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• Effects of rising atmospheric CO2 on zoo-
plankton were studied in coastal
mesocosms.

• Mesozooplankton metabolism was more
affected by elevated CO2 than
microzooplankton.

• CO2-induced effects were more marked in
eutrophic than in oligotrophic conditions.

• Elevated CO2 impacts the role of zoo-
plankton on the carbon and nitrogen cy-
cles.
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Ocean acidification (OA) is one of the most critical anthropogenic threats tomarine ecosystems. While significant eco-
logical responses of plankton communities to OA have been revealedmainly by small-scale laboratory approaches, the
interactive effect of OA-related changes on zooplanktonmetabolism and their biogeochemical implications in the nat-
ural environment still remains less well understood. Here, we explore the responses of zooplankton respiration and am-
monium excretion, two key processes in the nutrient cycling, to high pCO2 levels in a 9-week in situ mesocosm
experiment conducted during the autumn oligotrophic season in the subtropical northeast Atlantic. By simulating
an upwelling event halfway through the study, we further evaluated the combined effects of OA and nutrient availabil-
ity on the physiology of micro-and mesozooplankton. OA conditions generally resulted in a reduction in the biomass-
specific metabolic and enzymatic rates, particularly in the mesozooplankton community. The situation reversed after
the nutrient-rich deep-water addition, which initially promoted a diatom bloom and increased heterotrophic activities
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in all mesocosms. Under high pCO2 conditions (>800 μatm), however, the nutrient fertilization triggered the prolifer-
ation of the harmful alga Vicicitus globosus, with important consequences for themetabolic performance of the two zoo-
plankton size classes. Here, the zooplankton contribution to the remineralization of organic matter and nitrogen
regeneration dropped by 30%and 24%, respectively, during the oligotrophic period, and by 40% and 70%during sim-
ulated upwelling. Overall, our results indicate a potential reduction in the biogeochemical role of zooplankton under
future ocean conditions, with more evident effects on the large mesozooplankton and during high productivity events.
Zooplankton community
Metabolism
Enzymatic rates
1. Introduction

The global ocean takes up about one quarter of anthropogenic CO2

emissions every year (Le Quéré et al., 2016). This leads to a pronounced
shift in seawater carbonate chemistry and a decrease in the pH, a process
well known as ocean acidification (OA; Caldeira and Wickett, 2003). OA
is projected to cause a further reduction of seawater pH of 0.1–0.4 units
by the end of the century (Orr et al., 2005), which may substantially impact
the physiological performance of marine biota with far-reaching implica-
tions at the ecosystem level (Kroeker et al., 2013; Wittmann and Pörtner,
2013).

Research on CO2-related effects on marine organisms has experi-
enced a remarkable rise over the past decade (Gattuso and Hansson,
2011). Laboratory-scale studies, with cultures of single species and/or
with artificial predator-prey interactions, provide valuable information
about the mechanistic processes involved in the species-specific
responses to OA. The number of studies evaluating OA impacts at the
level of communities and ecosystems, although it is increasingly grow-
ing, is still comparatively lower (Riebesell and Gattuso, 2015). The ad-
vantage of these community-based experiments is that they include
indirect effects of OA through ecological interactions and thus allow
for a more representative assessment of ecosystem impacts of OA. In
this regard, large-volume in situ mesocosms experiments have emerged
as a suitable tool to investigate the impact of environmental drivers on
pelagic community dynamics in a close-to-natural environment
(Riebesell et al., 2013).

Within the highly complex ecological network of pelagic food webs,
zooplankton communities play a pivotal role. These organisms are key in
controlling the development of phytoplankton blooms, influencing both
the magnitude and the efficiency of the biological pump, and at the same
time, they provide a trophic link to higher level consumers (Longhurst
and Harrison, 1989). Previous studies using in situmesocosms have mainly
focused on determining changes in the abundance and taxonomic composi-
tion of zooplankton (e.g. Aberle et al., 2013; Algueró-Muñiz et al., 2017),
whereas the impact on their physiology has received much less attention.
Through their metabolism, zooplankton contributes substantially to remin-
eralization of organicmatter and to nutrient regeneration in marine ecosys-
tems (Steinberg and Landry, 2017). The two principal catabolic processes
involved in nutrient cycling are the respiration (RO2) and ammonium ex-
cretion (RNH4

+). At the intracellular level, RO2 and RNH4
+ are the direct re-

sult of the enzymatic activities of the electron transport system (ETS;
Packard et al., 1971) and the glutamate dehydrogenase (GDH; Bidigare
and King, 1981) enzyme, respectively. The measurement of these enzy-
matic rates determines the maximum capacity at which these enzymes
can operate, or in other words, the maximum oxygen consumption or am-
monium production organisms can have. Both physiological and enzymatic
rates are stoichiometrically related and, as such, the latter are widely used
to explore the respiratory and excretorymetabolisms in a plethora of organ-
isms and marine ecosystems when direct measures are unfeasible (Belcher
et al., 2020; Fernández-Urruzola et al., 2014; Osma et al., 2016a). The con-
stitutive nature of these enzymes, however, makes their potential activities
respond more slowly to external stimuli than do the instantaneous physio-
logical rates, thereby causing variability in their relationship (i.e., in the
RO2/ETS and RNH4

+/GDH ratios). This results from efficient regulation
mechanisms that prevent short-term fluctuations in the enzyme pools
when sudden environmental changes occur (Fernández-Urruzola et al.,
2016a; Osma et al., 2016b). Only if these environmental changes persist,
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may there be an effective biochemical adaptation in the enzyme levels.
Whether OA-related stress sustained over time leads to biochemical shifts
in the zooplankton ETS and GDH, however, is largely unknown.

Growing experimental evidence on the organism level suggests direct
effects of OA on zooplanktonmetabolism through changes in the intracellu-
lar pH and the cell membrane potential (Nielsen et al., 2010). Organismal
homeostasis must be then achieved through costly acid-base regulatory
processes that reduce resource allocation to other biological processes
(Wang et al., 2018), unless there is sufficient food intake that may compen-
sate this reduction to a certain extent. Moreover, OA may indirectly affect
the zooplankton physiology by modifying the amount and quality of their
prey (Meunier et al., 2016). Bottom-up effects of OA are mostly associated
with interspecific differences in the sensitivity of phytoplankton to elevated
pCO2 levels, resulting in changes in the community structure (Bach
et al., 2016) and in the elemental stoichiometry of primary producers
(Meunier et al., 2016). Altogether these functional responses to low
seawater pH at the base of the food web influence the diet of zooplank-
ton and, ultimately, the percentage composition of substrates
(i.e., carbohydrates, lipids and proteins) metabolized for energy in
their cells (Rossoll et al., 2012). Although our understanding of zoo-
plankton performance under OA has greatly improved through con-
trolled microcosm approaches, the combined effect of all OA-induced
changes on the zooplankton metabolism is still poorly known. Hence,
the biogeochemical consequences at the community level are uncertain.
To this aim, we set up a more complex, 9-week mesocosm-based field
experiment, which allowed us to evaluate ecological responses of a nat-
ural plankton community from the subtropical NE Atlantic to simulated
OA conditions. Here we focus specifically on investigating potential
changes in the zooplankton respiratory and excretory activities
caused by OA and how these might affect the cycling of organic matter
in future OA scenarios. We consider two size classes of zooplankton,
the microzooplankton (55–200 μm) and the mesozooplankton
(200–2000 μm), because they play different ecological roles in the pe-
lagic ecosystems and, therefore, they may be subjected to distinct OA-
effects.

