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In the autumn of 2014, nine large mesocosms were deployed in the oligotrophic

subtropical North-Atlantic coastal waters off Gran Canaria (Spain). Their deployment was

designed to address the acidification effects of CO2 levels from 400 to 1,400 µatm,

on a plankton community experiencing upwelling of nutrient-rich deep water. Among

other parameters, chlorophyll a (chl-a), potential respiration (8), and biomass in terms

of particulate protein (B) were measured in the microplankton community (0.7–50.0 µm)

during an oligotrophic phase (Phase I), a phytoplankton-bloom phase (Phase II), and

a post-bloom phase (Phase III). Here, we explore the use of the 8/chl-a ratio in

monitoring shifts in the microplankton community composition and its metabolism.

8/chl-a values below 2.5 µL O2 h−1 (µg chl-a)−1 indicated a community dominated

by photoautotrophs. When 8/chl-a ranged higher, between 2.5 and 7.0 µL O2 h−1

(µg chl-a)−1, it indicated a mixed community of phytoplankton, microzooplankton and

heterotrophic prokaryotes. When 8/chl-a rose above 7.0 µL O2 h−1 (µg chl-a)−1, it

indicated a community where microzooplankton proliferated (>10.0 µL O2 h−1 (µg

chl-a)−1), because heterotrophic dinoflagellates bloomed. The first derivative of B, as a

function of time (dB/dt), indicates the rate of protein build-up when positive and the rate of

protein loss, when negative. It revealed that the maximum increase in particulate protein

(biomass) occurred between 1 and 2 days before the chl-a peak. A day after this peak, the

trough revealed the maximum net biomass loss. This analysis did not detect significant

changes in particulate protein, neither in Phase I nor in Phase III. Integral analysis of 8,

chl-a and B, over the duration of each phase, for each mesocosm, reflected a positive

relationship between 8 and pCO2 during Phase II [α = 230·10−5 µL O2 h−1 L−1 (µatm

CO2)
−1 (phase-day)−1, R2 = 0.30] and between chl-a and pCO2 during Phase III [α =

100·10−5 µg chl-a L−1 (µ atmCO2)
−1 (phase-day)−1, R2 = 0.84]. At the end of Phase II,

a harmful algal species (HAS), Vicicitus globosus, bloomed in the high pCO2 mesocosms.
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In these mesocosms, microzooplankton did not proliferate, and chl-a retention time in

the water column increased. In these V. globosus-disrupted communities, the 8/chl-a

ratio [4.1 ± 1.5 µL O2 h−1 (µg chl-a)−1] was more similar to the 8/chl-a ratio in a mixed

plankton community than to a photoautotroph-dominated one.

Keywords: ocean acidification, mesocosms, nutrient fertilization, subtropical North-Atlantic, potential respiration,

plankton metabolism, mixotrophy

1. INTRODUCTION

The global economy, based on the combustion of fossil resources,
has caused the increase in anthropogenic carbon dioxide (CO2)
emissions over the past 250 years, resulting in atmospheric
pCO2 values that currently exceed 400 µatm, the highest
level the planet has experienced in the last 800,000 years.
Furthermore, atmospheric CO2 keeps increasing up to one-
order-of-magnitude faster than it increased over the previous
millions of years (Doney and Schimel, 2007). Oceans are
taking up nearly one third of this CO2, impacting seawater
carbonate chemistry, and causing ocean acidification (Doney
et al., 2009). Even if these changes raise photosynthetic carbon
fixation (Riebesell et al., 2007), the resulting organic matter
may have lower nutritional value to the detriment of the rest
of the ocean ecosystem (Doney et al., 2009). Under eutrophic
conditions, these changes seem to have different effects. In
the most acidified environments, picophytoplankton growth
is stimulated, and excreted dissolved organic carbon (DOC)
becomes an important fraction of the organic matter. In other
cases, increases in the pCO2 levels do not directly enhance
sinking material flux (Paul et al., 2015). Under oligotrophic
conditions, respiration (R), potential respiration (8), primary
production (PP) and chorophyll-a (chl-a) levels remained low
in both weakly and highly acidified mesocosms studies (Filella
et al., 2018; Hernández-Hernández et al., 2018). When the
microplankton community under oligotrophic conditions was
given an injection of inorganic nutrients, a phytoplankton bloom
was produced. In the most acidified mesocosms, R, 8, and
chl-a were more stimulated, although 8 was highly variable
(Filella et al., 2018). Also, during the phytoplankton bloom in
Hernández-Hernández et al. (2018), PP rose to a peak and rapidly
declined to half of the peak value by the end of the bloom. As
the PP peaked and fell, the high CO2 mesocosms were the most
productive, but they did not stand out from the other mesocosms
(Hernández-Hernández et al., 2018). After nutrient depletion, the
decline in PP continued with higher productivity in the most
acidified mesocosms (Hernández-Hernández et al., 2018). Here,
we continue these types of mesocosm experiments, focusing on
cellular metabolism, to further investigate the impact of rising
ocean CO2 levels on plankton.

Cellular metabolism incorporates enzymatic pathways of both
biosynthesis and biodegradation. The biosynthesis pathways

Abbreviations: B, Proteinaceous biomass (particulate protein); BL, biomass loss;

ETS, electron transport system; HAS, harmful algal species; PN , change in

particulate protein per day; PP, primary productivity; R, respiration; SP, secondary

productivity; 8, potential respiration.

(anabolism) are found in both autotrophic and heterotrophic
organisms throughout the ocean. However, anabolism based on
chlorophyll-based photosynthesis is found only in the ocean’s
euphotic zone (Mackey et al., 1996). Chl-a, in oceanography
has been used as a measure of photoautotroph biomass since
the Arctic research of Kreps and Verjbinskaya (1930) and more
recently, as an index of PP (Ryther and Yentsch, 1957; Huot
et al., 2007; Roesler and Barnard, 2013). Both uses are “first
approximations” because there are other factors, including light
and nutrients, that, for more accuracy, need to be considered.
Here, also as a first approximation, we use chl-a to represent
anabolism of the phytoplankton fraction of the euphotic-zone
microplankton community.

The other side of metabolism, biodegradation or catabolism,
generates energy-rich biomolecules needed in both phases of
metabolism. The key catabolic pathway for the generation of the
universal biological energy currency is the respiratory electron
transport system (ETS) (Gnaiger et al., 2019). Since the 1970’s, the
ETS has been used to represent potential O2 consumption rates
in different components of the marine ecosystem (Packard, 1971;
Packard et al., 1974; Moran et al., 2012; Robinson, 2018; Belcher
et al., 2019). As ETS activity regulates adenosine triphosphate
(ATP) production, we use it here as a first approximation to
represent catabolism in a mixed plankton community.

