 effects on the various diatom
species. Guinardia striata abundances were significantly elevated
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TABLE 2 | Results of linear regression for CO2 effects on phytoplankton groups based on flow cytometry.

Phase R2 adj. p-value F-value β0 β1 1800−400µatm [%]

Syn (total) I 0.68 0.007 16.11 40,766 19.37 +16.0

II 0.00 0.38 0.91 43,341 84.22

III 0.00 0.44 0.67 10,204 30.91

Pico I 0.00 0.520 0.46 1,313 −0.22

II 0.47 0.037 7.09 −221.1 4.01 +116.0

III 0.00 0.871 0.03 15,091 0.18

Nano I 0.20 0.126 3.01 1,333 −0.24

II 0.67 0.008 15.28 −931.6 7.34 +146.5

III 0.17 0.166 2.48 13,322 1.70

Micro I – – – –

II 0.00 0.414 0.77 −95.1 0.21

III 0.28 0.099 3.79 21.7 0.18

Intercept β0 and the slope β1 are given in (cells ml
−1). Significant effects (p < 0.05) are marked in bold and are listed with the relative change (1) for a pCO2 doubling from 400 to a

800µatm as calculated from the regression coefficients (Y = β0 + β1 pCO2).

in the high CO2 mesocosms, whereas a negative CO2 effect
was detected for Leptocylindrus (Figure 4; Table 4). As a
consequence, the composition of the diatom assemblage shifted
substantially in response to increasing CO2, with Guinardia
striata being virtually the only species present in noticeable
numbers in the high CO2 mesocosms (Figures 4E,F).

Phase III: Post-bloom
The CO2-related patterns in phytoplankton composition that
emerged during the bloom prevailed during most of the post-
bloom phase. During this period, the CO2 effect on diatoms
also manifested itself in bulk diatom biomass derived from
CHEMTAX: In the high CO2 mesocosms diatom biomass was
significantly elevated compared to ambient conditions (by about
2-fold) until the end of the experiment (Figure 3). This pattern
was mostly driven by the Guinardia striata, which strongly
dominated the biomass of diatoms and overall phytoplankton in
the high CO2 treatments (Figure 4). This trend was also visible
in the microphytoplankton group (based on flow cytometry),
although slightly non-significant (Figure 3; Table 2). Besides
diatoms, the most prominent treatment effect during the
post-bloom phase was the persisting negative CO2 effect on
dinoflagellates, which remained almost absent under high CO2

conditions (Figure 2; Table 5).

DISCUSSION

Response of Individual Phytoplankton Taxa
to Simulated Ocean
Acidification—Physiological Drivers and
the Potential Role of Zooplankton Grazing
Synechococcus
During the oligotrophic (N-limited) phase until day 24,
cyanophyceae (almost exclusively Synechococcus) dominated the
phytoplankton community and displayed a distinct positive
response to simulated OA (Figures 2, 3; Tables 2, 3). This
observation is consistent with laboratory-based experiments by

Fu et al. (2007), who found increased net growth rates of
Synechococcus at high CO2. Other studies have reported more
variable effects of OA conditions on Synechococcus (Lomas et al.,
2012; Bach et al., 2017; Schulz et al., 2017). Besides differences
in the experimental setup (e.g., nutrient replete vs. deplete
conditions, N vs. P limitation), the most likely explanation for
these variable responses of Synechococcus to CO2 is the enormous
intraspecific diversity within this taxon (Hunter-Cevera et al.,
2016). Even in our study, we could distinguish between two
clearly distinct Synechococcus clusters based on their fluorescence
(FL) properties in flow cytometry analysis, likely resulting from
differences in light adaptation. While the high-FL (low light
adapted) cluster had lower abundances and displayed a rather
negative CO2 trend, the low-FL (high light adapted) constituted
the majority of the overall population and also drove the positive
response to CO2 during the oligotrophic phase (Figure 3).

Since abundances of micro- and mesozooplankton did not
display any CO2 effects during this period (Algueró et al., in
review), it seems unlikely that indirect effectsmediated by grazing
can explain the observed patterns. Thus, a fertilizing effect of CO2

on the growth rate of Synechococcus seems to be the most likely
explanation for our results.