The research was conducted in the oligotrophic system off the east
coast of Gran Canaria (Spain). Subtropical oligotrophic waters represent
the largest ecosystem in the surface ocean (Longhurst et al., 1995), and
yet the response of their plankton communities to predicted OA has
been comparatively understudied so far. In fact, these regions deserve
particular attention given the more pronounced effects that high pCO2

levels have on ecosystem processes when inorganic nutrient concentra-
tions are low (Bach et al., 2016; Paul et al., 2015; Sala et al., 2015). The
marine waters where the mesocosms were deployed are nutrient-
limited most of the year, although they receive sporadic inputs of nutri-
ents through island-induced eddies and upwelling filaments coming
from NW Africa, promoting occasional phytoplankton blooms in the re-
gion (Arístegui et al., 2001; Sangrà et al., 2009). Therefore, in addition
to simulated OA conditions, the experiment reproduced these natural
fertilization events by adding a known volume of deep-water, rich in nu-
trients, into the mesocosms half-way through the investigation. The ex-
perimental design thus provided a basis for evaluating zooplankton
responses to OA under variable productivity regimes that are typically
found in the study area. Since compensatory feeding may ameliorate
to some extent the negative effects of elevated pCO2 on the metabolism,
we hypothesized that zooplankton respiration and ammonium excretion
will be less affected by increased CO2 levels under the eutrophic
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conditions than under oligotrophic conditions. Accordingly, we further
hypothesized that the contribution of zooplankton to the remineraliza-
tion of organic matter and nutrient cycling will be higher after the sim-
ulated upwelling event, when we expected to observe a phytoplankton
bloom, than under the initial oligotrophic conditions.

2. Methods

2.1. Experimental design

In autumn 2014, we conducted an in situ off-shore mesocosm experi-
ment as part of the BIOACID (Biological Impacts of Ocean ACIDification)
project, hosted by the Plataforma Oceánica de Canarias (PLOCAN). A
total of 9 pelagic mesocosms (M1-M9, KOSMOS: Kiel Offshore Mesocosms
for Future Ocean Simulation; Riebesell et al., 2013) were deployed in
Gando Bay (27°55′41″ N, 15°21′55″ W), Gran Canaria (Canary Islands), to
study the effects of OA in an oligotrophic subtropical plankton community
(see Supplementary Fig. A.1). The location was a relatively shallow coastal
area of 30–40 depth, whose orientation further protected the mesocosms
from the northeast trade winds. Each 15 m long mesocosm enclosed
35 m3 water volume and consisted of a cylindrical bag (13 m long, 2 m di-
ameter) sealed at the bottom by a conical sediment trap (2 m). The experi-
ment started on September 27 (t-4), with the closure of the mesocosms
4 days before the first CO2 addition (t0), and finished on November 26
(t56). The experimental time-framewas chosen on the basis of the environ-
mental conditions in the region: (i) the intensity of the trade winds is
weaker during autumn (e.g., Marrero-Betancort et al., 2020), which was
important to prevent damage to themesocosms' structure; (ii) the combina-
tion of warm sea-surface temperatures and weak winds results in stratified
and stable water columns at this time of the year (Schmoker and
Hernández-León, 2013); (iii) the water column stratification further en-
sured the required oligotrophic conditions to start the experiment. Unfortu-
nately, despite all the precautions taken, onemesocosm (M6) was damaged
on t27 due to strong currents, andwas excluded from sampling and analysis
from that day on.

The mesocosms were first sampled before pCO2 manipulation to ensure
similar physico-chemical conditions. The initial differences for tempera-
ture, salinity, pH, chlorophyll and nutrients between mesocosms were
small (see Taucher et al., 2017), mostly within the uncertainty of the mea-
surements. Mesocosms were then treated with different amounts of CO2-
enriched seawater according to the protocol described by Riebesell et al.
(2013), to set up a gradient of pCO2 ranging from ambient levels
(~350 μatm) to partial pressures predicted by the RCP8.5 scenario
(~1000 μatm; IPCC, 2013). Target pCO2 levels at the beginning of the ex-
periment were achieved by gradually adding CO2-saturated seawater in
four steps over 7 days. Two more CO2 additions were performed on t21
and t38 to compensate the CO2 loss through air-water gas exchange. M1
and M9 served as controls (ambient pCO2 levels) and were not CO2 manip-
ulated. The mean pCO2 values per mesocosm for the full duration were
M1 = 369, M2 = 887, M3 = 563, M4 = 716, M5 = 448, M6 = 976
(phase I), M7 = 668, M8 = 1025 and M9 = 352 μatm (Supplementary
Table A.1). On the basis of a k-means cluster analysis, mesocosms were
grouped into three pCO2-treatments to facilitate the quantitative descrip-
tion of the data (Algueró-Muñiz et al., 2019): low-pCO2 (M1, M5, M9),
medium-pCO2 (M3,M4,M7) and high-pCO2 (M2,M6,M8) (Supplementary
Table A.1).

In order to simulate the eventual influence of nutrient-rich waters on
this predominantly oligotrophic ecosystem, about 20% of mesocosm
water was replaced on t24 with nutrient-rich deep-water collected
from 650 m at a nearby location (~7 km north-east from the study
site, 1000 m depth). After this deep-water addition, the average concen-
tration of inorganic nutrients in the mesocosms increased up to 50-fold,
reaching values of 3.15, 0.17, and 1.60 μmol L−1 for NOx

−, PO4
3−, Si

(OH)4, respectively. A more detailed description of the technical aspects
of pCO2 manipulation and deep-water addition can be found in Taucher
et al. (2017).
3

2.2. Sampling and sample processing

Sampling program included CTD casts, water column samplings and
sediment traps samplings that were conducted between 9 am and 12 pm
every second day, except during phase II, where samples were taken
every day. Vertical profiles of CTD (CTD60M, Sea and Sun Technologies)
performed in each mesocosm and in the surrounding waters (Atlantic), re-
vealed a well-mixedwater column inside the mesocosm throughout the en-
tire experiment (Taucher et al., 2017). Water samples were collected using
two sampling systems: (1) a depth-integrating water sampler (IWS,
Hydrobios, Kiel) for samples sensitive to gas exchange or contamination
(e.g. carbonate chemistry parameters and nutrients), and (2) a custom-
built vacuum pumping system connected to 20 L-carboys for samples that
required larger amounts of water, including phytoplankton pigments,
total particulate organic carbon, nitrogen and phosphorus, as well as counts
of bacterial, virus and phytoplankton group abundances. All carboys were
sunlight-protected during sampling and stored in a cold room set to 16 °C
upon arrival at the PLOCAN facilities. After carefully mixing these carboys
to avoid particle sedimentation, subsamples for chl-a were collected, fil-
tered onto glass fiber filters (GF/F Whatman, nominal pore size 0.7 μm)
and analyzed by reverse-phase high-performance liquid chromatography.
Nutrients (nitrate + nitrite, (i.e., NOx)) were measured using an
autoanalyzer (SEAL Analytical, QuAAtro) coupled to an autosampler
(SEAL Analytical, XY2). NOx represents a proxy for inorganic nitrogen
oxide concentration during the experiment; for further details on PO4

3−,
Si(OH)4 and NH4

+ dynamics see Taucher et al. (2017). Partial pressure of
CO2 (pCO2) was derived from total alkalinity and dissolved inorganic car-
bon using CO2SYS (Pierrot et al., 2006). The abundance of the toxic algae
V. globosus in the medium- and high-pCO2 mesocosms was determined by
direct cell counts in acidic Lugol-fixed samples collected with the IWS
and analyzed by the Utermöhl technique (Utermöhl, 1958). V. globosus
was the only toxic algae present in the phytoplankton samples that reached
harmful algal bloom (HAB) levels during our study, although a minor pres-
ence of other species was detected. Microzooplankton samples for taxo-
nomic analysis were also sampled every 8 days with the IWS and
included the 20–200 μm size fraction. These samples were preserved with
acidic Lugol's solution and stored in brown glass bottles in the dark until
measurement. Abundances of the major groups were determined by the
Utermöhl technique (Utermöhl, 1958).