On an environmental scale, anabolism and catabolism
are complementary sides of metabolism, where the principal
products of photosynthetic biosynthesis (O2 and glucose) are the
main inputs for cell respiration while the principal product of
respiration (CO2) is the main input for biosynthesis (Nelson and
Cox, 2008). In this KOSMOS experiment, Hernández-Hernández
et al. (2018), Taucher et al. (2018), and Algueró-Muñiz et al.
(2019) monitored the shifts in the community composition
during different stages of a phytoplankton bloom, ranging
from a mixed community to a photoautotroph-dominated one
during the bloom, and then, leading to a heterotroph-dominated
community or a mixed one. In this paper, we reasoned that these
shifts were likely linked to shifts in the balance between the two
sides of metabolism. Specifically, we investigated the feasibility
of using the ratio between potential respiration rate (8) and chl-
a as an index of shifts between these two sides of metabolism.
Accordingly, we followed the 8/chl-a relationship through the
temporal evolution of the microplankton community (0.7–
50.0 µm) as related to the simulated deep-water upwelling,
the subsequent diatom bloom, and the nutrient depletion that
occurred in all themesocosms. In our calculations here, restricted
by our seawater sampling of the 0.7–50.0 µm size-fraction, the
8/chl-a ratio pertains just to the microplankton community, not
to the mesozooplankton community (50.0–2000.0 µm).
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Our conceptual thinking about the 8/chl-a ratio is consistent
with the thinking of Packard (1985), Martinez et al. (1990),
Martinez (1991), and Bangqin et al. (2005), where the 8/chl-
a was used as an index of the relative contribution of the total
microplankton respiration to the phytoplankton biomass. These
studies examined the variability of this ratio and found that
in phytoplankton-dominated zones, such as upwelling systems,
ocean fronts or chl-a maximum layers, 8/chl-a is low (Table 1).
In addition, Martinez et al. (1990) and Martinez (1991) found
that outside these areas, the microheterotrophs’ contribution to
the microplankton is higher, and the 8/chl-a increases. With
regards to the physiologically measured respiration (R) ratioed
to chl-a, in euphotic zones, Robinson et al. (2002) found that
in both the northern and southern Benguela upwelling systems,
the R/chl-a was low [1.7 mg O2 (mg chl-a)−1], while in three
oligotrophic Eastern Boundary Current oceanic provinces, the
ratio was high [6.4 mg O2 (mg chl-a)−1]. The trend is the same
for R/chl-a as it is with 8/chl-a. Given the fact that 8/chl-a
ratio varied with the composition of the microplankton, the first
objective of the present study was to characterize the parallel
temporal shifts in the 8/chl-a ratio and the microplankton
composition, as seawater conditions change. In addition, we
monitored the daily changes (PN) in the particulate protein (B)
of the mesocosms during the whole experiment by following
the first derivative of B with respect to time (dB/dt). Then, we
used another simple mathematical trick, integration, to detect
changes in 8, chl-a, and B in the microplankton community,
with increasing pCO2 levels. Thus, our second objective was
to show how differential and integral analysis can advance
data processing by transforming static processes into dynamic
ones and by amplifying time-course signals to the point of
detectability. The final objective was to document how increasing
CO2 levels impact 8, chl-a, and B during different stages of a
phytoplankton bloom.

2. MATERIALS AND METHODS

2.1. Experimental Design
A 55-days in situ KOSMOS (Kiel Offshore Mesocosms for Future
Ocean Simulations) experiment was carried out in Gando Bay, on
the east coast of Gran Canaria Island (Spain) (27◦ 55′ 41′′ N, 15◦

21′ 55′′ W), during autumn 2014 (October-November). Nine 35
m3-mesocosms (M1-M9) (Riebesell et al., 2013), with increasing
partial pressure CO2 (pCO2) treatments ranging from ambient
levels (400 µatm) to 1,200 µatm (see Table 2), were deployed
in order to study the physical, ecological, and biogeochemical
responses before, during and after a simulated upwelling event.
Days of the experiment are designated as T1,T2,T3, up to T55.
Note that mesocosm 6 (M6) was lost on T27 due to strong
currents in Gando Bay. Consequently, it was excluded from
this study. Mesocosms 4 and 9 (M4 and M9) were also slightly
damaged (holes) on T11 and T13, respectively, but were properly
repaired. Except for the integral analysis, where M9 values acted
like outliers, both M4 and M9 have been included in this study.

The pCO2 treatments were carried out by adding different
amounts of CO2-saturated seawater. During the addition, a
special mixing device (“spider”) was constantly pulled up and

down to ensure the homogeneous distribution of the CO2-
saturated seawater and to reach the desired pCO2 levels (Riebesell
et al., 2013). The initial CO2 manipulation was carried out
gradually in four steps over a period of 7 days, from T0 to T6, to
avoid an abrupt disturbance. To correct the loss of CO2 through
air-sea exchange, two more pCO2 additions were performed
during the 55 days of the experiment: one at the end of phase
II before the deep-water addition (on T21), and one during
phase III (on T38) (Taucher et al., 2017). During the whole
55-days-long experiment the pCO2 gradient among mesocosms
was reasonably maintained (Figure 1). Table 2 summarizes
the average pCO2 levels in every mesocosm per phase of
the experiment.

After 24 days of oligotrophy (Phase I), an upwelling event
was simulated by enriching nine mesocosms with nutrient-rich
deep-water. Until T23, the average concentration of the inorganic
nutrients was very low. NO3

−+NO2
−, PO4

3− and Si(OH)4, were
0.06, 0.03, and 0.03 µmol L−1, respectively (Figure 6 in Taucher
et al., 2017). The pCO2 levels in these mesocosms ranged from
400 to 1,200 µatm.

The upwelling event was simulated by replacing 20% of
the mesocosms’ volume by nutrient-rich deep-water with
NO3

−+NO2
−, PO4

3−, and Si(OH)4 concentrations of 16.50,
1.05, and 7.46 µmol L−1, respectively (Figure 6 in Taucher et al.,
2017). This replacement ensured an input of inorganic nutrients
similar to those reported in this region’s natural upwelling events
(Taucher et al., 2017). To do that, around 85 m3 of nutrient-rich
seawater was collected from a depth of 650 m by a “deep-water
collection system” on T22 (Taucher et al., 2017). The next day,
T23, defined amounts of water were carefully removed from the
mesocosms at 5m depth. Then, during the night of the following
day, T24, an equal volume of nutrient-rich deep-water was
added. This night-time addition was designed to minimize the
phytoplankton nutrient uptake or growth during the nutrient-
enrichment process. An injection device similar to the “spider”
was used to ensure the desired mixing ratio of about 20% of
the mesocosms’ volume. Table 2 summarizes the total and deep-
water volumes in every mesocosm. After the deep water addition,
the final NO3

−+NO2
−, PO4

3−, and Si(OH)4 concentrations in
the mesocosms were 3.15, 0.17, and 1.60 µmol L−1, respectively.

Subsequently, the phytoplankton community bloomed (Phase
II) until nutrient depletion. Between T28 and T30, the inorganic
nutrients dropped to values close to detection limit (Figure 6 in
Taucher et al., 2017). At this point, the Post-bloom (Phase III)
began. All the mesocosms showed similar trends in chlorophyll
a (chl-a) and biomass during these three phases (Taucher et al.,
2018).

Here, during the simulated deep-water upwelling event,
we assessed how ocean acidification impacted the potential
respiration, the phytoplankton biomass, and the proteinaceous
biomass of the microplankton community in the 0.7–50.0 µm
size-range. We then used these measurements, along with
taxonomic observations, to parse out information on the anabolic
and catabolic aspects of this community. The community
was comprised of pico, nano, and microplankton parts but,
from here on, we will call it “microplankton” to ease the
discussion. The phytoplankton part of this community was
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TABLE 1 | Comparison between the 8/chl-a results in this study, the 8/chl-a measurements in the literature (highlighted with “*”) and 8/chl-a values calculated from

average 8 and chl-a measurements in the literature, in microplankton communities (highlighted with “**”).

