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The rise of atmospheric pCO; has created a number of problems for marine ecosystem. In this study, we initially
quantified the effects of elevated pCO; on the group-specific mortality of phytoplankton in a natural community
based on the results of mesocosm experiments. Diatoms dominated the phytoplankton community, and the
concentration of chlorophyll a was significantly higher in the high-pCO, treatment than the low-pCO, treatment.

Phytoplankton mortality (percentage of dead cells) decreased during the exponential growth phase. Although the
mortality of dinoflagellates did not differ significantly between the two pCO5 treatments, that of diatoms was
lower in the high-pCO5 treatment. Small diatoms dominated the diatom community. Although the mortality of
large diatoms did not differ significantly between the two treatments, that of small diatoms was lower in the
high-pCO4 treatment. These results suggested that elevated pCO, might enhance dominance by small diatoms
and thereby change the community structure of coastal ecosystems.

1. Introduction

Under the coupled influence of global climate change and regional
human activities, the biodiversity of marine communities is gradually
decreasing, and the capacity of marine ecosystem to maintain the
quantity and quality of their services has declined significantly. Ocean
acidification (OA) caused by anthropogenic emissions of CO, has had
major impacts on marine ecosystems. OA has been a special concern in
coastal ecosystems because of the combined stresses imposed by
regional eutrophication and OA knap.

Marine phytoplankton account for virtually all primary production
in the ocean and play an important role in the flow of energy and the
biogeochemical cycle of carbon in marine ecosystems. It is well known
that 3-6% of the energetic costs of photosynthesis can be saved by down-
regulating the CO,-concentrating mechanisms (CCMs) of diatoms as COy
concentrations increase (Hopkinson et al., 2011). Such down-regulation
has been shown to enhance the growth of the dominant coastal

phytoplankton groups (diatoms and dinoflagellates) (Dutkiewicz et al.,
2015), and it is generally considered to be the main factor that would
cause phytoplankton growth rates, photosynthetic rates, and biomass to
increase under OA conditions (Gao and Campbell, 2014). However, this
enhancement of photosynthesis is expected to be small because the main
source of inorganic carbon for marine phytoplankton is bicarbonate, not
COg (Cassar et al., 2004; Tortell et al., 2008). In addition to the positive
effects associated with increased CO5 concentrations, OA also has a
negative effect associated with the decrease of pH. A reduction of pH can
lead to a wide range of effects, including increased availability of metals
and possibly increased metal toxicity (Shi et al., 2009). Furthermore, the
decline of external pH requires increased proton pumping across the
thylakoid membrane, and iron-limited conditions in the field would
greatly amplify the negative effect of acidification. (Hong et al., 2017;
Portner and Farrell, 2008). The consequence of OA is therefore the net
result of both positive and negative effects. For Trichodesmium, a genus
of cyanobacteria found in oligotrophic oceanic regions, the combined
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effect of increasing the pCO, and reducing the pH is almost as bad as just
reducing the pH (Hong et al.,, 2017). Nevertheless, it is generally
believed that in eutrophic environments the positive effect associated
with reducing the energetic costs of carbon fixation is greater in
magnitude than the negative effect associated with reducing the pH, and
the net result of elevating the pCO; is therefore positive (Hopkinson
et al., 2011).

The strategies by which phytoplankton exploit nutrients and CO»
differ between species (Gao and Campbell, 2014). They depend on, for
example, the size, metabolic activity, and growth rates of the organisms.
Because the respiration rates of dinoflagellates are higher than those of
diatoms (Geider and Osborne, 1989), diatoms are more resilient to the
negative impacts of reduced pH than dinoflagellates. The size of
phytoplankton cells is also considered to be an important determinant of
the responses of different phytoplankton to OA,whether comparisions
are made between different functional groups or similar species (Gao
and Campbell, 2014; Gao et al., 2012; Wu et al., 2014). Small cells tend
to have larger surface/volume ratios, higher nutrient uptake rates, and
higher growth rates than large cells (Edwards et al., 2012). These dif-
ferences may make small cells more resilient to the stress associated with
reduced pH, but they may also mean less down-regulation of CCMs (Gao
and Campbell, 2014; Wu et al., 2014) and thinner boundary layers
(Flynn et al., 2012). The net result of OA for small cells may therefore be
negative. These net result of these inter-species differences leads to
species-specific responses to OA.