Zooplankton was sampled at 8-day intervals with an Apstein net (55 μm
mesh size, 0.17 m diameter opening) equipped with a closed cod end. This
sampling frequency was chosen in order to avoid depleting the zooplank-
ters in the mesocosms. The maximum sampling depth of net tows was
13 m to prevent resuspension of the sedimented material, resulting in a
sampling volume of 0.295 m3. Samples were kept in a cooling box during
the sampling and transport to the on-shore laboratory, where they awaited
processing in a temperature-controlled room (16 °C). Zooplankton for met-
abolic analysis were gently fractionated with a mesh in two size fractions,
microzooplankton (55–200 μm) and mesozooplankton (>200 μm). Note
that the lower limit of the microzooplankton size range was constrained
by the mesh fitted to the net, and it did not correspond with the classical
range (20–200 μm). The microzooplankton samples were thoroughly
washed by flushing with filtered seawater to prevent contamination by
phytoplankton. This washing procedure is usually sufficient to break
diatom-chains and get rid of those long cells with reduced widths, like the
ones that dominated during our study (i.e. Guinardia striata, Leptocylindrus
danicus and Nitzschia sp.; Taucher et al., 2018). During the bloom phase
(t25 and t33), when phytoplankton cells were most abundant in the
mesocosms, we double checked the microzooplankton samples and per-
formed a visual inspection of them in a stereomicroscope (Olympus
SZX9), which confirmed only a residual presence of phytoplankton cells.
All microzooplankton samples as well as mesozooplankton samples from
M1, M3, M4, M6 (phase I) and M8 mesocosms were immediately frozen
in liquid nitrogen and stored at −80 °C for the subsequent determination
of the biochemical parameters. Mesozooplankton samples for incubations
(M2, M5, M7, M9) awaited in the cold room until analyzed (<4 h). Samples
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for taxonomic analysis collected by the nets were preserved in denatured
ethanol and quantified and classified to the lowest possible taxonomic
level as described by Algueró-Muñiz et al., 2019. Note that nauplii were in-
cluded in the mesozooplankton size fraction since they were counted from
the net hauls (>55 μm), although they strictly belong to microzooplankton
according to Sieburth et al.'s (1978) size definition.

2.3. Biochemical parameters

The potential respiration and potential NH4
+ excretion rates of zooplank-

ton over the experimental period were assessed by measuring the electron
transport system (ETS) and glutamate dehydrogenase (GDH) activities, re-
spectively. Samples were first thawed, sonicated for 45 s (70% amplitude)
in 0.1 M phosphate buffer (pH 8.5) and the homogenates, centrifuged for
8 min at 4000 rpm. Both enzymatic assays were immediately performed on
subsamples of the supernatants, always at saturated concentrations of their
specific substrates to ensure the reproducibility and specificity of the reac-
tions. The whole procedure was done in ice-cold to prevent a decline in the
enzyme activities. The ETS activity was measured kinetically according to
Owens and King (1975) with the modifications described by Packard et al.
(1996). The increase in absorbance at 490 nm due to the production of
INT-formazan in the cuvette is stoichiometrically related to oxygen consump-
tion (Packard and Williams, 1981). The GDH activity was determined from
the fluorometric quantification of NADH production from glutamate catabo-
lism using the method of Bidigare and King (1981), as modified by
Fernández-Urruzola et al. (2011), and directly calibrated against pure GDH
(1.4.1.3). The relationship between the ETS and GDH activities (O/N ratio)
was further calculated as a proxy for the organic compounds oxidized for en-
ergy (Mayzaud and Conover, 1988).

Protein content was also analyzed in aliquots from all homogenates as a
measure of biomass. Analyses were done by triplicate following the Lowry's
protocol (Lowry et al., 1951), adapted for micro-assay by Rutter (1967),
which provides good sensitivity over the protein concentration range con-
sidered here. Bovine serum albumin was used as standard.

2.4. Zooplankton incubations

Mesozooplankton collected at different pCO2 treatments was addition-
ally incubated for the direct measure of respiration and NH4

+ excretion
rates. Samples included zooplankton exposed to low (M5 andM9),medium
(M7) and high (M2) pCO2 levels (see Supplementary Table A.1).We consid-
ered organisms from 2 mesocosms at current pCO2 levels to reduce the risk
of ending upwithout a control sample in case any of themesocosms got lost
during the experiment due to adverse-weather conditions. Organisms were
acclimated prior to incubation in order to reduce the stress during the sam-
pling course. Acclimationwas carried out in a light trap, consisting of a dark
bottle connected through its base to the top of a clear one, both filled with
filtered seawater at in situ temperature and pCO2. Owing to a positive pho-
totaxis, the healthy specimens swam actively and moved to the illuminated
bottle before 1 h. Only a few dead individuals together with some detritus
remained in the dark bottle. A representative mixed sample of those active
organismswere then gently siphoned into 60mL gas-tight glass bottles par-
tially filled with filtered seawater at the desired pCO2 level, and incubated
in the dark for 2–3 h. All batches included 3 experimental bottles (as long as
there was enough biomass) and 1 control flask without organisms. Dis-
solved oxygenwas continuously monitored in each bottle with installed ox-
ygen electrodes (Strathkelvin 928Oxygen System® respirometer), whereas
the NH4

+ concentration was determined before and after the incubation fol-
lowing the phenol-hypochlorite method (Solorzano, 1969). Organisms
were then frozen in liquid nitrogen for subsequent analyses of the protein
content as well as of the ETS and GDH activities.

2.5. Statistical analysis

To evaluate the potential overall effect of increased pCO2 levels on zoo-
plankton metabolism throughout the three experimental phases, we
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applied simple linear regression analyses between the pCO2 values in the
mesocosms and the response of the variables for each phase using
GraphPad Prism (v8.4, GraphPad software, San Diego, USA). The model
outputs were checked for normality and homoscedasticity. The confidence
level for all analysis was set at 95% (p < 0.095).

We further studied the variability of the biological parameters (protein,
ETS, GDH, spcETS, spcGDH, and the ratios RO2/ETS, RNH4

+/GDH and O/
N) during the three experimental phases and between the three pCO2 treat-
ments using a two-way ANOVA test, both in microzooplankton and
mesozooplankton (Supplementary Tables A.2 and A.3, respectively.).
Prior to analysis, all dependent variables were tested for normality and
log (x + 1)-transformed when needed, and the homogeneity of variance
was assessed using the Levene's test. Each comparison was tested using
the corrected significance level according to the Bonferroni method. Signif-
icant differences (significance level at 0.05)were further analyzed using the
pairwise comparison procedure of the Tukey HSD Post-Hoc test. These
analyses were conducted using the statistical software SPSS (v.26, SPSS
Inc., 2010, Chicago, IL, USA).

