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Diatoms are silicifying phytoplankton contributing about one quarter to primary
production on Earth. Ocean acidification (OA) could alter the competitiveness of diatoms
relative to other taxa and/or lead to shifts among diatom species. In spring 2016, we set
up a plankton community experiment at the coast of Gran Canaria (Canary Islands,
Spain) to investigate the response of subtropical diatom assemblages to elevated
seawater pCO2 . Therefore, natural plankton communities were enclosed for 32 days
in in situ mesocosms (∼8 m3 volume) with a pCO2 gradient ranging from 380 to
1140 µatm. Halfway through the study we added nutrients to all mesocosms (N,
P, Si) to simulate injections through eddy-induced upwelling which frequently occurs
in the region. We found that the total diatom biomass remained unaffected during
oligotrophic conditions but was significantly positively affected by high CO2 after nutrient
enrichment. The average cell volume and carbon content of the diatom community
increased with CO2 . CO2 effects on diatom biomass and species composition were
weak during oligotrophic conditions but became quite strong above ∼620 µatm after
the nutrient enrichment. We hypothesize that the proliferation of diatoms under high
CO2 may have been caused by a fertilization effect on photosynthesis in combination
with reduced grazing pressure. Our results suggest that OA in the subtropics may
strengthen the competitiveness of (large) diatoms and cause changes in diatom
community composition, mostly under conditions when nutrients are injected into
oligotrophic systems.
Keywords: ocean acidification, climate change, mesocosm, food web, phytoplankton, Bacillariophyceae

INTRODUCTION
Diatoms are a group of globally distributed phytoplankton, with an estimated contribution of
∼25% to global primary production (Nelson et al., 1995; Field et al., 1998; Tréguer and De La
Rocha, 2013). All diatom species share the trait of protecting the organic part of the cell with a
shell (frustule) made of amorphous silica (opal), probably to reduce grazing pressure (Hamm and
Smetacek, 2007; Pondaven et al., 2007; Friedrichs et al., 2013; Liu et al., 2016). To form the frustule,
diatoms require dissolved silicate as an additional nutrient, which is often limiting in seawater and
hence limiting their proliferation (Brzezinski and Nelson, 1996). Diatoms are strong competitors
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and typically dominate phytoplankton communities early
in the succession when nutrients are sufficiently available
(Sarthou et al., 2005).
There are at least 30,000 extant diatom species
which span a size range from under 3 micro- up to
a few millimeters (Mann and Vanormelingen, 2013).
They occur as single cells or cell chains in benthic
and/or pelagic habitats, and have free-living, surfaceassociated, symbiotic, or parasitic lifestyles (Armbrust, 2009;
Mann and Vanormelingen, 2013).
Changes in diatom community composition can reorganize
the flux of elements in oceans and the flow of energy within
food webs (Armbrust, 2009; Tréguer et al., 2018). For example,
particulate organic carbon sequestration to the deep ocean was
shown to be 1.8 times higher in 1989 when the North Atlantic
spring bloom was dominated by a larger species compared to
the following year when smaller ones dominated (Boyd and
Newton, 1995). Likewise, energy transfer to higher trophic levels
is likely to be more efficient in assemblages where primary
production is dominated by larger diatoms since less trophic
intermediates are involved (Sommer et al., 2002). Thus, it is
essential to determine how diatom community composition
could be affected by different environmental stressors and in
different ocean regions due to their enormous relevance for
the Earth system.
In the present study we investigated how ocean acidification
(OA) – the anthropogenic perturbation of seawater carbonate
chemistry – could affect the composition of natural diatom
communities in the subtropical NE Atlantic. Therefore,
we set up a mesocosm experiment at the coast of Gran
Canaria and perturbed the enclosed plankton communities
with different CO2 concentrations. In the study region,
diatom blooms often occur in association with meso-/submesoscale structures such as upwelling filaments, zonal fronts,
or eddies which inject nutrients into the euphotic zone (Barton
et al., 1998; Arístegui et al., 2004; McGillicuddy et al., 2007;
Anabalón et al., 2014). To account for this, the mesocosms
were enriched with inorganic nutrients (N, P, Si) halfway
through the experiment. This allowed us to investigate CO2
effects on diatoms during oligotrophic conditions (phase I)
and during a subsequent nutrient injection to the euphotic
zone (phase II).

frame was fixed on the pier and on mooring weights on
the water side. A pulley system attached to the mooring
weights allowed us to move the entire structure ∼2 m away
from the pier in between samplings. This was necessary to
reduce the influence of the pier on the light environment
inside the mesocosms.
Conical sediment traps were attached to the bottom of
the bags, thereby creating 8 isolated volumes (Figure 1). The
sediment traps were 1.5 m long and similar to the KOSMOS
design (Boxhammer et al., 2016). The mesocosms were initially
empty and filled in the morning of March 2 by pumping
seawater from ∼30 m outside Taliarte harbor into the enclosures
(Figure 1). Seawater was pumped with a peristaltic pump from
3 to 5 m depth through a hose (Ø 50 mm with a 3000 µm
mesh attached to the inlet) into a central volume on the pier,
from where the seawater was simultaneously distributed with
separate hoses (Ø 37 mm) into the mesocosms. The entire
filling procedure lasted ∼4.5 h, and we tried to keep the stress
level for pumped organisms low by restricting the speed of the
peristaltic pump (3.9 L/s). We cannot fully ensure, however, that
particularly sensitive organisms weren’t harmed and excluded
from the experiment. Each mesocosm contained a volume of
∼8 m3 after filling. The filling marks the beginning of the
experiment and is hereafter referred to as day –3, while day
0 is the day when the CO2 manipulation started (see section
“Experimental Design”).
The mesocosm PU foil must be cleaned on a regular
basis to avoid the growth of benthic organisms and to
maintain light transmission. The outer sides of the mesocosm
bags were cleaned by divers with brushes on days 6, 14,
17, and 25. The inner sides were cleaned on days 6, 14,
18, and 25 with a custom made cleaning ring which has
approximately the same diameter as the mesocosm bags and
thoroughly wipes the foil while sliding downward (Riebesell
et al., 2013). The sediment traps were cleaned from the inside
on day 15 with custom made “magnetic brushes” since the
cleaning ring could not reach this part of the mesocosms.
The magnetic brushes are basically two brushes that connect
through the PU foil with a magnet and are operated from the
outside by divers.
M1 was damaged early in the experiment (day 4) and therefore
excluded from the analysis.