Phytoplankton mortality (percentage of dead cells, %DC) is an
important determinant of the dynamics of algal blooms and regulator of
phytoplankton community structure (Vardi et al., 2007; Vardi et al.,
2002). The causes of phytoplankton mortality fall into two categories.
One category includes endogenous mechanisms such as senescent cell
death and programmed cell death; the other category includes exoge-
nous mechanisms such as grazing by herbivores, environmental stresses,
viral infections, and allelopathy. Agusti and Sanchez (2002) have opti-
mized the cell digestion assay (Darzynkiewicz et al., 1994) and have
applied it to determine the percentage of living cells and dead cells in
natural populations of phytoplankton. Applications of this method have
revealed the response of phytoplankton mortality to environmental
factors such as pH, solar radiation (Agusti, 2004; Llabrés and Agusti,
2006), and nutrient stress (Lasternas et al., 2010). Phytoplankton mor-
tality is, not surprisingly, a function of environmental conditions (e.g.,
pH, nutrient concentrations, and viral infection) and is a key determi-
nant of the demise of algal blooms.

In this study, we hypothesized (1) that elevated pCO5 could reduce
mortality and increase phytoplankton biomass under eutrophic condi-
tions and (2) that group-specific responses would lead to changes in
community structure. A natural plankton community from a eutrophic
bay was introduced into pre-filtered seawater to induce an algal bloom
in enclosed mesocosms. During the algal bloom, phytoplankton mor-
tality was evaluated by the cell digestion assay combined with flow
cytometry (Agusti and Sanchez, 2002). We concurrently monitored
environmental conditions such as pH, concentrations of nutrients and
phytoplankton chlorophyll a (Chl-a), and community structure. The
results demonstrated for the first time how elevated pCO, could affect
phytoplankton community structure by differentially changing group-
specific mortalities during a phytoplankton bloom.

2. Materials and methods
2.1. Experimental setup

The mesocosm experiment was conducted in the Facility for the
Study of Ocean Acidification Impacts of Xiamen University (FOANIC-
XMU), which is located in Wuyuan Bay (24°31’48” N, 118°10'47" E) in
Xiamen, China. The experiment lasted from 14 April 2018 (day 0 with
respect to algal inoculation) to 15 May 2018. During this period, that
salinity and photoperiod were constant, the temperature increased
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gradually from 21.9 + 0.1 to 26.1 + 0.1 °C, and the daily mean
photosynthetically active radiation was 690— 1075 mmol photons m ™2
s ! (Huang et al., 2021). The floating platform included 9 mesocosm
enclosures. About 3000 L of prefiltered in situ seawater was introduced
into each enclosure. A low-pCO, treatment (LC, 400 ppmv, bag 2, 4, 6,
and 8) and high-pCO, treatment (HC, 1000 ppmv, bag 1, 3, 5, 7, and 9)
were set up to simulate the current atmospheric pCO, and atmospheric
pCO;, at the end of this century respectively. To maintain the difference
in the pCO, between the LC treatments (400 ppmv) and the HC treat-
ments (1000 ppmv) throughout the experiment, three gas stones con-
nected to a COy-enriching device (CE-100, Wuhan Ruihua Instrument &
Equipment, China) were placed at the bottom of each bag. The HC
treatments were continuously bubbled with an air/CO5 mixture (1000
ppmv), whereas the LC treatments were bubbled with unenriched air
(ambient pCO,, ~400 ppmv). After the pH had stabilized, 80 L of 180-
pm prefiltered in situ seawater were injected into each mesocosm
enclosure to provide an inoculum of in situ communities containing vi-
ruses, bacteria, phytoplankton, and micro-zooplankton.

2.2. Environmental parameters

The pH values were determined with a spectrophotometer (Agilent
8453) and the pH indicator meta-cresol purple. The pH values were all
measured on the total scale at in situ temperatures with measurement
precision of +0.0005 (Zhang and Byrne, 1996). The total alkalinity (TA)
was calculated by the CO2SYS program from dissolved inorganic carbon
(DIC) and pH (Pierrot et al., 2006) based on temperature, salinity, and
measured concentrations of nutrients.