3. Results

3.1. Environmental and ecological conditions

In view of the nitrate + nitrite ([NOx]) and the chl-a concentration
time-courses (Fig. 1), we could differentiate three well-defined phases:
the initial oligotrophic pre-bloom phase (I), from t1 to t23; the bloom
phase (II), from t25 to t35 (after addition of nutrient-rich deep water on
day 24); and the post-bloom phase (III), from t35 until the end of the exper-
iment on t55. Both temperature and salinity remained practically constant
over the three phases, with average (±SD) values of 23.6 ± 0.6 °C and
37.6 ± 0.2 (unitless), respectively. The experiment started under oligotro-
phic conditions, with very low and constant concentrations of inorganic nu-
trients ([NOx] < 0.1 μM) and chl-a (<0.2 mg m−3) (Fig. 1b and c). The
nutrient-rich deep-water addition on t24 stimulated phytoplankton growth,
reaching a chl-a peak of ~3.2 mgm−3 on t28. After this peak, the chl-a de-
creased to a minimum on t35 and remained low until the end of the exper-
iment, except for the high-pCO2 mesocosms, which showed a moderately
elevated chl-a (0.5–1.4 mg m−3) during the post-bloom phase (Fig. 1c).

The phytoplankton species composition during the oligotrophic condi-
tions of phase I evolved from a picocyanobacteria-dominated community
(70–80% of total chl-a) to a more mixed one, including diatoms,
prymnesiophytes, cryptophytes and cyanobacteria, among others
(Taucher et al., 2018; this study, Supplementary Fig. A.2). Afterwards, the
deep water-induced phytoplankton bloom was largely constituted by
large chain-forming diatoms, which continued to be the dominant group to-
ward the end of the experiment, even though their relative contribution to
total chl-a and cell density decreased during the post-bloom phase (<50%).
One exception to this trend was observed on the high-pCO2 mesocosms,
where diatom biomass and relative abundance remained high (70–80%)
until the end of the experiment. Furthermore, increased nutrient concentra-
tions promoted the proliferation of the toxic phytoplankton species Vicicitus
globosus (Riebesell et al., 2018; this study, Fig. 1d) in the high-pCO2

mesocosms, reaching cell densities of 600–800 cell mL−1 and contributing
significantly to the total chl-a (up to 25%) during phase II. The bloom of
V. globosus ended on t47.

Supplementary Fig. A.3 shows the abundances of the zooplankton
groups that contributes more than 5% to the total abundance, which to-
gether accounts for more than 93% to the total zooplankton abundance
throughout the experiment. The zooplankton community was largely dom-
inated by aloricate ciliates and heterotrophic/mixotrophic dinoflagellates
in the smallest size fraction (i.e. microzooplankton), and by calanoid
copepods and copepod nauplii in the largest size fraction (i.e.
mesozooplankton), although their relative abundance varied between
phases and treatments (Algueró-Muñiz et al., 2019; Supplementary
Fig. A.3, this study). Copepods were primarily represented by the genera
Paracalanus, Clausocalanus, Oithona and Oncaea. To a lesser extent, other



Fig. 1. pCO2 level (a), nitrate + nitrite concentration (NOx) (b), chlorophyll a
concentration (chl-a) (c) and abundance of the toxic algae Vicicitus globosus
(d) averaged for the three pCO2 treatments (low, medium and high) over the
course of the study. Light color shadows represent the standard deviation of the
mean. The corresponding values measured in the surrounding open waters
(Atlantic) are also given as a reference. Dotted vertical lines indicate the different
phases of the experiment: (I) oligotrophic, (II) bloom and (III) post-bloom (see
Supplementary Table A.1).
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abundant groups included tunicates, which were represented by the
Appendicularia Oikopleura dioica and Doliolids (Doliolum sp.), and forami-
nifera from the family Globigerinidae (Lischka et al., 2018; Supplementary
Fig. A.3, this study). A detailed examination of the zooplankton community
structure can be found in the papers by Lischka et al. (2018), Stange et al.
(2018) and Algueró-Muñiz et al. (2019). The average zooplankton abun-
dances (except for foraminifera) were lower during oligotrophic conditions
than after the deep-water addition. Most zooplankton groups responded
rapidly to the phytoplankton bloom in the low- and medium-pCO2
5

treatments and increased 3-fold their abundance. In the high-pCO2 treat-
ment, in contrast, the abundance of most groups decreased to pre-bloom
levels in response to the growth of V. globosus and remained low until the
bloom of this toxic algae ended.

3.2. Temporal development of zooplankton metabolism

Response variables showed distinct patterns in micro- and
mesozooplankton over the respective experimental phases (Fig. 2; Supple-
mentary Tables A.2 and A.3). During oligotrophic conditions,
microzooplankton biomass, ETS activity and GDH activity remained low
and fairly constant in themesocosms and did not differ between pCO2-treat-
ments, with average values of 0.62 ± 0.41 mg prot m−3, 45.05 ±
25.47 μmol O2 m−3 d−1, 9.64 ± 4.68 μmol NH4

+ m−3 d−1, respectively.
However, biomass-specific enzymatic rates revealed an overall decreasing
trend during this phase (Fig. 3). Following the chl-a build-up on t28,
microzooplankton biomass and ETS activity increased rapidly in all
mesocosms, reaching maximum values on t41 (Phase effect, two-way
ANOVA, Supplementary Table A.2), to then decrease again toward the end
of the experiment. Even though the GDH activity also increased after the phy-
toplankton bloom, this increase was delayed 8 days and was of lower magni-
tude in the medium- and high-pCO2 mesocosms. This effect was likewise
reflected in the spc-GDH activity during phase II, which then showed a signif-
icant increase until the end of experiment (Phase effect, two-way ANOVA,
Supplementary Table A.2). Maximum values for spc-ETS activities were re-
corded on the last sampling day in the lowandmedium-pCO2mesocosms (av-
erage of 114.0 ± 25.2 μmol O2 mg−1 prot d−1), whereas the peak value for
the spc-GDH activity (39.3 ± 7.1 μmol NH4

+ mg−1 prot d−1) was measured
on t50 under medium pCO2 levels (Fig. 3).

Mesozooplankton biomass and enzymatic rates in the mesocosms be-
haved differently between phases and treatments (Fig. 2d–f, Supplemen-
tary Tables A.3). While proteinaceous biomass and ETS activity displayed
a moderate decrease during oligotrophic conditions, GDH activity showed
an increase halfway through this phase. After the phytoplankton bloom,
biomass and enzymatic activities in the low and medium-pCO2 mesocosms
started to increase until a maximum on t41, decreasing again toward the
end of the experiment. Unlike inmicrozooplankton, where peak values dur-
ing phase III were 5–6 times higher than those measured during phase I, in
mesozooplankton, peak values during phase III were similar (ETS) or signif-
icantly lower (biomass and GDH) to the maximum values recorded during
phase I (Phase effect, two-way ANOVA, Supplementary Table A.3). Further-
more, neither the biomass nor the enzymatic activities in mesozooplankton
responded positively to the phytoplankton bloom in the high-pCO2

mesocosms (Treatment effect, two-way ANOVA, Supplementary
Table A.3). Instead, they decreased to minimum during phase II and re-
mained at significantly lower levels until the end of the experiment.