Community composition Region Plankton size 8/chl-a References

Mixed community

Oligotrophic Subtropical Atlantic waters 0.7–50.0 µm 4.3 ± 1.7 This study

Upwelled Waters off Northwest Africa 0.7–102.0 µm 2.5-4.1** Packard, 1979

Upwelled Waters off Baja California 0.7–215.0 µm 3.28* Packard et al., 1974; Packard, 1985

Euphotic zone in the Baltic Sea 0.7–100.0 µm 2.8** Arístegui and Montero, 1995

Euphotic zone in the North Atlantic 0.7–225.0 µm 5.7** Arístegui and Montero, 1995

Photoautotroph dominance

Phytoplankton bloom in oligotrophic Subtropical Atlantic waters 0.7–50.0 µm 1.1 ± 0.6 This study

Chl-a maximum in the Western Mediterranean Sea 0.7–200.0 µm 0.21* Martinez et al., 1990

Chl-a maximum in the Barents Sea 0.7–240.0 µm 0.49* Martinez, 1991

Euphotic zone in the Brandsfield Strait 0.7–225.0 µm 1.2** Arístegui and Montero, 1995

Euphotic zone in the Gulf of California 0.7–225.0 µm 0.4** Arístegui and Montero, 1995

Euphotic zone in the NW Africa Upwelling 0.7–225.0 µm 2.3** Arístegui and Montero, 1995

Phytoplankton bloom in the Nova Scotian shelf 0.7–200.0 µm 0.3–1.9** Packard et al., 2000

Euphotic zone in eutrophic waters of the Taiwan Strait >0.7 µm 0.02–1.6* Bangqin et al., 2005

Heterotroph dominance Microzooplankton bloom in oligotrophic Subtropical Atlantic waters 0.7–50.0 µm 7.6 ± 1.5 This study

Euphotic zone in eutrophic waters of Gulf of Maine >0.7 µm 16.7–28.4** Packard and Williams, 1981

Euphotic zone in the Canary Islands 0.7–225.0 µm 12.2** Arístegui and Montero, 1995

The “Community composition” categories reflect the most probable after applying the findings of this study (see section 4.1) to the Φ/chl-a values found in the literature. Note that

Φ/chl-a is expressed in µL O2 h
−1 (µg chl-a)−1.

TABLE 2 | Mesocosm experimental setup from Table 1 in Taucher et al. (2017).

Volume DW addition pCO2 levels (µatm)

Mesocosms Treatment (m3) (m3) Phase I Phase II Phase III Average (T1–T55)

M1 Low 37.76 8.95 401 374 326 369

M2 High 34.18 8.11 1050 748 830 887

M3 Intermediate 31.57 7.50 636 493 546 563

M4 Intermediate 36.93 8.66 800 620 710 716

M5 Low 34.00 8.07 502 404 427 448

M6 High 34.03 8.08 976 – – –

M7 Intermediate 35.25 8.36 746 571 672 668

M8 High 34.95 8.29 1195 902 944 1025

M9 Low 35.21 8.36 406 343 297 352

Included are: acidification treatment, mesocosm volumes immediately before deep water addition, amount of deep water (DW) added to each mesocosm, and average pCO2 values

during different phases of the experiment.

dominated by cyanobacteria, but it also included diatoms,
prymnesiophytes, chrysophytes, autotrophic nanoflagellates, and
autotrophic dinoflagellates (Hernández-Hernández et al., 2018;
Taucher et al., 2018). In addition, themicro-zooplankton part was
dominated by aloricate ciliates and heterotrophic dinoflagellates
(Algueró-Muñiz et al., 2019). During the simulation of the
upwelling event, different stages of the phytoplankton bloom
resulted in community composition shifts, ranging from an
autotroph-dominated community to a heterotroph-dominated
one (Hernández-Hernández et al., 2018; Taucher et al., 2018;
Algueró-Muñiz et al., 2019). Here, we assessed how these changes
in the microplankton community affected the ratio of the
potential respiration of the entire microplankton community
to the potential primary productivity of the phytoplankton.

We used this information to evaluate how heterotrophic or
autotrophic the community was, throughout the duration of
the experiment.

A more detailed description of the study site, experimental
design, key events, overall sampling, and measurements was
reported in Taucher et al. (2017).

2.2. Sampling
Seawater for variables that are sensitive to gas exchange, such
as dissolved inorganic carbon, inorganic nutrients or pH, was
collected every 2 days during Phase I and III and every day during
Phase II. The depth-integrated water-sampler (IWS, HYDRO-
BIOS, Kiel) was used to take in a total volume of 5 L uniformly
distributed over the mesocosms depth (0–13 m in every
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FIGURE 1 | pCO2 levels throughout the experiment, redrawn from Taucher et al. (2017). Note that, apart from the enrichment at the beginning of the experiment, two

more enrichments were conducted on T21 and T38, ensuring that the gradient among the mesocosms was maintained during the whole experiment. Maximum and

minimum values represent the Standard Deviation around the mean of pCO2 in the mesocosms with the same treatment. We grouped the samples according to

Algueró-Muñiz et al. (2019), blue = low-pCO2 (M1, M5, and M9), gray = intermediate-pCO2 (M3, M4, and M7), red = high-pCO2 (M2 and M8). See Tables S19–S22.

mesocosm, and in the surrounding Atlantic waters as a reference
level for all the parameters that were measured in the Gran
Canaria 2014 KOSMOS experiment). Additionally, an average
total volume of 60–70 L per mesocosms was collected every
sampling day using a custom-built pump-system. Chl-a and the
phytoplankton community were measured in these samples.

The water column plankton community between 0.7 and 50.0
µm was sampled for potential respiration and biomass every 4
days during Phase I and III and every 2 days during Phase II. This
collection frequency was lower than that for the other variables
to avoid depleting the mesocosms’ plankton community. During
Phase II the collecting frequency was doubled in all the variables
to properly monitor the changes in the plankton community
during the phytoplankton bloom. This sample consisted of an
aliquot (2–5 L) from the custom-built pump-sampling, per
mesocosm. It was filtered through a 50 µm net before passing
through a GF/F glass fiber filter (Whatman 0.7 µm nominal
pore size) until the filter was clogged (always before 1h of
filtration). The filters were frozen in liquid nitrogen and stored
at −80◦C until their treatment in the laboratory. All the samples
were analyzed within 6 months after the experiment. The filters
were homogenized at 0–4◦C in 0.1M phosphate buffer, by a
Teflon R© 2mL-pestle PYREX R© Potter-Elvehjem tissue grinder
(homogenizer) at 2,600 rpm for 2 min. Crude homogenates were
centrifuged (0–4◦C) at 4,000 rpm (1,500 g) for 10 min.

2.3. Nutrients, Chlorophyll a (chl-a) and
Water-Column Community Composition
The overall data related to the nutrient variability, chl-a, and the
water-column community composition (both phytoplankton and
microzooplankton) used in the interpretation and discussion of
the results of this study were reported by Taucher et al. (2017),

Hernández-Hernández et al. (2018), and Algueró-Muñiz et al.
(2019).

Chl-a in the custom-built pump-sample was measured by
HPLC (Barlow et al., 1997). Subsamples were homogenized
in acetone 90% using glass beads in a cell mill. They were
centrifuged at 5,200 rpm for 10 min at 4◦C. The supernatant
was filtered (0.2 µm PTFE filters, VWR International) and used
to determine the phytoplankton pigment concentration in a
Thermo Scientific HPLC Ultimate 3000 with an Eclipse XDB-
C8 3.5 u 4.6 × 150 column. CHEMTAX software (Mackey
et al., 1996) was used to classify phytoplankton on the basis of
taxon-specific pigment ratios. Every 8 days, subsamples from the
IWS were used to determine the microzooplankton abundances
in order to be consistent with the mesozooplankton sampling.
More frequent mesozooplankton sampling would, too rapidly,
deplete the zooplankton community. Samples were immediately
fixed with acidic Lugol (1–2%) solution and stored in the dark
in 250 mL brown glass bottles. To identify and count the
microzooplankton, the Utermöhl (1931) technique was applied
using an inverted microscope (Axiovert 25, Carl Zeiss) (Algueró-
Muñiz et al., 2019).