Dictyochophyceae
As described in the Results section, chrysophyte biomass
consisted mainly of Vicicitus globosus (dictyochophycea), which
occurred in considerably higher abundances in the high CO2

mesocosms. Possible explanations and implications for the food
web are discussed in a separate paper (Riebesell et al., in review).
However, for the scope of the present study, it should be
noted that Vicicitus globosus is known as a harmful algal bloom
(HAB) species that produces hemolytic cytotoxins (Chang, 2015)
and may thus have affected mixotrophic phytoplankton (see
Discussion on dinoflagellates below). However, direct toxic
effects on other phytoplankton seem very unlikely, as most
groups did not show a negative response in mesocosms with
high CO2 (M2 and M8) that would match the patterns of
chrysophyceae biomass (i.e., Vicicitus globosus), and diatoms and
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TABLE 3 | Results of linear regression for CO2 effects on phytoplankton groups based on pigment analysis (HPLC) and CHEMTAX.

Phase R2 adj. p-value F-value β0 β1 1800−400µatm [%]

Diatom I 0.48 0.057 5.533 0.024 −1.6e−5
−36.6

II 0.00 0.519 0.469 1.252 −4.9e−4

III 0.52 0.026 8.713 0.016 5.9e−4
+93.7

Cyano I 0.79 0.002 26.67 0.059 1.3e−5
+7.9

II 0.00 0.363 0.97 0.067 1.3e−4

III 0.05 0.290 1.34 0.018 5.8e−5

Dino I 0.40 0.055 5.62 0.014 −8.6e−6

II 0.50 0.030 8.00 0.256 −2.9e−4
−82.5

III 0.52 0.008 15.38 0.119 −1.0e−4
−53.3

Prymnesio I 0.46 0.039 6.88 0.026 −10.0e−6
−17.9

II 0.68 0.007 15.89 −0.030 2.6e−4
+139.6

III 0.14 0.193 2.15 0.031 6.7e−5

Crypto I 0.00 0.494 0.53 0.002 8.0e−7

II 0.06 0.272 1.46 0.021 5.1e−5

III 0.63 0.012 12.79 −2.96e−4 3.1e−5
+102.5

Prasino I 0.53 0.024 9.03 0.005 −2.0e−6
−19.3

II 0.40 0.055 5.67 0.013 1.3e−5

III 0.00 0.541 0.42 0.009 8.0e−6

Chloro I 0.20 0.148 2.75 0.002 −1.7e−6

II 0.08 0.249 1.63 0.010 −1.3e−5

III 0.00 0.433 0.71 0.010 −8.6e−6

Chryso I 0.05 0.289 1.35 4.10e−4 1.8e−6

II 0.47 0.036 7.20 −0.071 1.8e−4 NA*

III 0.58 0.017 10.75 −0.033 8.9e−5 NA*

Intercept β0 and the slope β1 are given in (µg Chl a L
−1). Significant effects (p < 0.05) are marked in bold and are listed with the relative change (1) for a pCO2 doubling from 400 to a

800µatm as calculated from the regression coefficients (Y = β0 + β1 pCO2).
*Note that chrysophytes were not present in the ambient pCO2 mesocosms, thus no relative change was

computed.

prymnesiophyceae even reached highest biomass concentrations
in the high CO2 treatments (Figure 3, 4).

Diatoms
Starting with the bloom onset on day 25, diatoms began to
dominate phytoplankton biomass for the rest of the experiment.
While no treatment-related differences were detectable during
the bloom phase (II), diatom biomass was significantly elevated
in the high CO2 mesocosms in the post-bloom phase (III),
displaying a much longer retention of biomass in the water
column than under ambient conditions. These observations are
consistent with previous evidence, which found CO2 effects on
diatom population densities to be most pronounced under post-
bloom conditions when nutrients were exhausted (Taucher et al.,
2015).

The effect of simulated OA on bulk diatom biomass in our
experiment, was tightly coupled to distinct taxonomic shifts
within the diatom assemblage. Most prominently, elevated CO2

had a significant positive effect of on cell densities of the
dominant species Guinardia striata, a taxon that forms twisted
chains from relatively large-sized cells (∼170 × 17µm in
this study). In contrast, abundances of Leptocylindrus danicus
(∼30 × 7µm) were highest in the ambient CO2 treatment
and decreased significantly with increasing CO2 (Figure 4).