The response of mesozooplankton biomass-specific enzymatic activities
and physiological rates was more variable (Fig. 4), with the spcETS show-
ing a significant interaction between the phases and treatments (two-way
ANOVA, Supplementary Table A.3). Organisms at pCO2 levels <800 μatm
showed an increase in the enzymatic and physiological rates under oligo-
trophic conditions which, in general terms, peaked earlier in the low-
pCO2 (t9) than in the medium-pCO2 mesocosms (t17). Mesozooplankton
at high-pCO2 levels, in contrast, showed significantly lower values (Treat-
ment effect, two-way ANOVA, Supplementary Table A.3) and displayed
an overall decreasing trend of all rates during this phase. After deep-
water addition, both RO2 and RNH4

+ responded rapidly to the phytoplank-
ton bloom, increasing readily during phase II, while spc-ETS and spc-GDH
activities remained low until the beginning of the post-bloom phase. All
specific rates increased during the last phase of the experiment at pCO2

levels <800 μatm, with peak values at t41 (medium-pCO2) and t50 (low-
pCO2). However, at high-pCO2 levels, the spc-ETS activity and RO2 did
not display an increase and stayed low until the end of the experiment,
while the spc-GDH activity and RNH4

+ increased after the abundance of
V. globosus started to decline (Fig. 1c), reaching maximum values on the
last sampling day (t55).



Fig. 2. Temporal development of the proteinaceous biomass, and the ETS and GDH activities in microzooplankton (a–c) and mesozooplankton (d–f), averaged for the three
pCO2 treatments. Light color shadows represent the standard deviation of the mean. Dotted vertical lines indicate the three phases during the experiment.
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3.3. Metabolic indexes

The relationship between the physiological rates and enzymatic activi-
ties showed a significant, positive correlation for the whole experiment
(Supplementary Fig. A.4). Both RO2/ETS and RNH4

+/GDH ratios followed
a similar trend over the three experimental phases (Fig. 4). Ratios in the
low- and medium-pCO2 mesocosms revealed a high within-treatment vari-
ability and mean values of the same magnitude during oligotrophic condi-
tions, while they were lower (significantly in the case of the RO2/ETS) in
the high-pCO2 treatment (Table 2). Following the phytoplankton bloom,
the largest increase in the ratios was observed in mesozooplankton at
medium-pCO2 levels, where the maximum average values for the entire ex-
periment were registered, i.e. RO2/ETS of 0.53± 0.03 and RNH4

+/GDH of
0.17 ± 0.05. Once the bloom decayed, the ratios decreased, except in the
high-pCO2 mesocosms where the RO2/ETS ratio remained the same and
the RNH4

+/GDH ratio increased. Minimum values for the full experimental
period were measured at medium-pCO2 levels on phase III for RO2/ETS
(0.24 ± 0.08) and at high-pCO2 levels on phase II for RNH4

+/GDH
(0.08 ± 0.01).

We further calculated the O/N ratio from the ETS and GDH measure-
ments as a proxy for the organic compounds oxidized for energy (Fig. 5).
In general, the metabolism of both micro- and mesozooplankton was
based on the catabolism of proteins, as indicated by O/N ratios below 7.
An exception was found during the bloom phase (phase effect, two-way
ANOVA, Supplementary Table A.3), where microzooplankton showed
6

increased values of O/N at levels of pCO2 above 500 μatm, indicating a
higher contribution of lipids to the total catabolism. Likewise, enhanced
O/N ratios were recorded in the two zooplankton size fractions in the
low-pCO2 treatment during this phase, but corresponded only to the
mesocosmM9, where the largest increase in the phytoplankton biomass oc-
curred during the bloom (Taucher et al., 2018).

3.4. CO2 effects on zooplankton metabolism under contrasting trophic conditions

From the total of 48 linear regression analysis conducted to investigate
potential pCO2 effects on the metabolic rates and indexes, only 14 were
statistically significant (p < 0.05) and corresponded mainly to
mesozooplankton (Tables 1 and 2). Microzooplankton did not show any
significant effect of increased levels of pCO2 on the response variables
(Table 1, Supplementary Table A.2), with the exception of the GDH activity
during the bloom phase, which exhibited a negative relationship with pCO2

levels. As a consequence, the O/N values in these mesocosms were signifi-
cantly higher during this phase (phase and treatment interaction effect,
two-way ANOVA, Supplementary Table A.2), indicating a more mixed-
based metabolism in microzooplankton living at increasing pCO2 condi-
tions.

Table 2 shows the correlations between pCO2 levels and response vari-
ables in mesozooplankton for the three experimental phases, while Supple-
mentary Table A.3 shows the variance of the response variables between
phases and treatments. Biomass and enzymatic rates showed a significant



Fig. 3. Biomass-specific ETS (a) and GDH (b) activities in microzooplankton,
averaged for the three pCO2 treatments. Light color shadows represent the
standard deviation of the mean. Dotted vertical lines indicate the three phases
during the experiment.

N. Osma et al. Science of the Total Environment 810 (2022) 152252
treatment effect during the experiment, with an interaction between the
phases and treatments in the case of the enzymatic rates (Supplementary
Table A.3). Thus, during oligotrophic conditions, biomass and enzymatic
rates on a volume basis remained unaffected by pCO2, while biomass-
specific physiological and enzymatic rates exhibited significant negative re-
sponses to increasing pCO2, except for the spc-ETS activity (Table 2). This
lack of effect on spc-ETS activity can explain the observed significant rela-
tionship of pCO2 with both the RO2/ETS ratio (negative) and the O/N
ratio (positive) during this phase. Only proteinaceous biomass showed a
Fig. 4. Biomass-specific enzymatic and physiological rates inmesozooplankton over the c
ammonium excretion rates (RNH4

+, d) measured through incubations. Values are aver
representing the standard deviation of the mean. Dotted vertical lines indicate the thre
for the three treatments and phases. The shape of the violin plots represents the distrib
line stands for the mean.
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significant negative correlation with pCO2 levels during bloom conditions.
After the phytoplankton bloom, biomass and both enzymatic activities in
the mesocosms presented a strong negative relationship with pCO2, while
only biomass-specific rates related to respiration (spc-ETS and RO2) were
significantly affected in a negative way (Supplementary Table A.3). We
also observed a negative correlation between pCO2 and the O/N ratio dur-
ing the post-bloom phase.

4. Discussion

OA research has experienced an exponential increase over the last de-
cade (Browman, 2016), with the majority of OA experiments following
standard exposure scenarios according to the IPCC. However, it is increas-
ingly more evident the importance of considering the habitat-specific natu-
ral range of pCO2 levels to correctly design OA studies and to correctly
interpret the outcome of these investigations (Hofmann et al., 2011;
Vargas et al., 2017). It may occur that studied organisms inhabit ecosystems
that naturally exhibit pCO2 levels similar or even higher than those ex-
pected by the end of the century (Waldbusser and Salisbury, 2014), and
hence their response would reflect the phenotypic plasticity of the evalu-
ated traits rather than the potential effect of OA in the long-term (Vargas
et al., 2017). In our study, we selected an averaged pCO2 gradient ranging
from 350 to 1025 μatm (Fig. 1, Supplementary Table A.1), which is well
above the natural range of 320–420 μatm reported for the surrounding wa-
ters off Gran Canaria (González-Dávila et al., 2010). Therefore, the meta-
bolic responses determined in the medium-pCO2 (500–800 μatm) and
high-pCO2 (800–1000 μatm) treatments reflect the potential OA effects
on this subtropical zooplankton community under intermediate (RCP6.0)
and high (RCP8.5) CO2 emission scenarios (IPCC, 2013), respectively.