MATERIALS AND METHODS

Experimental Design
A gradient of 7 CO2 concentrations (ambient to on average
∼1140 µatm) was established in 3 steps over 3 days (day 0
until day 2) by adding differential amounts [between 35 L
(M7) and 70 L (M6)] of CO2 -saturated seawater evenly to the
water columns of M2–M8 with a custom-made distribution
device (Riebesell et al., 2013). M5 was left unperturbed and
served as a control but received non-aerated seawater during
CO2 manipulations. CO2 -saturated seawater had to be added at
regular intervals during the experiment (days 6, 8, 10, 14, 18,
and 25) to counteract CO2 outgassing at the surface. On day
18, we added NaNO3 , Na2 HPO4 , and Na2 SiO3 (3.43 ± 0.32,
0.16 ± 0.01, 1.63 ± 0.12 µmol L−1 , mean ± SD between

Mesocosm Design, Deployment, and
Maintenance
On February 23, 2016, we deployed eight in situ mesocosms
(M1–M8) at the pier of Taliarte harbor, on the eastern coast
of Gran Canaria (Canary Islands, 27◦ 590 2400 N, 15◦ 220 800
W). The cylindrical mesocosm bags (Ø 2 m, 2.5 m long)
were made of transparent polyurethane foil (PU), which is
also used for the larger version of the KOSMOS mesocosm
design (Riebesell et al., 2013). The PU bags were installed in a
floatation frame made of polyethylene with steel reinforcements
and deployed inside the harbor (Figure 1). The floatation
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FIGURE 1 | Study site and mesocosm setup. (A) Map of the Canary Islands in the subtropical North Atlantic. (B) Close-up on Taliarte harbor at the east coast of
Gran Canaria. Mesocosms were installed in a row near a floating ponton and filled at the beginning of the study with water pumped into the bags from outside the
harbor. (C) Technical drawing of one mesocosm and (D) a floatation frame. (E) Photograph of the mesocosm position during sampling. Please note that all
mesocosms were only attached to the ponton during the ∼3 h samplings but positioned two meters away from the ponton for the rest of the time.

mesocosms) to each mesocosm to simulate an upwelling event
of nutrient rich deep-water.

resolution right after nutrient fertilization. Sampling was slightly
later on day −3 (1:00–2:30 p.m.) since we wanted to have
samples directly after filling the mesocosms with seawater.
As sampling gear, we used 2.5 m long polypropylene pipes
equipped with a pulley system to close the tube at the upper
and the lower end. The pipe was left open on both ends
and carefully lowered vertically into the water column until
the lower end reached a depth of 2.5 m. The upper and the
lower end were then closed from the surface with the pulley
system, thereby enclosing a vertically integrated water sample.
The integrated sample was gently mixed and transferred from
the pipes into different sampling bottles. Between 3 and 5

Sampling
Sinking detritus is collected in the terminal end of the sediment
trap and removed from there through a hose connected to a
vacuum system (Boxhammer et al., 2016). Sediment traps were
emptied every second day to avoid resuspension and anoxic
conditions at the bottom of the mesocosms.
Water samples from each mesocosm were collected between
9:00 and 11:00 a.m., either every second day (day −2–17
and 25–29) or daily (day 19–25) to obtain higher temporal
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cases better than ±3 µmol kg−1 . TA was determined in an
open cell titration within 24 h after sampling (Dickson et al.,
2003). Each sample was measured twice with a precision that
was in most cases better than ±4 µmol kg−1 . Both DIC and
TA measurements were accuracy-controlled by measurements
of certified reference materials (Dickson et al., 2007). pCO2
partial pressure was calculated from measured (water-column
averaged) temperature and salinity, as well as concentrations of
DIC, TA, PO4 3− and Si(OH)4 using Seacarb (Lavigne et al., 2011).
We used the recommended default setting and the carbonate
dissociation constants (K1 and K2 ) determined by Lueker et al.
(2000). Chla was extracted 1–2 days after sampling in acetone
(90%) in plastic vials, by homogenization of the filters using glass
beads and a cell mill (5 min). After centrifugation (10 min, 800 g,
4◦ C), the supernatant was analyzed on a fluorometer (TURNER
10-AU) following Welschmeyer (1994). The fluorometer was
calibrated with spinach chla extract as described by Strickland
and Parsons (1972). BSi concentrations were determined by
leaching the samples with 0.1 M NaOH for 135 min at 85◦ C.
The leaching process was terminated with 0.05 M H2 SO4 and
dissolved silicate was measured by spectrophotometry following
Hansen and Koroleff (1999).
Diatom samples were transferred from the brown glass
sampling bottles into 25–100 mL Utermöhl chambers. After
at least 24 h of sedimentation, cells were counted with an
inverted light microscope (Zeiss Axiovert 100). Cells were
classified to the lowest identifiable taxonomical level. Diatom
cell volumes were estimated following Olenina et al. (2006). We
tried to measure the relevant shape dimensions needed for the
geometrical formulas but in cases where this was not possible we
used species dimensions provided by Olenina et al. (2006) (see
Table 1). Carbon biomasses of individual species (µg C L−1 )
were calculated with the volume to carbon transfer functions
provided by Menden-Deuer and Lessard (2000). Diatom diversity
was estimated with the Shannon Weaver diversity index (H’):