2.4. Potential Respiration
Potential respiration (8) was determined from ETS activity
(Packard and Williams, 1981; Packard and Christensen, 2004)
incorporating the modifications described in Kenner and Ahmed
(1975) and Gómez et al. (1996). The original assay (Packard,
1971) is descended from a classical succinate-INT reductase
assay (Nachlas et al., 1960) in which the maximum velocity
is assured by saturating the reaction with the reactants. The
ETS measurements were made on the centrifuged supernatant
from the subsamples of custom-built pump-sample of the
microplankton community (0.7–50.0 µm) (see section 2.2).
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After centrifugation, we mixed 0.1 mL of the supernatant
with the enzyme substrates (0.3 mL of a solution of 1.70 mM
NADH and 0.25 mM NADPH prepared in the same buffer
used during the homogenization of the sample) and with
0.1 mL of INT [2 mg INT mL−1 in deionized H2O] in a
cuvette. The absorbance increase of the INT-formazan at 490 nm
was continuously monitored spectrophotometrically at 18◦C in
1cm path-length cuvettes for 8 min (Packard and Christensen,
2004), inside the Cary100 UV-Vis Spectrophotometer (Agilent
Technologies). The regression line of absorption vs. time was
used to calculate the ETS activity and potential respiration rates
(8) after Packard and Christensen (2004). The tetrazolium salt,
INT (p-Iodonitrotetrazolium Violet, Sigma #I8377) was reduced
by the respiratory ETS enzymes, serving as the electron acceptor
instead of O2 (Lester and Smith, 1961; Smith and McFeters,
1997). INT accepts two electrons whereas O2 would accept
four. Thus, the INT-formazan production rate (δINT/δt) is
stoichiometrically related by a factor of 2 to ETS activity (δe−/δt)
and by a factor of 0.5 to8. In other words on amolar basis, δe−/δt
= 2·δINT/δt and 8 = 0.5·δINT/δt where 8 is in units of µmol
O2, if INT is inµmol. Blanks were run without the ETS substrates
in order to subtract the contribution of the background non-
enzymatic and enzymatic reduction of the INT (Maldonado et al.,
2012).8was reported inµmol O2 min−1 (mL of homogenate)−1

units. To convert to µLO2 h
−1 (mL of homogenate)−1, multiply

8 by the volume occupied by one µmol of gas (22.4 µL µmol−1)
and by 60 min h−1. Finally, to relate this 8 [in µL O2 min−1(mL
of homogenate)−1] to one L of the mesocosm water, we need
to multiply it by the total volume of the homogenate of the
sample and then, to divide it by the volume of sample that was
filtered as stated in section 2.2 (an aliquot of 2–5 L from each
mesocosm). Thus, after this operation, 8 is reported in µL O2

h−1 (L of seawater)−1. All the 8 rates were corrected to in situ
temperatures using the Arrhenius equation and an activation
energy of 15 kcal mol−1 (Packard et al., 1975).

2.5. The 8/chl-a Ratio
Here, we calculated an index of the community potential
respiration relative to the phytoplankton by dividing 8 (see
section 2.4) by the chl-a concentrations (see section 2.3). This
ratio (8/chl-a) was reported in µL O2 h−1 (µg chl-a)−1 units.
However, in the literature, 8/chl-a, 8 or chl-a have been
reported in other units. In order to facilitate comparison, in
Table 1, we used conversion factors that were explained in the
Supplementary Material. In addition, some of the 8 data used
in Table 1 were originally measured by different versions of the
ETS method. In order to facilitate comparison between the 8

data measured by different methods, Christensen and Packard
(1979) assessed the relationship between them, and reported
different conversion factors. These 8 data are comparable now
after using these conversion factors (Christensen and Packard,
1979) (see Supplementary Material). In Table 1 we used ETS
and chl-a data from both old and new papers, before and after the
development of the kinetic ETS assay of Packard and Christensen
(2004). Without this understanding and exercise one cannot

compare ETS data from this millennia with ETS data from the
previous millennia.

2.6. Particulate Protein and Its Variability
We measured biomass (B) spectrophotometrically as particulate
protein on the same homogenates used for the enzyme activity
assays. We followed the protein method of Lowry et al. (1951)
as modified by Rutter (1967) and Martínez et al. (2020) with
bovine serum albumin (BSA) as the standard for calibration.
This method consisted of a chemical reaction, where 200 µL
of the supernatant of the centrifuged homogenate (see section
2.2): (1) was mixed with 1 mL of the “Rutter” solution (110
mL of a solution of 0.19 M Na2CO3, 0.10 M NaOH, and 0.71
mM Na-K tartrate, mixed with 2.2 mL of a solution of 0.02
M CuSO4·5H2O) in a cuvette stored in ice; (2) then mixed,
after 10 min, with 100 µL of Folin’s reagent (C10H5NaO5S,
diluted 1:1 in doubled-distilled H2O) at laboratory temperature
(22◦C); and (3) after being stored in darkness for 40 min at
22◦C, was pipetted into 1 cm path-length cuvette, inside the
Cary100 UV-Vis Spectrophotometer (Agilent Technologies) to
measure the absorbance at 750 nm. B was reported as mg protein
(L of seawater)−1.

The change in particulate protein per day (PN) was
determined by calculating the first derivative (differential
analysis) of the B time-course (Figure 2). Thus, PN = δB/δt
(Figure 2, bottom panel). Positive values reflected net protein
formation in which protein synthesis exceeded “losses” caused
by remineralization, grazing, and sinking. Negative PN indicated
a net protein loss. Note that if both primary and secondary
productivity (PP and SP) data had been available, we could
have combined these measurements (in terms of mg C L−1d−1)
in order to calculate the biomass loss (BL) in the system
(PN = PP + SP − BL). Even though PP was addressed by
Hernández-Hernández et al. (2018) in this KOSMOS study, there
were no SP data, so the BL could not be calculated. However,
differential analysis calculates when BL >(PP + SP) and the
reverse, by transforming a concentration time-course into a
rate-of-change time-course. This generates maxima (peaks) and
minima (troughs) in the time-courses of dB/dt that identify when
B was increasing and disappearing fastest.

2.7. Data Analysis and Statistics
The Mann-Whitney test was used to compare 8, B and chl-a
distributions between the different pCO2 levels in the different
mesocosms (Hollander et al., 2013) (see Tables S16–S18). In
addition, the integrative analysis was applied to the area
below the data curves (Figure 2, top panel) by the trapezoidal
approximation method using the trapz function of the pracma R-
Cran package (Borchers, 2017). The Mann-Whitney test analysis
of the static8, chl-a, and B time-courses did not show significant
differences, but because integration amplified the time-course
signals, new statistical analysis of the integral in relation to
increasing pCO2 levels, did show significant differences.

The integral of 8, chl-a, and B by each phase, in each
mesocosm, was normalized by the number of days of the phases
(Phase I: 24 days, Phase II: 11 days, Phase III: 20 days), in order to
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FIGURE 2 | (Top) Time-course of particulate protein (B) in M1 during the three phases of the entire 55 days experiment. (Bottom) Illustrative example of differential

analysis for B in M1. The curves show the first derivative (dB/dt). This calculation converts the static property, B, into a time-dependent property, the change in

particulate protein per day (PN ). As mentioned in section 2.6, PN is a dynamic property, a measure of net microplankton biomass growth, when positive, and a

measure of net microplankton biomass decline when negative. PN oscillates aperiodically between these two stages.

facilitate the comparison not only between different pCO2 levels,
but also between phases (Equations 1–3).

Normalized integral of 8 =

∫ t2

t1
8(t)dt/1t (1)

Normalized integral of chl-a =

∫ t2

t1
chl-a(t)dt/1t (2)

Normalized integral of B =

∫ t2

t1
B(t)dt/1t (3)

where t1 and t2 are the initial and final days of each phase,
respectively, and 1t is the number of days in each phase. Then,
the integrals were plotted against the average-pCO2 level of
each mesocosm during the related phase (x-axis in Figure 3).
The relationship between the integrative analysis of 8, chl-a,
and B and the increasing pCO2 levels was addressed by linear
regression, considering both the slope (α) and the goodness of
fit ( R2 for linear regression) (Tables S13–S15) (Figure 3). Note
that α is expressed in the units related to the relationship between
two parameters. When we are studying the relationship between
B and pCO2, α is reported in mg proteins L−1 (µatm CO2)

−1.
As this integrative analysis was normalized by the number of
days in every phase to allow comparison among phases, the α

was finally reported in mg proteins L−1 (µatm CO2)
−1 (phase-

day)−1 units. Accordingly, in analysing the relationship between
chl-a and pCO2, α was reported in mg chl-a L−1 (µatm CO2)

−1

(phase-day)−1 units. Also, in analysing the relationship between
8 and pCO2, α was reported in µL O2 h

−1 L−1 (µatm CO2)
−1

(phase-day)−1 units.
On a separate issue, note that the communities in M2 andM8,

the most acidified mesocosms, began to clearly differ from the

other mesocosms at the end of Phase II. That was when a harmful
algal species (HAS) bloomed and disrupted the community.
As the trends of the vital parameters may vary depending on
whether or not M2 and M8 were considered in the analysis, we
addressed both scenarios when we assessed α and R2 in Phase II
and Phase III.