This study includes the first information on the effect of OA on the key
metabolic enzymes systems, ETS and GDH, that drive respiration and am-
monium excretion in a zooplankton community. The two major highlights
of our investigation are that, at the community level, (1) microzooplankton
metabolism, as compared to mesozooplankton metabolism, was less af-
fected by elevated pCO2 and, (2) OA-inducedmetabolic responses were dis-
tinct under nutrient-limiting conditions and after an upwelling-simulated
phytoplankton bloom occurred (Fig. 1). Overall, the enzymatic ETS and
GDH activities, as well as the RO2 and RNH4

+ measured at ambient condi-
tions (i.e. low treatment), were comparable to those reported previously
for the same area and season (Fernández-Urruzola et al., 2016b; Osma
et al., 2016a).
ourse of the study: ETS (a) and GDH (b) activities, as well as respiration (RO2, c) and
aged for the three pCO2 treatments (low, medium, high), with light color shadows
e phases during the experiment. Averaged RO2/ETS (e) and RNH4

+/GDH (f) ratios
ution frequency of the data within each averaged treatment, while the horizontal



Fig. 5.AveragedO/N ratios per treatment and phase inmicrozooplankton (a) andmesozooplankton (b). The shape of the violin plots represents the distribution frequency of
the data within each averaged treatment, while the horizontal line stands for the mean. The dashed lines indicate the limit between a protein-based metabolism (O/N
ratio < 7) and a more mixed metabolism based on both protein and lipid catabolism (O/N ratio 7–24) (Mayzaud and Conover, 1988).

Table 2
Statistical results from the linear regression analysis on response means to pCO2

over the respective phases for mesozooplankton. The symbols indicate either a pos-
itive (+) or a negative effect (−) in the responses to increased CO2. Significant cor-
relations (p < 0.05) are highlighted in bold.

Phase p R2 F

Biomass I 0.668 0.028 0.20
II 0.018 (−) 0.632 10.29
III 0.003 (−) 0.794 23.07
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4.1. OA-induced changes in zooplankton metabolism under oligotrophic condi-
tions

According to recent investigations (Bach et al., 2016; Paul et al., 2015;
Sala et al., 2015), we expected to observe higher OA-induced negative im-
pacts on the zooplankton metabolism during the oligotrophic conditions
(phase I) of our experiment. Contrarily, during phase Imicrozooplankton pro-
teinaceous biomass and enzymatic rates were unaffected by increased pCO2

levels (Table 1), with low and relatively constant values in all mesocosms
(Fig. 2). The analysis of the zooplankton diversity and abundances in the
same experiment showed that the microzooplankton community, dominated
by aloricate ciliates and heterotrophic/mixotrophic dinoflagellates, did not
evince a significant pCO2 effect during this phase (Algueró-Muñiz et al.,
2019; Supplementary Fig. A.3, this study). Similarly, in phase I of the same
mesocosm experiments, the microplankton (<55 μm) ETS activity and pro-
teinaceous biomass remained unaffected by increased pCO2 (Tames-
Espinosa et al., 2020). Taken together, these results suggest a certain degree
of tolerance of this subtropical microzooplankton community toward OA
under the prevailing nutrient-limiting conditions, as neither their abundance
nor their keymetabolic rates of respiration and ammoniumexcretionwere af-
fected by elevated pCO2. One could argue that this tolerancemight be caused
by an adjustment of microzooplankton metabolism over generations to in-
creased CO2 levels. If this was the case, larger differences in the metabolic
rates between treatments would have been expected at the beginning of the
Table 1
Statistical results from the linear regression analysis on response means to pCO2

over the respective phases for microzooplankton. The symbols indicate either a pos-
itive (+) or a negative effect (−) in the responses to increased CO2. Significant cor-
relations (p < 0.05) are highlighted in bold.

Phase p R2 F

Biomass I 0.747 0.016 0.113
II 0.599 0.049 0.308
III 0.921 0.002 0.011

ETS I 0.357 0.122 0.972
II 0.566 0.058 0.368
III 0.868 0.005 0.030

GDH I 0.060 0.418 5.020
II 0.033 (−) 0.559 7.614
III 0.458 0.095 0.628

Spc. ETS I 0.339 0.131 1.051
II 0.361 0.140 0.976
III 0.294 0.180 1.320

Spc. GDH I 0.671 0.027 0.197
II 0.121 0.352 3.257
III 0.555 0.061 0.391

O/N I 0.777 0.004 0.083
II 0.023 (+) 0.455 7.511
III 0.354 0.039 0.898
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experiment, when no effective adjustment has probably yet occurred, to
then decrease as the experiment progressed. However, as observed in
Fig. 2, the metabolic rates and biomass in microzooplankton were not signif-
icantly different between treatments at the beginning of this period, suggest-
ing that direct pCO2 effects were minor and that they most likely did not
imply a significant intergenerational adjustment of the enzymatic rates and
biomass to face increased CO2 levels. This allows us to compare the CO2 ef-
fects on the two zooplankton size-classes considered in this study, regardless
the typical differences in their generation times.

Mesozooplankton showed a higher OA-impact on their metabolism dur-
ing this phase, as most of the biomass-specific response traits decreased
with increasing pCO2 (Fig. 4, Table 2). While these traits remained high
or even increased at the low- and medium pCO2 treatments during this
phase, they decreased with the high-pCO2 treatment. One potential
ETS I 0.789 0.011 0.08
II 0.076 0.433 4.57
III 0.012 (−) 0.679 12.71