A direct negative physiological effect seems unlikely, since
previous studies have rather reported positive effects of CO2

on this taxon (Reul et al., 2014; Tatters et al., 2018). Thus, it
seems more likely that Leptocylindrus danicus was outcompeted
by Guinardia striata, possibly because the latter benefitted
stronger from CO2 fertilization and could therefore take up
a large portion of nutrients after deep-water addition. In that
sense, our findings are consistent with previous theoretical
and experimental studies, which predicted that increasing CO2

would affect larger species more than smaller ones (Wolf-
Gladrow and Riebesell, 1997; Wu et al., 2014; Taucher et al.,
2015). The reason is that larger cells (with lower surface-to-
volume ratios) can rely less on diffusive uptake of CO2 and
thus need to invest more resources into carbon concentrating
mechanisms (CCM). Elevated CO2 can increase the proportion
of diffusive carbon uptake, in turn leading to a down-
regulation of CCMs and accelerated growth (Giordano et al.,
2005).

Clearly, the possible role of an indirect CO2 effect mediated
by grazing cannot be excluded, as micro- and mesozooplankton
abundances were lower in the high CO2 treatments during the
bloom and early post-bloom phase (Algueró et al, in review).
For the dominant species Guinardia striata, its large cell and
chain size and the relatively small size of zooplankton during
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FIGURE 4 | Diatom community composition derived from microscopy. Abundance of (A) Guinardia striata, (B) Leptocylindrus danicus, (C) Bacteriastrum delicatulum,

and (D) Nitzschia sp. Color code and symbols as in Figure 2. (E,F): relative contribution of different taxa to total diatom biovolume under (E) ambient CO2 (M1, M9)

and (F) in the high CO2 mesocosms (M2, M8).

the experiment (mainly copepods < 1mm) make it unlikely
that abundances of this diatom species were strongly affected
by mesozooplankton grazing. However, it is possible that top-
down control to some extent influenced the population size of
the smaller species Leptocylindrus danicus before and/or during
the bloom stage, thus keeping their abundance lower and thereby
indirectly favoring the proliferation of Guinardia striata.

Altogether, our findings suggest that increasing CO2 might
have highly variable effects on the competitive capabilities of
different diatom species, which may ultimately translate into
substantial taxonomic shifts during diatom blooms with ongoing
OA.

Prymnesiophyceae (Phaeocystis Globosa)
During the phytoplankton bloom, Phaeocystis globosa formed
large colonies (several mm in diameter) that were very patchily
distributed within the water column. Moreover, part of their
biomass was present as colonies temporarily attached to
the mesocosm walls, a phenomenon that has been observed

previously for this species (Rousseau et al., 2007). Thus,
quantifying their abundance by microscopy was not possible.
However, earlier studies have shown that Phaeocystis globosa
taxa possess a characteristic pigment signature, particularly with
respect to the accessory pigment 19′-hexanoyloxyfucoxanthin
and its content relative to the more common fucoxanthin
(Vaulot et al., 1994; Zapata et al., 2004). Thus, based on
CHEMTAX analysis and visual inspection of Phaeocystis globosa
colonies, we are confident that most biomass classified as
prymnesiophyceae was constituted by Phaeocystis globosa in our
study.

In our experiment, prymnesiophyceae formed a substantial
bloom with considerably elevated biomass with increasing CO2

(see Figure 2E). Although occurrences of Phaeocystis taxa are
rather uncommon at low latitudes (Vogt et al., 2012), occasional
blooms in subtropical waters have been observed previously,
particularly after upwelling events (Long et al., 2007). In terms
of potential OA impacts, previous work has found subtle to
moderate increases of physiological rates and colony formation of
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FIGURE 5 | Dinoflagellate species abundance. (A) Prorocentrum minimum, (B) Gymnodinium sp., (C) Gyrodinium sp. and (D) Cetratium pentagonum. Color code

and symbols as in Figure 2.

TABLE 4 | Results of linear regression for CO2 effects on diatom species counted by light microscopy.