The nutrients whose concentrations we monitored included dis-
solved inorganic nitrogen [DIN = nitrate (NO3™) + nitrite (NO2™) +
ammonium (NH,4")], soluble reactive phosphate (SRP), and silicate
(Si05%7). Concentrations of NO3~, NO,~, SRP, and SiO32~ were deter-
mined with a nutrient autoanalyzer (Bran+Luebbe Auto Analyzer 3,
Germany) in accord with spectrophotometric protocols (Jones et al.,
2005). Concentrations of NH," were measured by taking advantage of
the fact that ammonia reacts with phenol in a hypochlorous acid me-
dium to form an indophenol compound. The reaction is catalyzed by
sodium nitroprusside (Pai et al., 2001). The sample was passed through
a 10-mm flow cell, and the absorbance was measured at 640 nm. We
reported concentrations below the detection limit as 1/2 the detection
limit.

Concentrations of Chl-a were determined with a high-performance
liquid chromatograph (HPLC)(Furuyaa et al., 2003). Before measure-
ment, 100-200 mL of seawater were filtered through a 25-mm GF/F
membrane filter (Whatman, America). The filters were stored in a
freezer at —80 °C until analysis. Each filter was freeze-dried and
extracted with 1 mL of N, N-dimethylformamide at —20 °C. The extract
was then mixed with ammonium acetate in equal proportions. The
mixed samples were assayed as soon as possible to avoid degradation of
photosynthetic pigments. The total Chl-a concentration was equated to
the sum of the concentrations of Chl-a and dinivyl Chl-a.

2.3. Phytoplankton community structure

We characterized the temporal variations of phytoplankton com-
munity structure by two methods: HPLC-CHEMTAX and Cytosub
(George et al., 1989). Photosynthetic pigment concentrations were
measured by high-performance liquid chromatography (HPLC) (Fur-
uyaa et al., 2003). The relative contributions of taxa to the Chl-a were
calculated using the CHEMTAX program (Mackey et al., 1996). Twelve
diagnostic pigments were used to associate fractions of the Chl-a pool
with eight phytoplankton groups: dinoflagellates (Dino), diatoms (Diat),
haptophytes (Type 8) (Hapt_8), haptophytes (Type 6)(Hapt_6), chlor-
ophytes (Chlo), cryptophytes (Cryp), Synechococcus (Syne), and prasi-
nophytes (Pras)(Xiao et al., 2018). The initial input ratios of the
diagnostic pigments to Chl-a were the same as the ratios used in previous
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studies in Xiamen Bay (Liu et al., 2017). Samples were grouped based on
bags. Successive runs were done to gain convergence between input and
output ratios according to the CHEMTAX protocols described by Latasa
(2007).

Phytoplankton were assigned to groups based on flow cytometric
analysis (Cytosub, Cytobuoy b.v., Netherlands). Cytoclus software
(Cytosub, Cytobuoy b.v., Netherlands) was used to cluster cells with
similar optical characteristics into groups (Huang et al., 2016). The
cluster analysis used basic parameters such as forward light scatter, side
scatter, red fluorescence, orange fluorescence, and yellow fluorescence
as well as some simple mathematical metrics of spectral signals such as
inertia, asymmetry, and fill factor (Thyssen et al., 2008).

Based on CytoSub, phytoplankton cells were divided into two
groups: G1 and G2. The characteristics of the G1 group were small
particle size and low red fluorescence, which were considered to be
diagnostic for dinoflagellates; the characteristics of the G2 group
included large particle size, high red fluorescence, and a chain-like
structure, which were considered to be diagnostic for chain-forming
diatoms. The G2 group could be divided into large diatoms and small
diatoms according to cell size (Fig. 1).