3. RESULTS

3.1. Phase I: Responses to CO2-Treatments
Under Low-Nutrient Conditions
During this oligotrophic phase, all the mesocosms followed
the same trend (Figure 4) (Taucher et al., 2017, 2018). The
0.7–50.0 µm-sized microzooplankton community comprised
13 different taxonomic groups of heterotrophic dinoflagellates
and ciliates (Algueró-Muñiz et al., 2019). During this phase
the microzooplankton abundance was 4.30 ± 2.07·103

individuals L−1 in the low-pCO2 mesocosms, 3.31 ± 1.48·103

individuals L−1 in the intermediate-pCO2 mesocosms and
4.20 ± 1.13·103 individuals L−1 in the high-pCO2 mesocosms
(see Tables S31–S33, respectively; Algueró-Muñiz et al.,
2019). In addition, the picocyanobacteria Synechococcus
constituted 70–80% of total chl-a in the mesocosms. Here,
the phytoplankton community evolved differently from the
Atlantic-surrounding-water community, which was dominated
by cyanobacteria. In all mesocosms, from T15 onwards, the
former cyanobacteria-dominated community evolved to a
mixed one: diatoms, prymnesiophytes, chrysophytes and
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FIGURE 3 | Integral analysis of potential respiration, chl-a and biomass by experiment phase and treatment. M9 values have been removed. Note that every point

represents the integral of each parameter normalized by the number of days in every phase (d) (Phase I: 24 days, Phase II: 11 days, Phase III: 20 days). These integral

values are plotted against the CO2-level. Observe that the red color represents Phase I; green represents Phase II; and blue represents Phase III. See Tables S13–S15.

cyanobacteria (Hernández-Hernández et al., 2018; Taucher et al.,
2018).

The 8/chl-a ratio shifted down from 8.0 at T0 to 3.4 µL O2

h−1 (µg chl-a)−1 at T23 (Figure 4). During this phase, the average
8/chl-a ratios in the high-pCO2 mesocosms (M2 and M8), in
the intermediate-pCO2 mesocosms (M3, M4, andM7) and in the
low-pCO2 mesocosms (M1, M5, and M9) were 5.7 ± 1.6, 5.5 ±

1.0, and 5.6 ± 1.8 µL O2 h−1 (µg chl-a)−1, respectively. In the
Atlantic samples during this time, 8/chl-a shifted down from 4.7
to 2.0 µL O2 h

−1 (µg chl-a)−1, resulting in an average 8/chl-a
ratio of 3.7± 1.3 µL O2 h

−1 (µg chl-a)−1 (Figure 4).
Throughout the entire phase, PN was undetectable (0.000 ±

0.002 mg proteins L−1 d−1, from T0 to T21) until it increased
in the last 2 days (Figure 5). This indicated, for the first 21
days, a steady state where both biomass-production and biomass-
loses were balanced. Then, at T22 through T24, PN shifted
up (Figure 5) to 0.006 ± 0.005 mg proteins L−1 d−1 at T24.
This PN rise coincided and seemed stimulated by a natural
nutrient addition from a Sahara-dust deposit event (“Calima”).
The total dry-deposition flux was similar to other weak dust
events (Gelado-Caballero et al., 2012; Taucher et al., 2017).
However, in our KOSMOS experiment, this dust-deposition
event was not considered to significantly affect the growth of the
phytoplankton community because this growth was occurring
before the “Calima” event (Taucher et al., 2017).

Regarding the effects of increasing pCO2 on 8, chl-a and
B, application of the Mann-Whitney test to the entire 55-days
experiment did not show significant differences (p < 0.05)
that could be clearly related to these treatments. However,
it did reflect significant differences between the surrounding
Atlantic waters and the mesocosms during the entire experiment
(Tables S16–S18). In addition, after inspecting the data-curves
at different pCO2 levels (Figure 2), we anticipated trends in the
biological parameters to differ both between mesocosms and
within the three different phases of the experiment. However, the
trend-differences were low, so to amplify the signals associated
with the increasing pCO2, we integrated the biological data for

8, chl-a and B over each phase and each mesocosm, and then,
normalized them by the numbers of days in each Phase (Phase I:
24 days, Phase II: 11 days, Phase III: 20 days). We then plotted
these integrals against pCO2 (Figure 3). The results showed that
during Phase I, the integrals of 8, chl-a and B were consistently
the lowest values calculated (0.49± 0.06µLO2 h

−1 L−1 d−1, 0.19
± 0.03 mg chl-a L−1 d−1, and 0.01 ± 0.00 mg protein L−1 d−1,
respectively, Figure 3, Table 3, Tables S13–S15). Considering
this, we concluded that no pCO2-related effects occurred during
this phase.

3.2. Phase II: Responses During the
Deep-Water Addition Event
The deep-water addition on T24 resulted in a phytoplankton
bloom between T28 and T30 in all the mesocosms (Taucher
et al., 2017, 2018; Hernández-Hernández et al., 2018). Here,
the diatoms constituted up to 80% of total biomass (see
Figure 2 in Taucher et al., 2018). During this bloom, the
average 8/chl-a ratio dropped to the lowest value in the whole
experiment [1.1 ± 0.6 µL O2 h−1 (µg chl-a)−1 at T30] and
was essentially the same for the high, medium, and low pCO2

mesocosms. It varied only from 0.6 to 1.2 µL O2 h−1 (µg chl-
a)−1 among them (Figure 4). Following this bloom, on T33,
the microzooplankton abundances increased in the low- and
intermediate-pCO2 mesocosms (16.83 ± 12.99·103 and 23.36
± 12.41·103 individuals L−1, respectively, see Tables S31–S33)
(Algueró-Muñiz et al., 2019). This increase was driven mainly by
the proliferation of dinoflagellates (further information regarding
individual taxa in Algueró-Muñiz et al., 2019). However, the
microzooplankton community remained low in the high-pCO2

mesocosms (680 ± 80 individuals L−1, Table S33). At this
moment, a harmful algal species (HAS), Vicicitus globosus,
proliferated in the high-pCO2 mesocosms (Riebesell et al.,
2018).

During the bloom, PN peaked between 1 and 2 days before
the chl-a maximum in all the mesocosms (0.039 ± 0.013
mg proteins L−1d−1) (Figure 5). This proteinaceous biomass
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FIGURE 4 | Potential respiration per chl-a during Phase I: Oligotrophic phase; Phase II: Bloom phase after deep-water addition; and Phase III: Post-bloom phase after

nutrient-depletion. Maximum and minimum values represent the Standard Deviation around the mean of 8/chl-a in the mesocosms with the same treatment (see

Table 2). We grouped the samples according to Algueró-Muñiz et al. (2019), blue = low-pCO2 (M1, M5, and M9), gray = intermediate-pCO2 (M3, M4, and M7), red =

high-pCO2 (M2 and M8). See Tables S23–S26.