Phase R2 adj. p-value F-value β0 β1 1800−400µatm [%]

Guinardia I 0.11 0.226 1.82 0.07 7.4e−4

II 0.75 0.033 22.04 −0.02 6.8e−3
+279.5

III 0.67 0.008 15.21 −0.04 1.0e−2
+1, 826.6

Leptocylindrus I 0.51 0.029 8.19 5.55 −4.3e−3
−45.6

II 0.43 0.046 6.29 69.50 −8.1e−3
−91.4

III 0.52 0.027 8.47 74.75 −8.0e−3
−70.1

Bacteriastrum I 0.00 0.371 0.94 −0.08 4.2e−4

II 0.00 0.910 0.01 −0.08 6.2e−3

III 0.05 0.281 1.40 0.21 2.0e−3

Nitzschia I 0.70 0.006 17.07 5.24 −3.1e−3
−30.3

II 0.00 0.380 0.86 35.49 −2.2e−2

III 0.00 0.599 0.31 3.55 3.3e−3

Intercept β0 and the slope β1 are given in (cells ml
−1). Significant effects (p < 0.05) are marked in bold and are listed with the relative change (1) for a pCO2 doubling from 400 to a

800µatm as calculated from the regression coefficients (Y = β0 + β1 pCO2).

Phaeocystis globosa at elevated CO2 (Rost et al., 2003; Wang et al.,
2010). Thus, similar to CO2 effects on other phytoplankton types
during our experiment, beneficial effects of CO2 fertilization
are the most obvious explanation for the proliferation of
prymnesiophyceae (i.e., Phaeocystis globosa) under simulated OA
conditions.

Indirect CO2 effects by grazing may have contributed to
this pattern to some extent. However, as mentioned earlier, a
large portion Phaeocystis globosa biomass was present in the
form of large colonies during our study. The formation of such
colonies has been demonstrated to act as a defense strategy, i.e.,
reducing feeding pressure by size-selective grazers (Jakobsen and

Tang, 2002). Therefore, a strong indirect CO2 effect through
zooplankton grazing seems unlikely in our study.

Dinoflagellates
Dinoflagellates are a diverse taxonomic group of eukaryotes
which acquire energy through photosynthesis or heterotrophy,
or a combination of both known as mixotrophy (Stoecker et al.,
2017). Our data on dinoflagellate biomass are based on their
contribution to chl a (based on CHEMTAX), thus considering
auto- and mixotrophic taxa with a pigment composition
characteristic for Dinophyceae, particularly regarding the marker
pigment peridinin (Mackey et al., 1996). Accordingly, this
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TABLE 5 | Results of linear regression for CO2 effects on dinoflagellate species counted by light microscopy.

Phase R2 adj. p-value F-value β0 β1 1800−400µatm [%]

Prorocentrum I 0.47 0.025 8.05 1.02 −8.7e−4
−51.5

II 0.23 0.127 3.13 74.25 −9.2e−2

III 9.12 0.215 1.96 2.26 −0.2e−2

Gymnodinium I 0.55 0.013 10.97 0.77 −6.4e−4
−49.6

II 0.15 0.330 1.08 5.96 −5.4e−3

III 0.00 0.791 0.08 3.41 −1.0e−3

Gyrodinium I 0.00 0.871 0.03 0.29 −2.0e−5

II 0.00 0.374 0.92 2.60 −1.8e−3

III 0.00 0.254 1.59 3.44 −2.7e−3

Ceratium I 0.00 0.728 0.13 0.08 2.0e−5

II 0.00 0.567 0.37 0.56 −3.4e−4

III 0.49 0.033 7.65 0.65 −6.5e−4
−66.7

Intercept β0 and the slope β1 are given in (cells ml
−1). Significant effects (p < 0.05) are marked in bold and are listed with the relative change (1) for a pCO2 doubling from 400 to a

800µatm as calculated from the regression coefficients (Y = β0 + β1 pCO2).

pigment-based approach excludes heterotrophic species and
likely also a large portion of mixotrophic (non-peridinin
containing) species that acquire kleptochloroplasts from other
phytoplankton.

Notably, dinoflagellates were the only phytoplankton group
displaying a clear negative response to high CO2 throughout the
study. This trend emerged already during the oligotrophic phase
(although borderline non-significant, Table 3), prevailing and
even amplifying throughout the bloom and entire post-bloom
phase (see regression slopes in Table 3). In fact, the development
of a dinoflagellate bloom or even an increase in population
densities was not detectable in the high CO2 mesocosms (M2
and M8), which largely drove the CO2 effect detected by linear
regression.