hauls with the pipes were made to sample enough volume for
all measurements.
Samples for dissolved inorganic carbon (DIC), total alkalinity
(TA), and dissolved inorganic nutrient concentrations [NO3 − +
NO2 − , NH4 + , PO4 3− , Si(OH)4 ] were transferred directly from
the sampling tubes into air-tight 1 L polycarbonate (carbonate
chemistry) and 0.25 L polyethylene (PE) bottles (nutrients),
respectively. DIC samples were carefully transferred in the 1 L
bottles allowing considerable overflow before closing them with
negligible headspace (i.e., <1 mL). Both carbonate chemistry
and nutrient samples were transported in a cooling box to the
land-based laboratories of the Plataforma Oceánica de Canarias
(PLOCAN) which is located next to Taliarte harbor and hosted
our study (Figure 1). DIC and TA samples were pumped from
the 1 L bottles through a syringe filter (0.2 µm, Whatman) into
air-tight 50 mL glass bottles (DIC) and 100 mL PE bottles (TA,
nutrients), respectively. We allowed considerable overflow before
closing the DIC glass bottles to minimize gas exchange. Filtered
DIC, TA, and nutrient samples were stored at 4◦ C until analysis
on the same day.
The seawater used to measure chlorophyll a (chla) and
biogenic silica (BSi) concentrations, as well as diatom cell
abundance, was carefully transferred from the sampling tubes
into 10 L PE carboys and transported into a climate chamber
at PLOCAN set to 15◦ C. Chla and BSi samples were tapped
from the carboys (0.5–0.2 L depending on concentration),
filtered (1pressure = 200 mbar) on glass fiber filters (chla,
GF/F nominal pore size = 0.7 µm) or cellulose acetate filters
(BSi, pore size = 0.65 µm), and stored at −20◦ C until analysis.
Microscopy samples were transferred from the carboys in 200 mL
brown glass bottles, fixed with acidic Lugol solution (1% final
concentration), and stored for maximally 5 months at room
temperature until analysis.
Mesozooplankton (MesoZP) samples were collected every
4 days between 11 a.m. and 1 p.m. with vertical net hauls from
2.5 m to the surface. Sampling was carried out with a 0.6 m long
Apstein net (55 µm mesh size), which had a 0.09 m diameter
cone-shaped opening. Two consecutive net hauls per mesocosm
during every sampling resulted in a sample volume of 32 L
for each mesocosm.
Temperature (T) and salinity (S) were measured on every
sampling day around noon time with a hand-held self-logging
CTD probe (CTD60M, Sea and Sun Technologies). Average T
and S were calculated by averaging the vertical profile from the
surface (0.3 m) to the bottom of the sediment traps (∼3.5 m).

H’ = −

(1)

i

where Bi is the C biomass of diatom species i and Btotal
the C biomass of all diatoms. Higher H’ is equivalent to a
higher diversity.
The average cellular carbon quota (Cq ) of the diatom
community was calculated as:
P
i Ci Ni
Cq =
(2)
Ntotal

Analytical Procedures
NO3 − + NO2 − (NOx − ), PO4 3− (P), and Si(OH)4 (Si)
concentrations were measured photometrically within 10 h after
sampling (Hansen and Koroleff, 1999). NH4 + concentrations
were measured fluorometrically in the same timeframe (Holmes
et al., 1999). Precision of nutrient measurements was generally
well below ±10% as determined with triplicate measurements
of each sample. DIC concentrations were measured within 10 h
after sampling with an Autonomous Infra-Red Inorganic Carbon
Analyser (AIRICA) system (Marianda, Kiel, Germany). Each
sample was measured three times and the precision was in most
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X Bi
Bi
· ln
Btotal
Btotal

where Ci is the carbon content of diatom species i, Ni
is the abundance of diatom species i, and Ntotal is the
abundance of all diatoms.
MesoZP was preserved with ethanol (70%) and transferred
into a Bogorov counting chamber where it was quantified and
classified to the lowest possible taxonomic level using a Leica
stereomicroscope (MZ12). Copepodites and adult copepods of
each species were counted as separate categories but we pooled
them for our analysis. Accordingly, MesoZP abundances shown
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in this paper are copepodites + adults for each species. Nauplii
species were not distinguished and counted as one group.

of the various dependent variables (e.g., chla or BSi). ShapiroWilk tests revealed non-normal distribution of the datasets so
that they were log-transformed. Afterward, we ran regression
analyses with the log-transformed data using R1 as in Schulz
et al. (2013) and Paul et al. (2015). CO2 was considered to
influence the abundance of individual diatom species when we
detected a significant (p < 0.05) correlation between pCO2 and
diatom abundance.
Dissimilarities in diatom community composition between
CO2 levels were mapped by means of Principal Coordinate

Data Analyses
To analyze the dataset, we split the experiment into 3 consecutive
phases. Phase 0 was the time before the CO2 manipulation (day
−3–day −1). Phase I (day 0–day 17) comprised the oligotrophic
conditions that prevailed prior to the nutrient addition on day
18. Phase II (day 19–day 29) comprised the phytoplankton
bloom that formed under eutrophic conditions after nutrient
fertilization. For the analyses we calculated the phase averages
of pCO2 (i.e., the independent variable) and the phase averages

1

http://www.r-project.org

TABLE 1 | List of all diatom species enumerated by means of light microscopy.
Species

Shape

Actinocyclus spp.

Sphere

Formula

Dimensions (µm)

Volume (µm3 )

C (pg)

Measured/
referenced

π/6∗ d3

d = 25

8177

429

Measured

(π/12∗ d2∗ h)−40%

d = 5; h = 30

118

14

Measured
Measured

Asterionellopsis glacialis

Cone +half Sphere-40%

Bacteriastrum hyalinum

Cylinder

π/4∗ d2∗ h

d = 15; h = 20

3533

217

Cerataulina

Cylinder

π/4∗ d2∗ h

d = 25; h = 80

39250

1531

Chaetoceros spp. <10 µm

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 7; d2 = 6; h = 7

229

24

Measured
Referenced

Chaetoceros spp. >10 µm

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 13; d2 = 10; h = 20

2041

139

Referenced

Chaetoceros affinis

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 15; d2 = 10; h = 25

2944

187

Referenced

Chaetoceros atlanticus

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 10; d2 = 7; h = 10

550

48

Measured

Chaetoceros curvisetus

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 15; d2 = 8; h = 15

1325

98

Referenced

Chaetoceros decipiens

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 15; d2 = 10; h = 11

1295

96

Referenced

Chaetoceros didymus

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 20; d2 = 10; h = 14

2198

148

Referenced

Chaetoceros lauderi

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 16; d2 = 9; h = 28

3165

199

Referenced

Chaetoceros lorenzianus

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 12; d2 = 9; h = 34

2883

184

Referenced

Corethron spp.