FIGURE 5 | PN of the microplankton community, as the first derivative of biomass, during Phase I: Oligotrophic phase; Phase II: Bloom phase after deep-water

addition; and Phase III: Post-bloom phase after nutrient-depletion. The vertical light-yellow column on the left represents the dust-deposition event (“Calima”) that

occurred from T16 to T22. Note that negative values reflects the net loss of biomass, when the combination of sinking, remineralization, grazing and other losses

outweighs the biomass production by both autotrophs and heterotrophs. Maximum and minimum values represent the Standard Deviation around the mean of PN in

the mesocosms with the same treatment (see Table 2). We grouped the samples according to Algueró-Muñiz et al. (2019), blue = low-pCO2 (M1, M5, and M9),

gray = intermediate-pCO2 (M3, M4, and M7), red = high-pCO2 (M2 and M8). See Tables S27–S30.

increase suggested that PP and SP clearly overcame BL. In
contrast, during the 24 h after the peak (Figure 5), the
combination of remineralization, grazing, sinking, and other
losses resulted in a net-decrease in B of −0.023 ± 0.008 mg
proteins L−1d−1. The average PN in all the mesocosms was 0.005
± 0.024 mg proteins L−1d−1.

Even though all the mesocosms behaved in a similar way
during the bloom, afterwards, until nutrient depletion, the
plankton communities evolved differently. Integrals of chl-a
revealed a positive trend in the pCO2 effects (α = 90·10−5). Note
that, in the analysis, the units of the slope (α) differ depending
on the parameter (see Table 3). However, the goodness of fit,
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TABLE 3 | Correlation between the integrative analysis of the vital parameters (8, chl-a, and B), normalized per phase and mesocosm, and the pCO2 levels.

8 (α in µL O2 h−1 L−1 (µatm CO2)
−1 (phase-day)−1 units)

all the mesocosms after removing M2/M8

Phase slope (α) R2 slope (α) R2

I −10·10−5 0.39 −20·10−5 0.65

II 230·10−5 0.30 730·10−5 0.89

III 100·10−5 0.59 60·10−5 0.19

Chl-a (α in µg chl-a L−1 (µatm CO2)
−1 (phase-day)−1 units)

all the mesocosms after removing M2/M8

Phase slope (α) R2 slope (α) R2

I −3·10−5 0.09 −3·10−5 0.02

II 90·10−5 0.23 140·10−5 0.20

III 100·10−5 0.84 50·10−5 0.86

B (α in mg protein L−1 (µatm CO2)
−1 (phase-day)−1 units)

all the mesocosms after removing M2/M8

Phase slope (α) R2 slope (α) R2

I 3·10−5 0.22 −1·10−5 0.24

II 10·10−5 0.64 10·10−5 0.28

III 5·10−5 0.67 4·10−5 0.37

Correlation is represented by the slope (α) and the goodness of fit ( R2 ) of the linear regression. Results from both analysis, considering all the mesocosms (except M9) and after

removing M2 an M8, have been included in the table.

between chl-a and pCO2, was weak ( R2 = 0.23, Table 3).
Furthermore, this trend depended strongly on M2 and M8. The
communities in M2 and M8, the most acidified mesocosms,
began to clearly differ from the other mesocosms at the end of
Phase II. That was when V. globosus bloomed and disrupted the
community. Because of this, the trends of the vital parameters
varied depending on whether or not M2 andM8 were considered
in the analysis. In the case of chl-a, after removing M2 and
M8, the goodness of fit of the positive trend in Phase II was
weaker ( R2 = 0.20, Table 3, Table S14). Similarly, the integral
analysis of B in Phase II, showed a slight positive effect (α =

10·10−5), and this relationship was even weaker after removing
M2 and M8 data (Figure 3, Table 3, Table S15). On the contrary,
the relationship between 8 and pCO2 was found to be clearly
positive during this phase (α = 230·10−5), being particularly
strong after removing the M2 and M8 data (α = 730·10−5,
Table 3, Figure 3, Table S13).

When comparing the normalized integral values of all these
vital parameters between phases, we found that the highest values
occurred during Phase II (Figure 3), due to the phytoplankton
bloom (2.39 ± 0.81 µL O2 h−1 L−1 d−1 in the case of 8,
2.06 ± 0.46 mg chl-a L−1 d−1 in the case of chl-a, and 0.10
± 0.24 mg protein L−1 d−1 in the case of B). The increase in
the normalized integral, from Phase I to Phase II, illustrated the
positive effect of the addition of nutrient-enriched deep water
in boosting the microplankton community. Note that not only

did this positively impact chl-a, but it also positively impacted 8,
potential respiration.

3.3. Phase III: Responses to the
CO2-Treatments During the Nutrient
Depletion Phase
After the nutrient depletion, the communities differed among the
treatments. Generally speaking, the biomass of phytoplankton
groups dropped during the nutrient depletion that followed the
diatom bloom around T37 (see Figure 2 in Taucher et al., 2018).
However, increasing pCO2 levels led to additional differences.
During the post-bloom phase, the diatom biomass in high-
pCO2 mesocosms was about 2-fold higher than in low-pCO2

mesocosms (Taucher et al., 2018). This was driven by the
dominance of Guinardia striata (for further information of
individual taxa see Taucher et al. (2018)). In addition, V. globosus
proliferated in the high-pCO2 mesocosms until T47 (Riebesell
et al., 2018). Then, when V. globosus began to decline, the
microzooplankton abundance rose, reaching a maximum of
24.91 ± 7.68 · 103 individuals L−1 in the high-pCO2 mesocoms
on T50 (Table S33). Unlike the low- and intermediate-pCO2

mesocosms, this increase in microzooplankton was clearly driven
by ciliates instead of heterotrophic dinoflagellates (see further
information about individual taxa in Algueró-Muñiz et al.,
2019). In the low- and intermediate-pCO2 mesocosms, while
the phytoplankton biomass dropped, the microzooplankton
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abundances were high until the end of the experiment (20.49
± 15.13·103 and 14.22 ± 8.24·103 individuals L−1, respectively;
Tables S31, S32). The microzooplankton abundance peaked
between T33 and T41 in the intermediate-pCO2 mesocosms
(21.43 ± 9.84·103 individuals L−1) whereas, in the low-
pCO2 mesocosms, the microzooplankton reached the maximum
abundance between T41 and T50 (20.49 ± 15.13 · 103 individuals
L−1) (Algueró-Muñiz et al., 2019).

The 8/chl-a peaked when the microzooplankton, dominated
by heterotrophic dinoflagellates, peaked in both low pCO2

(M1, M5, and M9, between T43 and T47) and intermediate
pCO2 mesocosms (M3 and M4 between T32 and T35, and M7
between T35 and T39) (Figure 4; Algueró-Muñiz et al., 2019).
Here, 8/chl-a ratios rose sharply up to 10.0 µL O2 h−1 (µg
chl-a)−1 (7.5 ± 1.6 and 7.6 ± 1.5 µL O2 h−1 (µg chl-a)−1

in the low-pCO2 mesocosms and in the intermediate-pCO2

mesocosms, respectively, during the microzooplankton peak).
However, in high pCO2 mesocosms (M2 and M8), where V.
globosus bloomed, the 8/chl-a ratio remained between 2.5 and
7.0 µL O2 h

−1 (µg chl-a)−1 (4.1± 1.5 µL O2 h
−1 (µg chl-a)−1).

Note that these values were measured from T35, the nutrient
depletion (Taucher et al., 2017), to T47, when the V. globosus
community declined (Riebesell et al., 2018).