Microscopic counts suggested that dinoflagellate biomass
was mainly comprised of Prorocentrum minimum, Gyrodinium
sp., Gymnodinium sp, and Ceratium pentagonum. Since these
taxa also contain peridinin they probably constituted most of
the CHEMTAX signal. Indeed, temporal patterns and the low
abundances of dinoflagellates in the high CO2 mesocosms appear
very similar between CHEMTAX data and microscopic counts of
these species (Figures 2, 5). On a species basis, linear regression
detected significant effects only for some taxa and time periods,
mainly because the CO2 effect appeared very non-linear, being
mostly driven by the high CO2 mesocosms (M2 and M8).

Based on previous empirical evidence, it seems unlikely
that the strongly reduced dinoflagellate numbers under high
CO2 were driven by a direct physiological effect. In fact, most
laboratory studies so far have reported dinoflagellates to be
resilient or rather benefit from increasing pCO2 (Fu et al., 2008;
Eberlein et al., 2014).

Furthermore, differences in grazing pressure by
mesozooplankton cannot explain the observed pattern, as
mesozooplankton abundances were lowest in the high CO2

treatments. Thus, one would have expected the opposite pattern.
Considering that all dinoflagellate taxa examined in our study

are known to be mixotrophic (Stoecker, 1999; Stoecker et al.,

2017), it seems more likely that dinoflagellates were indirectly
affected by elevated CO2 via food-web effects. The presence
of toxic Vicicitus globosus cells (classified as chrysophyceae by
CHEMTAX), which occurred only in the high CO2 mesocosms
may have impaired the growth of dinoflagellates. Laboratory-
based experiments have demonstrated that Vicicitus globosus
can have cytotoxic effects (i.e., lysis) on other microalgae,
including dinoflagellates (Chang, 2015). Furthermore, there is
some evidence that Phaeocystis globosa can have similar toxic
effects (Peng et al., 2005). Since CO2 had also a positive effect on
Phaeocystis globosa biomass, this may have further contributed to
the decline of mixotrophic dinoflagellates under OA conditions.
However, the fact that CO2 trends on dinoflagellates were mainly
driven by the two mesocosms with highest CO2 (M2 and M8)
rather points toward growth inhibition by Vicicitus. globosus,
which was only present in these two mesocosms.

CONCLUSION

Our in situ mesocosm experiment provides the first evidence
of OA impacts on phytoplankton community structure in
the subtropical oligotrophic ocean. Under typical nutrient-
poor and low chl a conditions, Synechococcus dominated
phytoplankton biomass and seemed to profit from simulated
OA. The phytoplankton bloom that developed after deep-
water addition was strongly dominated by diatoms, which
were retained much longer in the water column under OA
conditions. These patterns were the result of distinct taxonomic
shifts within the diatom assemblage, with a clear tendency
toward larger species (here Guinardia striata) benefitting from
increasing CO2. Considering that other taxa (Phaeocystis globosa,
dictyochophyceae, dinoflagellates) were also significantly affected
by increasing pCO2, the overall phytoplankton community
composition, including bulk chl a biomass, was considerably
altered by simulated OA. Notably, some of the high CO2/low
pH effects observed during the bloom emerged already during
the oligotrophic phase and were then amplified by nutrient
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fertilization (e.g., the negative effect on dinoflagellates). So far,
there have been only few studies that investigated the response
of plankton communities to OA under nutrient-poor conditions.
Evidence from this earlier work is contrasting: Mesocosm studies
in the Mediterranean Sea reported phytoplankton communities
to be rather resilient to increasing pCO2, with no effects on
total biomass and only subtle changes in taxonomic composition
(Maugendre et al., 2017). However, these studies were rather
short (12–20 days), and other recent work has shown that it may
take more than a month until OA effect manifest themselves on
the community level (Bach et al., 2017). In fact, other studies
found ecological impacts of OA to be even more pronounced
under nutrient-depleted conditions than during blooms (Paul
et al., 2015; Sala et al., 2015; Bach et al., 2016). Our findings from
the subtropical eastern North Atlantic are in support of the latter,
indicating that phytoplankton communities in these regions
might undergo distinct taxonomic shifts in response to increasing
CO2. If our findings from this experiment hold true on larger
spatial and temporal scales, then we can expect phytoplankton
community composition in the subtropical oligotrophic ocean
to be considerably altered by ongoing OA over the coming
decades.
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