Cylinder

π/4∗ d2∗ h

d = 20; h = 80

25120

1066

Measured

Cylindrotheca spp.

Rotational Ellipsoid

π/6∗ d2∗ h

d = 5; h = 80

1047

81

Measured

Dactyliosolen spp.

Cylinder

π/4∗ d2∗ h

d = 10; h = 55

4318

256

Measured

Eucampia zodiacus

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 20; d2 = 8; h = 10

1256

94

Referenced
Measured

Eunotia clevei

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 10; d2 = 5; h = 20

785

64

Guinardia delicatula

Cylinder

π/4∗ d2∗ h

d = 25; h = 60

29438

1212

Measured

Guinardia spp. <20 µm

Cylinder

π/4∗ d2∗ h

d = 20; h = 170

53380

1965

Measured

Guinardia spp. >20 µm

Cylinder

π/4∗ d2∗ h

d = 25; h = 150

73593

2549

Measured

Helicotheca spp.

Parallelepiped

l∗ w∗ h

l = 50; w = 20; h = 5

5000

288

Measured

Hemiaulus hauckii

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

d1 = 20; d2 = 10; h = 60

9420

481

Measured

Leptocylindrus spp.

Cylinder

π/4∗ d2∗ h

d = 5; h = 28

589

51

Referenced

Leptocylindrus spp. >5 µm

Cylinder

π/4∗ d2∗ h

d = 7; h = 30

1154

88

Measured

Licmophora spp.

Half parallelepiped

l∗ w∗ h/2

l = 35; w = 15; h = 3

788

64

Measured

Navicula spp.

Parallelepiped

l∗ w∗ h

l = 25; w = 5; h = 5

375

35

Referenced

l = 40; w = 3; h = 3

180

19

Referenced

Nitzschia spp. <50 µm

Half parallelepiped

l∗ w∗ h/2

Nitzschia spp. >50 µm

Half parallelepiped

l∗ w∗ h/2

l = 80; w = 4; h = 4

640

54

Measured

Pleurosigma spp.

Oval cylinder

π/4∗ d1 ∗ d2 ∗ h

l = 110; w = 16; h = 9.6

11827

579

Referenced

Pseudo-nitzschia spp. <60 µm

Parallelepiped

l∗ w∗ h

l = 55; w = 2.5; h = 2.5

309

30

Referenced

Pseudo-nitzschia spp. >60 µm

Parallelepiped

l∗ w∗ h

l = 110; w = 3; h = 3

792

65

Referenced

Rhizosolenia spp.

Cylinder

π/4∗ d2∗ h

d = 15; h = 250

44156

1685

Measured

Skeletonema costatum

Cylinder

π/4∗ d2∗ h

d = 10; h = 21

1649

117

Referenced

Thalassiosira spp.

Cylinder

π/4∗ d2∗ h

d = 45; h = 22.5

35767

1420

Referenced

Thalassiosira constricta

Cylinder

π/4∗ d2∗ h

d = 15; h = 18

3179

199

Measured

Thalassionema nitzschioides

Parallelepiped

l∗ w∗ h

l = 45; w = 5; h = 5

1125

86

Referenced

d, diameter; h, height; l, length; w, width. Measured or referenced indicates whether the dimensions to calculate cell volumes were measured or if the were adopted
from Olenina et al. (2006).
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Analyses (PCoA) using C biomass data (µmol C L−1 ) from the
most important diatom genera: Guinardia, Rhizosolenia,
Cerataulina,
Thalassiosira,
Dactyliosolen,
Chaetoceros,
Skeletonema, Leptocylindrus, and Pseudo-nitzschia. C biomass
data from each species were averaged for phase 0, I, and II to
yield one separate dataset for each phase. Two-dimensional
PCoA plots (k = 2) were generated thereafter with BrayCurtis dissimilarity matrices using the ‘vegan’ package for R
(Oksanen et al., 2018).

before the bloom between days 23–25, and on day 27 in the
619 µatm treatment (Figure 2B). P reached pre-bloom values
between days 27 and 29, albeit not in the 1137 µatm treatment
(Figure 2C). Si reached pre-bloom values between days 25 and
27 in the three highest CO2 treatments, whereas Si remained
at significantly (p < 0.05) higher levels in the two lowest CO2
mesocosms until the end of the experiment (>1 µmol L−1 ;
Figure 2D). NH4 + was not added during the nutrient enrichment
but concentrations showed a higher day to day variability during
phase II (Figure 2E).

RESULTS

Bulk Phytoplankton
Chla concentrations were 0.73 ± 0.07 µmol L−1 on the first
sampling day (day −3) and increased quickly to 2 ± 0.04 µmol
L−1 on day −1 (Figure 2F), consistent with the decreasing
nutrient concentrations (Figures 2B–E). Chla dropped down
to the initial values on day 1 and remained quite constant at
this level throughout phase I. Chla was slightly, but significantly
elevated in the high CO2 treatments during phase I (p = 0.043,
Figure 2F). The nutrient enrichment on day 18 led to a rapid chla
increase in all mesocosms except for the 619 µatm treatment.
Here, the increase was delayed since the chla concentration at
the onset of the bloom was considerably lower than in the other
mesocosms (check Figure 2F on day 18). CO2 had no significant
influence on chla during phase II.
Biogenic silica concentrations were 0.36 ± 0.07 µmol L−1
on the first sampling day (day −3). Concentrations increased
thereafter in all mesocosms until peaking at 1.5 ± 0.1 µmol L−1
on day 7. BSi declined after the peak to 0.22 ± 0.11 µmol L−1
at the end of phase I (Figure 2G). CO2 had a significant positive
influence on the BSi development after the nutrient fertilization
(p = 0.002). BSi increased to values slightly lower than 2 µmol
L−1 in the three highest CO2 mesocosms (day 29), while hardly
any increase was observed in the two lowest CO2 mesocosms
(day 29; Figure 2G). The BSi development over the course of the
study is reflected in the development of dissolved Si (compare
Figures 2D,G; please note that the BSi decline at the end of phase
I is not leading to increasing concentrations of dissolved Si since
the BSi sinks out into the sediment traps and is therefore removed
from the water columns).