GDH I 0.406 0.101 0.78
II 0.083 0.420 4.34
III 0.002 (−) 0.809 25.38

Spc. ETS I 0.931 0.001 0.00
II 0.871 0.005 0.03
III 0.030 (−) 0.572 8.00

Spc. GDH I 0.042 (−) 0.468 6.17
II 0.890 0.003 0.02
III 0.206 0.251 2.01

Spc. RO2 I 0.007 (−) 0.666 13.97
II 0.182 0.395 2.61
III 0.049 (−) 0.334 5.022

Spc. RNH4 I 0.022 (−) 0.610 9.39
II 0.096 0.540 4.70
III 0.206 0.251 2.01

RO2/ETS I 0.031 (−) 0.638 8.83
II 0.704 0.040 0.17
III 0.400 0.103 0.80

RNH4/GDH I 0.195 0.262 2.13
II 0.267 0.294 1.66
III 0.516 0.063 0.47

O/N I 0.049 (+) 0.445 5.61
II 0.684 0.030 0.18
III 0.048 (−) 0.505 6.12
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explanation for this decrease might be an OA-associated change in the
mesozooplankton community composition and/or in the populations size
structure (i.e. relative contribution of different developmental stages),
which might have led to a community dominated by organisms with
lower biomass-specific rates. However, according to the community struc-
ture analysis (Algueró-Muñiz et al., 2019; Supplementary Fig. A.3, this
study), this was not the case since themesozooplankton community compo-
sition and abundances remained unaffected by increased pCO2 during this
phase. Mesozooplankton was largely dominated by copepods throughout
this experiment (~90%), and only showed significant pCO2-related abun-
dance shifts during the post-bloom phase (Algueró-Muñiz et al., 2019; Sup-
plementary Fig. A.3, this study). Another explanation for the observed OA-
induced decrease in the metabolic rates might be a direct effect of CO2 con-
centration on the mechanisms involved on the respiratory and excretory
processes of mesozooplankton. Previous research evaluating the direct ef-
fects of increased pCO2 on the metabolism of marine crustaceans have typ-
ically reported increased respiration (Isari et al., 2015; Li and Gao, 2012;
Wang et al., 2018) and ammonium excretion rates (Saba et al., 2012).
These increases were attributed to enhanced metabolic costs. Depending
on the species, zooplankton is more or less capable of modulating the intra-
cellular acid-base balance through energy-consuming regulatory processes
to counteract external pH changes. This increased cost of homeostasis can
be met through increased food intake (compensatory feeding) (Li and
Gao, 2012; Wang et al., 2018). This mechanism is usually studied under
laboratory-controlled conditions, where organisms are provided with an
excess of food. But, when food availability is a limiting factor, the supply
of energy is restricted and the damaging effects of high CO2 may not be
compensated (Pedersen et al., 2014). In this case, the zooplankton can
adopt a metabolic suppression strategy that acts as a short-term solution
to the acid-base imbalance (Todgham and Hofmann, 2009; Cripps et al.,
2016). Onemight assume that, during the oligotrophic conditions of our ex-
periments, the mesozooplankton experienced food-deprivation since the
abundances of large phytoplankton and microzooplankton were low
(Algueró-Muñiz et al., 2019; Taucher et al., 2018; Supplementary
Figs. A.2 and A.3, this study). However, in order to address this possibility,
dedicated experiments addressing the OA impact on the grazing rates of
this mesozooplankton community would be required. An indirect effect of
OA on the food quality for mesozooplankton may have likewise caused
the metabolic decrease observed during this phase. Increased pCO2 levels
have been observed to alter the elemental composition of phytoplankton
communities (Riebesell et al., 2007) as well as the phytoplankton species-
specific biochemical composition (i.e. lipid:protein:carbohydrate ratios)
(Cripps et al., 2016). This impact can travel up the food web affecting zoo-
plankton and higher trophic levels (Malzahn et al., 2007). In the current
study, we have calculated the O/N ratio as a proxy to evaluate the meta-
bolic compound oxidized for energy (Mayzaud and Conover, 1988)
(Fig. 5). Although the values reflected a predominant protein-based metab-
olism during oligotrophic conditions, we observed a significant increase of
the O/N ratio inmesozooplanktonwith increasing CO2 (Table 2). This is at-
tributed to the distinct responsiveness of spc-ETS and spc-GDH activities to
pCO2 levels (Fig. 4). Whether this different impact of elevated CO2 on these
enzymes is caused by different sensitivities to hypercapnia in the cells or to
biochemical adjustments induced by changes in the food quality needs fur-
ther investigation. Our experimental set up does not allow us to differenti-
ate between these direct and indirect OA effects on mesozooplankton
metabolism. Nevertheless, the combined interaction of all these effects,
which resembles a natural scenario, has revealed that predicted pCO2 levels
by the end of the century (RCP8.5) could cause an overall down-regulation
of themetabolic rates of this subtropical zooplankton community under the
prevailing oligotrophic conditions in the area, with the subsequent biogeo-
chemical implications.

4.2. OA-induced changes in zooplankton metabolism after a simulated upwelling

Considering that food availability can counteract the negative effect of
increasing OA, we expected to observe either neutral or positive effects of
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increasing pCO2 on the zooplankton metabolic rates during the bloom
and post-bloom phase. Contrarily, high pCO2 levels, in general, negatively
affected the metabolism of the zooplankton community in the last two
phases of the experiment (Fig. 2), which we associate with the presence
of the toxic algae in thesemesocosms (V. globosus). After the deep water ad-
dition (Taucher et al., 2018), a phytoplankton bloom of large, chain-
forming diatoms peaked in all mesocosms, but at the high-pCO2 conditions,
this nutrient-rich seawater fertilization further triggered the proliferation of
the toxicV. globosus to form aHAB (Fig. 1; Riebesell et al., 2018).V. globosus
produces haemolytic cytotoxins, which impairmembrane permeability and
lead to osmotic cell lysis (Chang, 2015). Furthermore, this alga, under ele-
vated pCO2 conditions, caused a drop in the zooplankton abundance to pre-
bloom levels and a delay in the temporal development of the zooplankton
community (Algueró-Muñiz et al., 2019; Riebesell et al., 2018; Supplemen-
tary Fig. A.3, this study). In accordance with these observations, here we
also report a strong impact on the zooplankton metabolic rates. In addition
to the impact of the HAB presence, another factor that may have contrib-
uted to some extent to the decrease on these rates is the dominance of the
diatom Guinardia striata under this high-pCO2 conditions (Taucher et al.,
2018), which may be too large to be grazed by zooplankton.

Microzooplankton biomass and enzymatic activities increased after the
phytoplankton bloom at high CO2 levels although this increasewas delayed
and was of lower magnitude (especially in the GDH), as compared to the
low and medium pCO2 treatments (Fig. 2). The significant impact on the
GDH led to a shift in the metabolic compounds used for energy during
phase II, as the microzooplankton changed from a protein-based diet to a
more mixed one, including lipids (Fig. 5). Whether this shift in the metab-
olism was caused by an OA-induced change in the food quality for
microzooplankton (Cripps et al., 2016) or by an increased use of lipid re-
serves to face metabolic stress derived from hypercapnia (Engström-Öst
et al., 2020) and/or to the presence of the cytotoxin cannot be determined
with the available data.

Mesozooplankton metabolism was even more profoundly affected by
the presence of V. globosus (Fig. 2). When this microalga reached HAB
levels, the biomass, enzymatic activities and physiological rates in the
mesozooplankton decreased to pre-bloom values, suggesting a metabolic
suppression during the time they were exposed to the cytotoxin. After the
microalga abundance in the mesocosms dropped, the GDH and RNH4

+

started to increase while the ETS and RO2 remained low until the end of
the experiment. We attribute this different effect on the respiratory and ex-
cretory metabolism as related to a difference in the chemical reaction of the
cytotoxin with the two different metabolic enzymes systems. The ETS is
composed of four-enzymatic complexes embedded in the mitochondrial in-
ternal membrane in eukaryotic organisms. Electrons are transported
through these complexes up to a last complex (cytochrome oxidase)
where oxygen is reduced to water. During the transport of these electrons,
a membrane potential is created that drives energy transformation, result-
ing in the production of ATP. As described by Chang (2015), the haemolytic
cytotoxin of V. globosus affects the permeability of the membranes and
hence, it can disrupt the transport of electrons between the different com-
ponents of the ETS as well as the ATP production. This subsequent drop
in ATP formation, would lead tometabolic suppression, a drop inmeasured
ETS activity. Why the two zooplankton size fractions exhibit different re-
sponses to the presence of the toxic alga is not clear. Experimentation on
dedicated culture are required to test sensitivities of the different functional
groups and life stages (in case of copepods), to the V. globosus's cytotoxin.
Altogether, our results show that OA-induced HAB presence in subtropical
waters will have strong impact in the metabolism of marine zooplankton.

4.3. OA effect on metabolic indexes

Since they were first introduced, the enzymatic assays of ETS and GDH
have been frequently used as proxies for respiration and ammonium excre-
tion in specific components of marine ecosystems, ranging from bacteria to
fishes (Belcher et al., 2020; Finlay et al., 1983; Osma et al., 2016c; Romero-
Kutzner et al., 2015; Fernández-Urruzola et al., 2011). These potential rates
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are usually converted into actual rates by means of empirically determined
RO2/ETS and RNH4

+/GDH ratios. However, factors such as body size, food
quantity and quality can affect the physiology and enzymatic activities at
different time scales (Berges et al., 1993; Fernández-Urruzola et al.,
2016a; Osma et al., 2016b), thereby causing variability in the ratios and
precluding the use of single universal values. Here, we aimed to evaluate,
for the first time, if the pCO2 level is an additional factor causing variability
in these ratios in marine zooplankton. Our results revealed that the physio-
logical rates and enzymatic activities are affected to the same extent by in-
creased pCO2 or, in other words, that the RO2/ETS and RNH4

+/GDH ratios
are generally unaffected by the OA conditions expected by the end of the
century. This is in agreement with recent results in microplankton (Filella
et al., 2018). We observed one exception to this trend in mesozooplankton
during oligotrophic conditions, which showed a significant negative effect
on the RO2/ETS ratio (Table 2). This is likely associated to the constitutive
nature of the ETS and a strategy of cells to short-term fluctuations of a
stressor. It has been observed before that under food-shortage (nutrient lim-
itation), conditions that we most probably had during the oligotrophic
phase, the response of the ETS is more attenuated as compared to the RO2

(Osma et al., 2016c), as a strategy to make use of resources once they are
available again.