Finally, considering all the integrals of B in the mesocosms, we
saw a positive relationship between B and pCO2 (α = 5·10−5, R2

= 0.67, Figure 3, Table 3). However, this relationship depended
strongly on M2 and M8. If we removed M2 and M8, this
relationship was weaker in both the slope and the goodness of
fit (α = 4·10−5, R2 = 0.37, Table 3, Table S15). Considering 8

during Phase III, we found that the pCO2 effects on the potential
respiration were slightly positive (α = 100·10−5, R2 = 0.59).
This relationship was even weaker after removing M2 and M8
data (α = 60·10−5, R2 = 0.19, Table 3, Table S13). With the
chl-a integrals, we again saw a positive relationship with pCO2

during this phase (α = 100·10−5, R2 = 0.84, Table 3, Figure 3,
Table S14). As with the integrals of B, this positive pCO2 effect on
chl-a was smaller after removing M2 and M8 data (α = 50·10−5,
R2 = 0.86, Table 3, Table S14). All in all, the normalized integral
analysis in Phase III, considering all the mesocosms, yielded
lower values than in Phase II, but they were still higher than those
in Phase I. This suggested that the positive effects of the bloom on
the community remained for a while after nutrient depletion.

During the post-bloom phase (III), the observed changes in
the community composition did not impact PN . Although it was
more variable than in Phase I, PN trends were to stay close to
zero in all the mesocosms (−0.0009± 0.009 mg proteins L−1d−1,
Figure 5). This suggested that, after the bloom and the nutrient
depletion, the community began to approach a steady state close
to the one in Phase I.

4. DISCUSSION

4.1. Using the 8/chl-a Ratio to Detect
Metabolic Shifts in Microplankton
In this paper, 8 includes the potential catabolic respiratory
activity of all the organisms in the 0.7–50.0 µm sized community

of the sample. Chl-a, a proxy for phytoplankton biomass, is also
considered here as an index of potential phytoplankton anabolic
activity, i.e., potential primary productivity. Accordingly, as
a hypothesis, we interpret the ratio, 8/chl-a, as an index of
potential catabolism to potential phytoplankton anabolism. On
the basis of observations, we hypothesize that this ratio will be
low (around 1) when the phytoplankton, as photoautotrophs,
dominate the microplankton community and high (around 10)
when heterotrophs dominate it. From this KOSMOS experiment
and from the literature, we observed 8/chl-a to vary from
0.2 to 2.3 in areas of photoautotrophic dominance to 7.6–28.4
in areas of heterotrophic dominance (Table 1). Throughout
our 55-days experiment, the reference 8/chl-a ratio from
the microplankton community in the mixed Atlantic waters
outside the mesocosms varied around 4.3 ± 1.7 µL O2 h

−1 (µg
chl-a)−1, an intermediate value. This microplankton community
was composed of Prochlorococcus and Synechococcus-type
cyanobacteria, picoeukaryotes, nanoeukaryotes, diatoms
(Hernández-Hernández et al., 2018; Taucher et al., 2018), ciliates
(aloricate and loricate), and both autotrophic and heterotrophic
dinoflagellates (athecate and thecate) (Algueró-Muñiz et al.,
2019).

However, from the very beginning of the experiment, the
8/chl-a ratio was higher in the nine mesocosms [5.6 ± 2 µL
O2 h−1 (µg chl-a)−1] than in the ambient Atlantic waters.
The phytoplankton community evolved, in all mesocosms,
from a cyanobacteria-dominated community to a mixed one:
diatoms, prymnesiophytes, chrysophytes and cyanobacteria
(Hernández-Hernández et al., 2018). In addition, these authors
found that the nanoplankton dominated the biomass (50%)
but not the chl-a (30%). This indicates that there was a
mixed nanoplankton community of autotrophs and heterotrophs
within the mesocosms, where the heterotroph contribution
to potential respiration and to biomass was higher than in
the surrounding Atlantic waters. On the other hand, the
microzooplankton community (mainly aloricate ciliates and
heterotrophic dinoflagellates) remained at low concentrations
(Algueró-Muñiz et al., 2019). Thus, the mesocosm-enhancement
effect on the 8/chl-a ratio was mainly related to the shift in
the nanoplankton toward a more heterotrophic community in
which the potential respiration was augmented, but not the chl-
a. All these 8/chl-a results were consistent with those obtained
from the 8 and chl-a measurements made in upwelled waters
and in the euphotic zone in similar environments (Packard
et al., 1974; Packard, 1979; Arístegui and Montero, 1995)
(see Table 1).

During Phase II, the 8/chl-a ratio dropped to values lower
than 1.7 µL O2 h−1 (µg chl-a)−1 in all mesocosms. The mean
value was 1.1 ± 0.6 µL O2 h

−1 (µg chl-a)−1 (Table 1), reflecting
the shift in the community composition toward a phytoplankton
bloom between T28 and T30(Taucher et al., 2017). These results
were consistent with those reported at the chl-a maximum
(Martinez et al., 1990; Martinez, 1991), in upwelled waters, and
in the euphotic zone in similar environments (Arístegui and
Montero, 1995). They were slightly higher than those for the
euphotic-zone community in eutrophic waters (Bangqin et al.,
2005). They were also similar to those from different bloom
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conditions in the phytoplankton community (Packard et al.,
2000) (see Table 1). From this evidence, we surmise that 8/chl-a
ratios lower than 2.5 µL O2 h−1 (µg chl-a)−1 reflect, mainly, a
photoautotrophic community (Table 1).

During the nutrient depletion and the post-bloom phase
(III), there was large variability in the plankton community
development and in the evolution of the 8/chl-a ratio of the
mesocosms (Figure 4). However, similar 8/chl-a ratios were
found in thosemesocosmswhere themicrozooplankton bloomed
(M3, M4, M7, of the intermediate-pCO2 mesocosms; and M1,
M5, and M9, of the low-pCO2 mesocosms) (Figure 4). First,
the microzooplankton, dominated by small thecate and large
athecate heterotrophic dinoflagellates (Algueró-Muñiz et al.,
2019), bloomed in the intermediate mesocosms at the end of
Phase II (T32 and T35 in M3 and M4, and during T35 and T37

in M7), when values of 7.6 ± 1.5 µL O2 h−1 (µg chl-a)−1

were attained. This heterotrophic dinoflagellate community also
bloomed in the weakly acidified mesocosms during Phase III
(T43 and T47 in M1, M5, and M9), resulting in high 8/chl-a
ratios [7.5 ± 1.6 µL O2 h−1 (µg chl-a)−1]. These high values
are consistent to others reported from the euphotic zone in
the Canary Islands (Arístegui and Montero, 1995). In addition,
even higher values were found in eutrophic waters when samples
included mesozooplankton (Packard and Williams, 1981). From
these records, we consider that 8/chl-a ratios higher than 7.0
µL O2 h−1 (µg chl-a)−1 reflect dominance of a heterotrophic
microplankton community.

Lower 8/chl-a of 4.1 ± 1.5 µL O2 h−1 (µg chl-a)−1

characterized high-pCO2 mesocoms (M2 and M8) at the
end of Phase II and during the main part of Phase III.
During those times, high pCO2 levels stimulated V. globosus
(Riebesell et al., 2018; Taucher et al., 2018). This HAS had a
significantly negative effect on the micro- and mesozooplankton
populations. Both dropped to the lowest values observed during
the entire experiment (Riebesell et al., 2018; Algueró-Muñiz
et al., 2019). On the other hand, diatoms persisted longer,
probably due to weak grazing (Taucher et al., 2018). However,
although these values were lower than those in heterotroph-
dominated communities, they were not as low as expected for
a photoautotroph-dominated one (<1.7 µL O2 h−1 (µg chl-
a)−1 as in Phase II). Indeed, even though the microzooplankton
did not proliferate in M2 and M8 due to the presence of V.
globosus, 8 in M2 and M8 reached high values as seen when
microzooplankton bloomed in M3, M4, and M7 (5.3 ± 0.7 and
4.7 ± 1.1 µL O2 h−1 L−1, respectively; Table S5). As a result,
8/chl-a in M2 and M8 reached intermediate values [4.1 ± 1.5
µL O2 h

−1 (µg chl-a)−1], close to those from the Atlantic-water
mixed community [4.3 ± 1.7 µL O2 h−1 (µg chl-a)−1], and
to those from the Phase I community in all mesocosms [3.4–
8.0 µL O2 h−1(µg chl-a)−1]. 8/chl-a did not fall to the level
of photoautotroph dominance [<1.7 µL O2 h−1 (µg chl-a)−1].
Finally, at termination, when V. globosus became rare, aloricate
ciliates bloomed in M2 and 8/chl-a soared to 8.6 µL O2 h

−1 (µg
chl-a)−1, indicating heterotrophic dominance.