Physicochemical Conditions
The average temperature was initially 17.73 ± 0.01◦ C (day −3;
mean of all mesocosms ± SD) and increased only marginally
to 18.86 ± 0.05◦ C at the end of the study. Temperature
developments were almost identical in all mesocosms and closely
followed the temperatures in the surrounding water since the
heat transfer between the inside and outside of the mesocosms
is extremely fast (Bach et al., 2016). The average salinity inside
the mesocosms was initially 36.98 ± 0.04 but increased to
38.48 ± 0.08 at the end of the experiment (day 29) due to
evaporation (please note that the initial salinity measurement
comes from day 1 because the salinity sensor was malfunctioning
from day −3 to day 1). Salinity outside the mesocosms was
constant around 37 and the salinity increase must be seen as
a mesocosm artifact. However, since the salinity increase was
almost identical in all mesocosms, it cannot be responsible
for the observed CO2 -dependent differences in the plankton
communities presented herein.
The injection of different amounts of CO2 -saturated seawater
at the beginning of the experiment resulted in the expected
pCO2 gradient, ranging from 375 (ambient) to 1406 µatm on
day 3. The relative pCO2 gradient between the mesocosms was
maintained throughout the experiment, although the absolute
pCO2 values varied. A considerable decline of pCO2 was observed
in all mesocosms after the nutrient fertilization due to the net
uptake of CO2 by phytoplankton (Figure 2A).
At the beginning of the study (day −3), nutrient
concentrations were 1.46 ± 0.27, 0.17 ± 0.02, 1.29 ± 0.2,
0.47 ± 0.15 µmol L−1 for NOx − , P, Si, and NH4 + , respectively.
These nutrient concentrations were well within the natural range
observed in the surface at the nearby European Station for Time
Series in the Ocean at the Canary Islands (ESTOC), located in
the NE Atlantic subtropical gyre (Cianca et al., 2007). Nutrient
concentrations were declining from day −3 onward but at
different rates (NOx − > NH4 + > Si > P; Figure 2). All nutrients
were exhausted by the end of phase I and hence before nutrient
enrichment on day 18 (Figure 2).
NOx − , P, and Si concentrations were moderately increased
on day 18 and averaged at 3.43 ± 0.32, 0.16 ± 0.01, and
1.63 ± 0.12 µmol L−1 directly after the nutrient enrichment.
These N:P:Si ratios roughly correspond to those of deep water
(∼600 m) around the study area (Taucher et al., 2017). The
fertilization induced phytoplankton growth and corresponding
nutrient drawdown. NOx − declined fastest reaching values from

Frontiers in Marine Science | www.frontiersin.org

Diatom Communities
The diatom community was initially diverse (Figure 2H)
and dominated by species that are frequently found in the
region (Anabalón et al., 2014). The genera with highest C
biomass contribution in the mesocosms were: Guinardia (Guin),
Rhizosolenia (Rhiz), Cerataulina (Cera), Thalassiosira (Thals),
Dactyliosolen (Dact), Chaetoceros (Chae), Skeletonema (Skel),
Leptocylindrus (Lept), and Pseudo-nitzschia (Ps-n). These are
shown on an individual basis in Figures 3, 4. Subdominant
species were pooled and shown as one group (“others,”
Figures 3, 4). A full species list with calculated biovolumes and C
biomasses is provided in Table 1. The PCoA of phase 0 revealed
no treatment-specific dissimilarities between mesocosms before
the first CO2 addition (Figure 5A). The three highest CO2
treatments were mapped at the extremes of the PCo space.
This information is important as it indicates that dissimilarities
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FIGURE 2 | Chemical conditions and bloom formations in the mesocosms. (A) pCO2 . (B) Nitrate + Nitrite concentrations. (C) Phosphate concentration.
(D) Dissolved silicate concentration. (E) Ammonium concentration. (F) Chlorophyll a concentration. (G) Biogenic silica. (H) Shannon-Weaver diversity of the diatom
community. (I) total diatom biomass. (J) Cellular C quota averaged over all diatom species (see Eq. 2). Dashed vertical lines separate the three phases of the
experiment. Asterisks indicate significantly (p < 0.05) positive (red) or negative (blue) CO2 effects during phases. The legend at the bottom gives mean pCO2 values
(in µatm) of the different treatments.

between treatments later in the experiment are less likely to be
predetermined by the initial diatom community structure.
Diatoms started to grow exponentially at the beginning of
the study until days 1 to 5, reflected in the BSi build-up and Si
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drawdown (Figures 2D,G). Abundance and C biomass declined
after this initial peak but in some genera (e.g., Skeletonema)
more than in others (e.g., Guinardia; compare Figures 3A, 4A
with Figures 3G, 4G). The decline of some species to almost
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FIGURE 3 | Abundance of the most important diatom genera. (A) Guinardia. (B) Rhizosolenia. (C) Cerataulina. (D) Thalassiosira. (E) Dactyliosolen. (F) Chaetoceros.
(G) Skeletonema. (H) Leptocylindrus. (I) Pseudo-nitzschia. (J) Sum of all other diatom species. A full species list is provided in Table 1. Dashed vertical lines
separate the three phases of the experiment. Asterisks indicate significantly (p < 0.05) positive (red) or negative (blue) CO2 effects during phases. The legend at the
bottom gives mean pCO2 values (in µatm) of the different treatments.

undetectable abundances toward the end of phase I led to a
decrease of diversity from ∼2 (days −3–13) to ∼1.2 (days 17–
29; Figure 2H). Diatoms developed similarly in all treatments
during the more oligotrophic conditions in phase I, but we
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detected significant CO2 effects on abundance and C biomass
of Guinardia and Chaetoceros (Figures 3A,F and Table 2).
Cq (Eq. 2) of the diatom community averaged over phase I
was positively correlated with pCO2 (Figure 2J). The PCoA of
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FIGURE 4 | C Biomass of the most important diatom genera. (A) Guinardia. (B) Rhizosolenia. (C) Cerataulina. (D) Thalassiosira. (E) Dactyliosolen. (F) Chaetoceros.
(G) Skeletonema. (H) Leptocylindrus. (I) Pseudo-nitzschia. (J) Sum of all other diatom species. A full species list is provided in Table 1. Dashed vertical lines
separate the three phases of the experiment. Asterisks indicate significantly (p < 0.05) positive (red) or negative (blue) CO2 effects during phases. The legend at the
bottom gives mean pCO2 values (in µatm) of the different treatments.