4.4. Biogeochemical implications of OA effects on zooplankton metabolism

Zooplankton play a significant role through their metabolism on the re-
mineralization of the organic matter and on the nutrient regeneration.
These two processes have direct impacts on primary production and the
magnitude and efficiency of the biological carbon pump. At a global
scale, their respiratory carbon demands may account for 14–25% of
photosynthetically-fixed carbon in the surface waters (Hernández-León
et al., 2008). During the transformation of the particulate organic matter
into the dissolved pools, there is a release of inorganic nutrient salts into
seawater that results from catabolic pathways and that primary producers
utilize for biomass production. Ammonium excretion is responsible for
the largest source of recycled nitrogen in the euphotic zone (Bronk and
Steinberg, 2008) and zooplankton, specifically, contribute through this pro-
cess between 12 and 23% to the primary production (Hernández-León
et al., 2008). All these percentages depend on several factors such as the
Fig. 6. Potential contribution of zooplankton to the remineralization of PP via respiratio
the elemental composition of the sinking POM (Taucher et al., 2020). The size of the gre
(2018). Upward and downward small arrows indicate an increase and a decrease in the re
legend, the reader is referred to the web version of this article.)
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primary productivity in seawater, the community structure, and the effect
of environmental factors on metabolic rates. Here, we discuss the impact
that zooplankton have on the primary production under the three scenarios
considered in this study (Fig. 6): (1) ambient pCO2 levels and oligotrophic
conditions, (2) future pCO2 levels and oligotrophic conditions, and (3) fu-
ture pCO2 conditions and enhanced influence of upwelled waters, with
the presence of a HAB.

During the oligotrophic phase of our experiment, the low nutrient con-
centrations resulted in a low and stable total primary productivity (PP) in
the mesocosms, ranging between 2 and 10 mmol C m−3 d−1, as shown
by Hernández-Hernández et al. (2018). These authors further reported no
significant pCO2 effects on the PP under these conditions. Our estimates
of oxygen consumption during this phase ranged between
0.11–0.25mmol O2 m−3 d−1 and 0.07–0.20 mmol O2m−3 d−1 at ambient
and high pCO2 levels, respectively. Assuming a respiratory quotient of 0.86
(Omori and Ikeda, 1984), the zooplankton respiratory carbon demands
could potentially account for 2.2–4.8% of PP at present conditions and
1.7–2.9% of PP at projected high pCO2 levels (Fig. 6). It should be noted
that these percentages consider (1) respiratory carbon losses and not inges-
tion or grazing rates and, (2) microzooplankton larger than 55 μm. This im-
plies that the metabolic demands of small dinoflagellates and ciliates,
which are considered the major remineralizers together with the bacterial
community (Calbet and Landry, 2004) are not included in the calculations.
Overall, our estimates reveal that, on average, the contribution of zooplank-
ton to the remineralization of the PP in oligotrophic systems may decrease
by about one third due to OA. Similarly, the range of zooplankton contribu-
tion to the regenerated PP through ammonium excretion (considering a C/
N uptake ratio by phytoplankton of 6.1; Dugdale and Goering, 1967) may
drop from 6.7–14.3% (present conditions) to 4.5–11.4% (high pCO2 condi-
tions) in this system, an average decrease of 24% under the projected OA
scenario. Thus, this OA impact on the zooplankton metabolism might
have potential implications for the organic-matter turnover and for the
characteristics of the sinking material. In this regard, a recent study by
Taucher et al. (2020) evaluated the influence of OA on changes in the C/
N ratios of organic matter during sinking (ΔC/N, Fig. 6) in several
mesocosm experiments conducted at different locations, including ours.
They reported an increase in the C/N ratios of the sinking material with in-
creasing pCO2 during the oligotrophic phase, which they attributed to
n and to the regenerated PP by releasing ammonium. ΔC/N represents the change in
en arrows reflects the magnitude of the exported material according to Stange et al.
sponse traits, respectively. (For interpretation of the references to color in this figure
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enhanced degradation processes by heterotrophic organisms (from bacteria
to zooplankton), with preferential N remineralization. Our results in zoo-
plankton suggest that the comparatively larger effect of OA on the respira-
tory carbon consumption than on the NH4

+ production process (i.e. a
decline of 33±15% vs 24± 12%)may have likewise contributed to a cer-
tain extent to the increase in the C/N ratios observed by these authors.

According to the “Upwelling Intensification Hypothesis” introduced by
Bakun (1990), global warmingmay ultimately result in an intensification of
coastal upwelling, increasing the influence of nutrient-richwaters in nearby
oligotrophic systems throughmesoscale processes. The simulation of such a
nutrient fertilization event during the experiment gave rise to a 15-fold in-
crease in the PP, reaching values between 30 and 70 mmol C m−3 d−1

(Hernández-Hernández et al., 2018). The zooplankton respiration and am-
monium excretion responded rapidly to this increased food availability at
ambient conditions (low pCO2) but to a lesser extent than did the PP
(4–5-fold increase) (Fig. 2). At high pCO2 conditions, however, the HAB
of V. globosus developed after the nutrient fertilization caused a profound
effect on the zooplankton metabolism, leading to a significant decrease in
their relative impact on the PP. Thus, the respiratory carbon demands of
zooplankton were equivalent to only 0.3–0.4% of PP and the zooplankton
contribution to regenerated PP declined to 0.4–0.7% (Fig. 6). This corre-
sponds to an OA-associated decrease of up to 70% with respect to ambient
pCO2 levels under these simulated upwelling conditions. The metabolic
suppression in zooplankton caused by the presence of the toxic alga may
have had additional consequences in the dynamics and the elemental com-
position of the particulate organic matter in the water column. A parallel
study conducted during the same experiment showed that, even though
the sedimentation rates were higher than during oligotrophic conditions
in all mesocosms after the deep-water addition, these rates were compara-
tively lower in the high pCO2 treatment (Stange et al., 2018). Additionally,
the comparison of the C/N values in the exported material with the C/N of
the particulate organic matter (POM) in the water column (ΔC/N) revealed
that the C/N in the sinking material decreased with increasing pCO2

(Taucher et al., 2020). These authors further observed that a larger portion
of POM remained suspended in the water column and did not sink at high
pCO2 conditions, which they attribute to a lower grazing and packaging of
POM into faster sinking particles by zooplankton. Their findings may be
likewise explained to some extent by the more attenuated remineralization
rates that we found during these phases, likely associated to an indirect ef-
fect of OA caused by the strong negative impact of V. globosus on the zoo-
plankton community.

All in all, our results show that projected OA conditions by the end of
the centurymay have a significant impact in the metabolic rates of this sub-
tropical zooplankton community, especially in the larger size fraction, ei-
ther through direct effects on their physiology or through indirect effects
caused by the eventual presence of harmful algae at high-nutrients condi-
tions. Given the role that these organisms play in the mineralization of or-
ganic matter and in the nutrient cycling through their metabolism, this
could have potential implications in the carbon and nitrogen cycles of oligo-
trophic systems, one of the larger ecosystems on Earth.
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