All these values are consistent with the thinking of Martinez
et al. (1990) and Martinez (1991), who found that the 8/chl-
a ratio was low in phytoplankton-dominated zones (such as
upwelling systems, ocean fronts or chl-a maximum layers),

and increased outside these areas, where the microheterotroph’s
contribution to the microplankton was higher. Here, in the
KOSMOS experiment, thanks to the monitoring of the plankton-
community’s composition related to these values, we were able
to observe the different characteristics of this composition
throughout the observed8/chl-a range [0.6–10.0µL O2 h

−1 (µg
chl-a)−1] (see Table 1).

4.2. Acidification, Mixotrophy, and the
Development of Vicicitus globosus
We ponder the reasons for the proliferation of V. globosus
after nutrient depletion in the high pCO2 mesocosms of M2
and M8 where it had higher 8/chl-a ratios [4.1 ± 1.5 µL O2

h−1 (µg chl-a)−1] than expected from reports of its being a
pure autotroph (Chang, 2015). These higher ratios suggested
both, that V. globosus had heterotrophic properties and that it
could be mixotrophic. Mixotrophy is a major mode of nutrition
among HAS (Burkholder et al., 2008). We noted that V. globosus
was able to maintain its population during nutrient depletion
(Riebesell et al., 2018). We know that V. globosus lacks pyrenoids
(Chang et al., 2012), the organelle that optimizes CO2 fixation by
concentrating CO2 in the chloroplast (Badger et al., 1998). From
this, we deduce that V. globosus has an inefficient photosynthetic
system under ambient pCO2, but would be more efficient if
pCO2 were more concentrated. In this case, it would be able to
compete favorably with other phytoplankton species. We know
also, that V. globosus is a shape-shifter, able to change from
a flagellated-shape to an amoeboid-shape and back in minutes
(Chang et al., 2012). This ability, if accompanied by phagocytosis,
would enable V. globosus to supplement its photosynthesis by
using bacterivory. Furthermore, by killing both diatoms and
microzooplankton and releasing their organic matter to the
seawater (Chang, 2015), V. globosus would stimulate bacterial
growth. It could then supplement its nutrition not only by feeding
on bacteria, but also by ingesting the newly released organic
matter.We realize this is hypothesis, but there is enough evidence
and supporting logic behind it to encourage other research
groups to test it in cultures of V. globosus.

4.3. The Use of Time-Courses of Static
Variables to Calculate Dynamic Variables
To strengthen our analysis of the KOSMOS time-courses, we
calculated the first-derivative (dB/dt) of the living biomass per
time (PN) (Figure 5). This derivative advanced the quantification
and monitoring of the plankton time-dependent dynamics by
converting time-course data on a “static” property, i.e., biomass
or protein, into a dynamic one. Static properties lack a time
dimension, dynamic properties have one. Here, when dB/dt is
positive it reflects a net particulate protein production; if dB/dt
is negative, it reflects a net loss of particulate protein. Both
are designated, PN . This type of derivative analysis is useful
when direct rate measurements are not available. Using this
technique, within the development of the phytoplankton bloom,
four different stages were identified (Figure 5): a steady-state
during Phase I; a net production of particulate protein after the
deep-water addition; a net loss after the phytoplankton bloom;
and an approach to a new steady-state after nutrient depletion.
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4.4. Analysing the pCO2 Effects on the Vital
Parameters
Under the oligotrophic conditions of Phase I, no effects of the
increasing pCO2 levels were revealed in the integrative analysis of
any of the vital parameters (8, chl-a, and B) (Figure 3). However,
during Phase II, the communities in each mesocosm began to
differ and these differences were greater at the end of Phase II in
the highest pCO2 mesocosms (Figure 3) whereV. globosus began
to bloom and impedemicrozooplankton growth. This population
shift had a direct effect on 8 (Table 3). Considering the results
of the integrative analysis of the community 8, in absence of
HAS, we found the increasing pCO2 increased 8. However, the
proliferation of HAS at the end of Phase II, weakened this positive
trend. This change reflected the lethal impact of V. globosus
on the microzooplankton community, and consequently, on the
catabolism in the whole community (Table S13). Increasing-
pCO2 levels seemed to stimulate B in the same way as they
stimulated8 during Phase II (Table 3). However, in the case of B,
the R2 was too weak to consider the trend significant. Regarding
chl-a, increasing-pCO2 levels seemed to increase it during the
phytoplankton bloom and this effect was strengthened by the
HAS proliferation, when M2 and M8 were considered in the
analysis. These effects were likely related to a lack of grazing, as
microzooplankton became scarce in these mesocosms. However,
as in the case of B, the R2 for the relationship between chl-a and
pCO2 was weak during this phase, so we cannot consider this a
significant positive trend (Table 3).

In contrast, during Phase III, when V. globosus bloomed and
the microzooplankton dropped to a minimum in the highest-
pCO2 mesocosms, the increasing pCO2 levels led to higher chl-a
values. Apart from the reduction of grazing on the phytoplankton
community due to the presence of V. globosus, we suggest that V.
globosus’ photosynthetic system, whose lack of pyrenoids made
it inefficient in low pCO2 environments (Badger et al., 1998), was
stimulated in the high pCO2 mesocosms, leading to acidification’s
positive impact on chl-a. However, once the data from M2 and
M8 were removed, this positive pCO2 effect on chl-a was smaller
(Table S14). This indicates that, even though increasing pCO2

had a positive impact on the photoautotrophs in this study, the
most important effect was linked to the presence of HAS, which
impeded the zooplankton proliferation and the grazing on the
phytoplankton community.

Finally, even though chl-a was stimulated, neither 8 nor
B were significantly impacted by the increasing pCO2 during
Phase III. However, even though the goodness of fit was weak,
the integrative analysis showed a slightly positive relationship.
Considering the toxic effects of V. globosus on microzooplankton
we would have expected a negative result. This positive trend,
taking into consideration that microzooplankton were absent,
leads to the hypothesis that V. globosus has a stronger catabolic
pathway than common photoautotrophs.

5. CONCLUSION

The ratio, 8/chl-a shifted up from a low of <1.7 µL O2

h−1 (µg chl-a)−1 during the phytoplankton bloom, through
intermediate ratios around 4.3 µL O2 h−1 (µg chl-a)−1 for

an autotrophic-heterotrophic community, and finally to high
ratios of 10 µL O2 h−1 (µg chl-a)−1 in a heterotrophic
dinoflagellate community (Figure 4). We hypothesize that the
8/chl-a ratio detected shifts in the relationship between the
total microplankton community’s catabolic capacity and the
phytoplankton’s anabolic capacity. Secondly, we demonstrated
how differential analysis transformed a biomass time-course, into
a productivity time-course (Figures 2, 5). With this technique,
we identified the highest net production of biomass between
24 and 48h before the chl-a peak and the highest net loss
of biomass in the 24 h after this peak. Thirdly, integration
amplified faint time-course signals (Figure 3) to the point of
detectability. Fourthly, we detected increases in8, chl-a, and B as
pCO2 increased in microplankton communities during and after
simulated upwelling, but not in the nutrient-limited phase before
it (Figure 3). Finally, we hypothesize thatV. globosus’ appearance
in the high CO2 mesocosms, resulted from its lack of pyrenoids
and its cytotoxicity. We urge future experimentation to test these
hypotheses and to check our observations that 8, chl-a, and B
increased with increasing pCO2.
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