phase I revealed no pronounced CO2 -dependent dissimilarities
of the diatom communities, although there is, perhaps, a mild
separation between the three highest CO2 mesocosms and the
control along PCo1 (Figure 5B).
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A pronounced diatom bloom was initiated through the
nutrient fertilization at the beginning of phase II. However, the
onset of the bloom varied among the different diatom genera.
While Chaetoceros was responding immediately (day 18), it took
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treatments were mapped in three different regions of the PCo
space (Figure 5C).

most of the other genera a few days before they started to grow
(Figure 3B). Nanoflagellates (0.2–2 µm) were profiting from
this delay (Filella et al., 2018) and were largely responsible for
the first chla peak on day 22, shortly after nutrient fertilization
(Figure 2B). Diatoms became more influential on the bulk chla
signal about 1 week after fertilization (compare Figures 2B,
4), although other groups like non-diazotrophic cyanobacteria,
dinoflagellates, or nanoflagellates still had a noticable influence
(Filella et al., 2018).
CO2 had a strong influence on the composition of the diatom
assemblage after the nutrient fertilization. Abundance and C
biomass of Cerataulina, Chaetoceros, Dactyliosolen, Guinardia,
Leptocylindrus, and Pseudo-nitzschia were significantly positively
influenced under high CO2 . Guinardia was the species with the
highest carbon content and profited most strongly from high
CO2 levels (Figures 3D, 4D). Cq of the diatom community
was positively correlated with pCO2 during phase I and II
(Figure 2I, phase I, p = 0.022; phase II p = 0.009). The PCoA
for phase II revealed CO2 -dependent dissimilarities of the diatom
community where the control and the 619 µatm treatment, the
741 and the 835 µatm treatments, and the three highest CO2

Mesozooplankton
The MesoZP communities were numerically dominated by
copepods (Figure 6). Individuals of the different species were
generally small with even the adults hardly ever being larger
than 500 µm. The two genera Clausocalanus and Paracalanus
were not distinguishable while counting the sample and were
therefore merged into one taxonomic unit, termed CP-calanus
in the following (please note that both genera were present
in the mesocosms as was determined with meta-barcoding).
The most abundant copepod genera during phase I were CPcalanus, Oithona, Oncaea, and Temora (Figures 6A,C,E,F). CPcalanus and Temora reached particularly high abundances during
phase II but only in the lower CO2 mesocosms (Figures 6A,E).
Copepod nauplii reached abundance peaks on days 13 and 30,
although there was a large spread among mesocosms especially
during the second peak (Figure 6H). Other MesoZP taxa
that occurred in high abundances comprised Oikopleura dioica
(appendicularia) and foraminifera (most likely Globigerinidae

TABLE 2 | Statistics; Regression analyses were performed for time-averaged means for the two experimental phases.
Dependent variable
NOX

−

Phase

p-value

R2

F statistic

Phase

p-value

R2

F statistic
1.292

I

0.728

0.03

0.135

II

0.307

0.21

PO4 3−

I

0.601

0.06

0.313

II

0.174

0.34

2.514

Si(OH)4

I

0.621

0.05

0.276

II

0.024

0.67

10.17

NH4

I

0.931

0.01

0.008

II

0.733

0.03

0.13

Chlorophyll a

I

0.043

0.59

7.268

II

0.081

0.49

4.776

BSi

I

0.215

0.21

1.372

II

0.001

0.79

19.1

H0

I

0.932

0.01

0.008

II

0.151

0.36

2.866

BD

I

0.189

0.32

2.312

II

0.006

0.81

20.96

Cq

I

0.022

0.67

10.62

II

0.009

0.77

16.69

Guinardia

I

0.041

0.60

7.492

II

0.002

0.88

35.2

Rhizosolenia

I

0.451

0.12

0.666

II

0.464

0.11

0.627

Cerataulina

I

0.833

0.01

0.05

II

0.023

0.68

10.46

Thalassiosira

I

0.707

0.03

0.157

II

0.13

0.39

3.283

Dactyliosolen

I

0.161

0.35

2.71

II

0.05

0.57

5.534

Chaetoceros

I

0.006

0.81

21.02

II

0.015

0.81

17.05

Skeletonema

I

0.454

0.12

0.656

II

0.847

0.01

0.041

Leptocylindrus

I

0.218

0.28

1.983

II

0.015

0.73

13.32
7.162

Pseudo-nitzschia

I

0.298

0.21

1.346

II

0.044

0.6

Others

I

0.613

0.11

0.469

II

0.201

0.31

2.162

Clauso-/Paracalanus

I

0.79

0.02

0.079

II

0.022

0.68

10.73

Nannocalanus

I

0.953

0.01

0.004

II

0.212

0.29

2.05

Oncaea

I

0.929

0.01

0.009

II

0.699

0.03

0.167

Oikopleura

I

0.438

0.12

0.71

II

−

−

−

Temora

I

0.295

0.21

1.364

II

0.026

0.66

9.883

Oithona

I

0.641

0.05

0.246

II

0.021

0.69

10.91

Foraminifera

I

0.121

0.41

3.487

II

0.403

0.14

0.833

Copepoda nauplii

I

0.729

0.03

0.134

II

0.934

0.01

0.008

Results were considered to be statistically significant if the correlation between pCO2 (independent variable) and the dependent variable revealed a significant trend
(p < 0.05). Please note that results were identical for diatom abundances and C biomasses so that the statistical outcomes apply for both. The bold values indicate
statistical significance.
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concentrations (Gao and Campbell, 2014). A recent metaanalysis of OA laboratory experiments with diatoms revealed an
increase of growth rates under high CO2 , although the response
varies widely among different diatom species (Dutkiewicz et al.,
2015). This inter-specific variability is an important feature as
it suggests that high CO2 conditions will affect diatom species
differentially and therefore, alter the composure of diatom
assemblages (Tortell et al., 2008; Hoppe et al., 2013; Endo et al.,
2016). Indeed, our experiment revealed a positive effect on the
bulk diatom biomass (Cq ) that coincided with shifts in the
assemblage structure after the nutrient addition.
The exact mechanisms which control diatom responses to
high CO2 are difficult to uncover in mesocosm experiments
because the complexity of the food web allows a myriad of
explanations (Bach et al., 2017). Therefore, our goal in the
discussion is not to mention every imaginable mechanism but
to highlight particularly plausible ones while acknowledging that
none of them can be proven and none are necessarily exclusive.
In fact, several mechanisms could coincide and ultimately explain
the observed responses together. After discussing potential
mechanisms underlying the observed CO2 responses (section
“Potential Mechanisms Explaining Observed CO2 Effects on the
Diatoms”), we consider our findings in a wider perspective and
discuss their value to assess diatom responses to OA in the
subtropical NE Atlantic (section “What Can These Results Tell Us
About OA Impacts on Diatoms in the Subtropical NE Atlantic?”).