2.4. Group-specific phytoplankton mortality analysis

In situ seawater samples (15 mL) without any treatment were directly
counted for total cell abundances. Viable cell abundances were deter-
mined by a cell digestion assay as modified for phytoplankton cells
(Agusti and Sanchez, 2002). First, 1.5 mL of DNAse I (800 pg/mL,
Sigma-Aldrich) was added to 15 mL of an in situ water sample and
incubated at 37 °C for 15 min. Then, 1.5 mL of Trypsin (2%, Sigma-
Aldrich) was added, and the sample was incubated at 37 °C for 30
min. The samples were then transferred to an ice bath for 5 min to stop
enzymatic reactions, and group-specific cell abundances were quantified
by Cytosub. The dead cell abundance was equated to the total cell
abundance minus the viable cell abundance. Based on the Cytoclus
classification results, we obtained the mortality of dinoflagellates (G1),
diatoms (G2), small diatoms, and large diatoms.

2.5. Statistical analysis

Initially, outliers were identified if their modified Z-Score exceeded
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four, and then the %DC data were normalized using the Min-max
normalization.

Differences between the two treatments were tested for significance
with a Student's t-test at each point in time. For the total difference in
removal, temporal effects were tested for significance by nested ANOVA,
with day as a group factor and treatment as the subgroup factor. In all
cases, a type I error rate (p) less than 0.05 was judged to be evidence of a
significant difference.

3. Results
3.1. Environmental parameters

Throughout the experiment, the pH was significantly lower in the HC
treatment than in the LC treatment (t-test, n = 3, p < 0.05, Fig. 2a).
During days 8-16, the Chl-a concentration was significantly higher in
the HC treatment than in the LC treatment (t-test, n = 3, p < 0.05), and
the increase of pH was greater in the HC treatment as well. The temporal
variations of the Chl-a concentrations showed that algal blooms
occurred in each mesocosm enclosure (Fig. 2c). The different phases of
the algal bloom could be identified based on the net growth rate.

(1) Days 0-6 corresponded to the initial phase of exponential growth;
the Chl-a concentration was low (0.79-2.35 pg L™, Fig. 2c), and the pH
and TA dropped by 0.17 =+ 0.14 and 22.94 + 9.81 pmol kg™, respec-
tively, between days 0-4 (Fig. 2a, b) as a result of the decomposition of
dissolved organic matter. (2) Days 6-12 corresponded to the stationary
phase (Fig. 2¢), during which the increase and subsequent decrease of
the pH and TA indicated the cessation of positive net community pro-
duction. (3) Days 12-31 corresponded to a decline phase. After the Chl-a
concentration peaked, it abruptly dropped to 1.21 + 0.52 pg L™! on day
16. After that time, it remained stable until the end of the experiment
(day 31, Fig. 2¢).

The water was at first moderately eutrophic, with an ambient
phosphate concentration of 0.35 4 0.06 pmol L1 (Fig. 3a). The molar
nitrogen:phosphorus ratios of 52 + 6 suggested potential phosphate
limitation of phytoplankton growth (Fig. 3c). The growth of phyto-
plankton led to a depletion of nutrients; the phosphate and ammonium
concentrations were the first to fall below the detection limits (SRP
<0.08 pmol L7 NH4" < 0.25 pmol L7 Fig. 3a, e) on day 2, and then
the dissolved inorganic nitrogen and silicate were exhausted on day 8
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Fig. 1. Cytogram of samples (a) and the pulse shape of small-sized diatoms (b) and large-sized diatoms (c) analyzed with the CytoSub. Cytogram was obtained with a
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Fig. 2. Temporal variations of pH (a), total alkalinity (b) and Chl-a (c) con-
centrations in the high pCO, level (HC, 1000 ppmv) and low pCO, level (LC,
400 ppmv) treatments. The signs are the means, and the error bars are the
standard error of three parallel samples.

(DIN <0.6 0 pmol L7}, $i052~ < 0.16 pmol L™, Fig. 3b, d). The nutrient
stoichiometry of the whole system was strongly affected by phosphorus
deficiency.

3.2. Phytoplankton community structure

Diatoms dominated the phytoplankton community structure (mean
90 + 7% of total Chl-a) in the exponential and stationary phases. Di-
noflagellates, which were much less abundant than diatoms, decreased
from 4 + 3% to 2 + 1% of Chl-a during the exponential phase. Although
there was no significant difference in the relative abundance of diatoms
in the HC and LC treatments (t-test, n = 3, p = 0.11), the mean relative
abundance of diatoms was higher in the HC treatment (84 + 15%) than
in the LC treatment (80 + 17%, Fig. 4).