Potential Mechanisms Explaining
Observed CO2 Effects on the Diatoms
CO2 Fertilization of Photosynthesis
When phytoplankton profits from high CO2 then this is usually
explained with a CO2 fertilization effect on inorganic carbon
acquisition. The idea is that increasing seawater pCO2 facilitates
the diffusive uptake of CO2 , thereby reducing the energy
demand for active carbon acquisition (Giordano et al., 2005;
Reinfelder, 2011). The energy that is saved by reducing the
operation of this so-called “carbon concentrating mechanism
(CCM)” can be diverted into the acquisition of other resources,
ultimately leading to faster growth. Physiological studies with
diatoms generally support this concept, although variability exists
between species (Rost et al., 2003; Hopkinson et al., 2011;
Trimborn et al., 2013; Gao and Campbell, 2014).
The CCM related explanation may also apply to our results.
Elevated pCO2 may have stimulated resource acquisition in some
of the diatom species present in the mesocosms, thereby leading
to CO2 -dependent restructuring of the assemblage. Recently, Wu
et al. (2014) performed laboratory CO2 experiments with four
different Thalassiosira species and Coscinodiscus wailesii, and
found that the CO2 fertilization effect on growth rates scales
positively with cell volume. Although their concept is derived
mainly from one genus, it is physiologically well substantiated
and based on the positive correlation between cell size and
diffusion gradients, which predicts that high CO2 is particularly
beneficial for carbon acquisition in larger species (Pasciak and
Gavis, 1974; Wolf-Gladrow and Riebesell, 1997; Flynn et al.,
2012; Shen and Hopkinson, 2015). Applying the cell volume

FIGURE 5 | PCoA analyses of the diatom community composition. (A) Phase
0 (i.e., before the CO2 manipulation). (B) Phase I. (C) Phase II. Explained
variance for principal coordinates 1 and 2 (PCo1, PCo2) are given on the axis.
The legend at the bottom gives mean PCo2 values (in µatm) of the
differen treatments.

species). O. dioica was initially not detected but occurred
suddenly in some mesocosms during phase I (Figure 6D).
It disappeared equally quickly after the bloom and remained
detectable only in the 619 and 913 µatm treatments (Figure 6D).
Foraminifera were detected in low abundances since the first
sampling and they thrived in all mesocosms until day 21–
25 (Figure 6G).
CO2 effects on MesoZP were detected only in 3 species
and only in phase II. CO2 had a strong positive influence
on the abundance of CP-calanus and Temora (Figures 6A,E).
Oithona was negatively affected by CO2 but the effect was not as
pronounced as in the two other genera (Figure 6F).

DISCUSSION
Physiological studies have shown that growth and the metabolism
of diatoms can be affected by increasing seawater CO2
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FIGURE 6 | Abundance of the most important mesozooplankton groups (A) CP-calanus. (B) Nannocalanus. (C) Oncaea. (D) Oikopleura dioica. (E) Temora.
(F) Oithona. (G) Foraminifera. (H) Nauplii. Dashed vertical lines separate the three phases of the experiment. Asterisks indicate significantly (p < 0.05) positive (red) or
negative (blue) CO2 effects during phases. The legend at the bottom gives mean pCO2 values (in µatm) of the different treatments.

dependency determined by Wu et al. (2014) to our dataset
partially confirms their concept. As predicted, we observed by
far the strongest CO2 stimulation in Guinardia, the largest genus
present in the experiment. Apart from Guinardia, however, CO2
effects did not seem to scale with diatom biovolumes. There
were small genera (e.g., Chaetoceros) that showed clearer CO2
responses than larger ones (e.g., Cerataulina) (Figures 3C,F).
Hence, while the Wu et al. (2014) concept provides a great
starting point to interpret results observed in field experiments,
it still needs to be expanded to account for the ecological
complexities occurring outside the laboratory environment and
genotype-specific variability. The application of molecular tools
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in community studies may help to make significant progress on
that matter (Endo et al., 2016).

CO2 Effect Through Grazer Interactions
Copepods were the most abundant MesoZP group present in the
mesocosms and probably had a top-down impact on the diatom
community. Three of the five dominant copepod genera were
significantly influenced by high CO2 during phase II. Oithona
abundance ranged between 100 and 1800 individuals L−1 and
was positively affected (Figure 6F). In contrast, CP-calanus and
Temora abundances ranged between 800 to 9700 and 30 to 6900
individuals L−1 , respectively, and were both negatively affected
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increasing Si incorporation and cellular BSi quota in T. weissflogii
with decreasing pH from 8 to 7.2. However, other experiments
with T. weissflogii only found increased Si uptake rates (Milligan
et al., 2004) but decreasing BSi quota (Milligan et al., 2004) or
BSi/C (Mejía et al., 2013). Thus, with the currently available (and
partially controversial) information, it is not possible to assess the
relevance of carbonate chemistry dependent silicification changes
on grazing but it would be worthwhile to further investigate this
important feedback in future studies (Milligan et al., 2004; Mejía
et al., 2013; Gao and Campbell, 2014).

by high CO2 (Figures 6A,E). The higher abundances of CPcalanus and Temora, as well as the larger CO2 effect size relative
to Oithona, suggests that any CO2 -related top-down control
was primarily mediated through these two species. Indeed,
abundances of several diatom species and bulk diatom biomass
were significantly reduced under high CO2 during phase II and
particularly low in the control and the lowest CO2 treatment
(619 µatm), where considerably more CP-calanus and Temora
were present (compare Figures 2I, 6A,E). This anti-correlated
pattern points toward a causal relationship between diatom and
CP-calanus/Temora abundances that were altered through CO2
concentrations. The key question is: Through which mechanisms
could CO2 affect the interaction between copepods and diatoms?
The most straight-forward explanation would be a negative
CO2 effect on the physiological performance of CP-calanus and
Temora. High CO2 /low pH conditions may have reduced growth
and grazing of these two copepod genera, thereby reducing their
abundances and ultimately grazing pressure on diatoms. To the
best of our knowledge, there is no published study to date in
which direct CO2 effects on CP-calanus were investigated under
controlled laboratory conditions. Such experiments exist for
Temora longicornis but it is unclear whether the Temora species
in our experiments would show the same insensitivity to high
CO2 as the individuals from the English Channel investigated by
McConville et al. (2013). Recent OA experiments with Calanus
glacialis revealed population-specific CO2 responses with more
robust populations found in naturally CO2 -rich habitats (Thor
et al., 2018). These findings suggest that local carbonate chemistry
conditions may be a better predictor to assess CO2 sensitivities
of copepods than their taxonomic affiliation (Thor et al., 2018;
Zhang et al., 2018). They also suggest that laboratory-based
results can only reliably be used to interpret responses observed
in experiments with natural assemblages when both experiments
were done with individuals from the same population. Thus, with
the available data it is not possible to assess the likelihood for such
a direct negative CO2 effect on the metabolism of CP-calanus
and Temora.
Altered interactions between CP-calanus/Temora and diatoms
could also have been provoked through CO2 -induced changes
in the nutritional quality of the diatoms. If high CO2 triggers
a physiological response in diatoms, that cause them to be
less nutritious, copepod growth would be reduced ultimately
leading to lower grazing pressure and higher diatom abundances.
A potential explanation for this hypothesis comes from
experiments by Rossoll et al. (2012), who found that the diatom
Thalassiosira pseudonana contained less fatty acids under high
CO2 and the composition of the produced fatty acids had a lower
nutritional value. As a consequence, the copepod Acartia tonsa
fed with these T. pseudonana cells grew slower and produced
less eggs (Rossoll et al., 2012). Furthermore, carbonate chemistry
effects on silicification may have altered the strength of the
frustule and therefore the palatability of diatoms (Hamm et al.,
2003; Wilken et al., 2011; Friedrichs et al., 2013; Liu et al.,
2016). Low seawater pH is considered to be beneficial for the
silicification process since opal precipitation does occur in a low
pH (pH ∼5) compartment of the diatom cell (Vrieling et al., 1999;
Martin-Jézéquel et al., 2000). Indeed, Hervé et al. (2012) found
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What Can These Results Tell Us About
OA Impacts on Diatoms in the
Subtropical NE Atlantic?
The potential of OA impacts on diatom communities will depend
on the degree of future CO2 increase. In the present experiment,
diatom composition was noticeably affected at pCO2 levels
>619 µatm, during the bloom in phase II (Figure 5C). This
should not be regarded as a general threshold for diatom OA
sensitivity as it is likely to vary regionally, depending on the
prevailing diatom community and regional carbonate chemistry
conditions. More productive regions near coasts or estuaries
have typically larger natural variations in carbonate chemistry
(Hofmann et al., 2011; Wallace et al., 2014) and should harbor
generalist species, which are less responsive to increased CO2 .
Conversely, CO2 enrichment studies in more stable oceanic
environments should be more likely to induce a response
(Duarte et al., 2013). Carbonate chemistry conditions at the
coast of Gran Canaria are rather stable with comparatively little
seasonal fluctuations (González-Dávila et al., 2010), which may
explain why quite pronounced changes in the diatom community
composition were observed already above 619 µatm.
The experiment discussed in the present paper took place
in spring 2016 but we did a similar OA experiment at the
coast of Gran Canaria with larger mesocosms already in autumn
2014 (Taucher et al., 2017). In this earlier experiment we also
observed profound shifts in the diatom community composition,
although the CO2 threshold above which changes occurred
could not be determined (Taucher et al., 2018). The diatom
genera Guinardia and Leptocylindrus were important in both
the 2016 and the 2014 study and the comparison of their
responses to high CO2 is valuable because it allows us to
assess the “reproducibility” of our findings. Guinardia benefitted
profoundly from high CO2 in both experiments which raises
confidence that the Guinardia species enclosed in the mesocosms
(G. striata in 2014; G. delicatula, Guinardia spp. in 2016)
could become more competitive in an acidified NE Atlantic.
Leptocylindrus, however, responded oppositely which could be
due to different Leptocylindrus genotypes being enclosed in
the mesocosms (L. delicatulum in 2014; Leptocylindrus spp.
in 2016). Alternatively, different food web structures could
have indirectly caused the opposite responses, for example by
altering resource competition or grazing pressure. Such food
web related differences could have either developed in the
course of the study or were already established at the beginning
when the communities were enclosed inside the mesocosms
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(Moreno de Castro et al., 2017). In this context it is also important
remember that the mesocosm bags were filled with pumps in 2016
(section “Mesocosm Design, Deployment, and Maintenance”)
while they were lowered into the water column in 2014 (Taucher
et al., 2017). The different filling procedures may have amplified
differences in the initial community structure.
The Guinardia species enclosed in the mesocosms was a
comparatively large diatom and its positive response to high
CO2 drove the significant increase of the average cellular carbon
quota (Cq ) of the diatom community (Figure 2J). Such a CO2 induced shift toward larger diatoms was also observed in several
earlier OA experiments with natural communities (Tortell et al.,
2008; Feng et al., 2009, 2010; Eggers et al., 2014; Bach et al.,
2017; Taucher et al., 2018) while the opposite response (i.e.,
a CO2 -induced shift toward smaller diatoms) was reported
only once (Davidson et al., 2016). This suggests that OA will
generally favor large diatom species, which is in accordance
with the physiological theory described at the beginning of
section “Potential Mechanisms Explaining Observed CO2 Effects
on the Diatoms”.

before winners and losers within the diatom community can be
determined with high confidence.
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