The total abundances detected by Cytosub revealed a progression of
the algal bloom that was consistent with the Chl-a results (p < 0.0001,
Fig. 5). The concentrations of the pigment characteristic of diatoms
(fucoxanthin, Fuco) determined by HPLC-CHEMTAX and the abun-
dances determined by Cytosub were consistent with each other (p <
0.0001, Fig. 5). The cell sizes were significantly larger for diatoms than
for dinoflagellates (Fig. 6a).

3.3. Percentages of dead cells in specific groups of phytoplankton

During the first exponential phase, the percentages of dead cells (%
DC) among all phytoplankton remained low and even decreased slightly
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(absolute value dropped from 21 + 0% on day O to 5 + 9% on day 6; the
normalized value dropped from 0.81 + 0.04 on day 0 to 0.70 + 0.05 on
day 6). This low %DC was consistent with the increase in phytoplankton
abundance and suggested that the survival of phytoplankton was good
during the exponential phase (Fig. 6b). The %DC of the dinoflagellates
and small diatoms exhibited a significant downward trend with time,
and the %DC of large diatoms decreased from dayO0 to day3 (from 0.90
4+ 0.00 to 0.79 + 0.07) and then increased to 0.98 4 0.01 at the end of
the exponential phase (Fig. 6b).

The %DC values of all the phytoplankton and diatoms were signifi-
cantly lower in the HC treatment than in the LC treatment (nested
ANOVA, n = 60, p < 0.05, Fig. 6a). However, within the diatoms, only
small diatoms showed a significant difference (nested ANOVA, n = 60, p
< 0.05, Fig. 6a). The indication was that the %DC of the small diatoms
largely determined the effect of elevated pCO, on the %DC of the di-
atoms in toto.

4. Discussion
4.1. Setup of mesocosms

There is clearly a need to bridge the gap between results from field
observations and laboratory OA research (Riebesell and Tortell, 2011).
Although laboratory monoculture experiments have addressed many of
the mechanistic effects at the level of single cells and monospecific
populations, it is difficult to extrapolate from such experiments to the
level of natural communities. Mesocosms experiments have helped to fill
in this gap and have shown how phytoplankton can be affected by OA at
the community and even ecosystem levels (Engel et al., 2008) because
they simulate the physicochemical environment of natural systems and
enlarge the scale of laboratory culture studies (Riebesell et al., 2013).
Many mesocosm experiments have been used to provide a link between
laboratory experiments and results from field studies, especially at high
latitudes (Riebesell et al., 2013; Schulz et al., 2007).

This mesocosm CO perturbation experiment was carried out with
water from the same eutrophic coastal bay that has been used in several
previous studies (Huang et al., 2018; Lin et al., 2017; Liu et al., 2017). In
this study, unlike the artificial biological communities used in the pre-
vious experiments, no extra nutrients were added, and the in situ bio-
logical community was used for the inoculum. The fact that organisms in
the mesocosm included viruses, bacteria, phytoplankton, and
zooplankton made it possible to study the response of a natural phyto-
plankton community to OA more realistically than would have been
possible in laboratory studies. However, there are generally two prob-
lems with the use of in situ communities. The first problem is that the
comparisons of results between treatments and controls could not be
made in the way that would be possible with laboratory algal cultures.
The much larger scale of mesocosms and the use of natural communities
and environmental conditions add within-treatment noise that con-
founds comparisons between treatments and controls. Our results
therefore reflect synecological rather than autecological effects. The
second problem is that the duration of in situ observations is generally
insufficient to document effects associated with genetic adaptation and
evolution (Dutkiewicz et al., 2015; Lohbeck et al., 2012; Schaum et al.,
2012). However, long-term exposure to the conditions of interest and
high levels of replication are required if treatment effects are to be
evaluated in the context of adaptation, and such studies are therefore
usually performed with isolates in laboratory culture experiments. Such
experimental methods are difficult to implement with communities of
organisms in natural environment within which there are many complex
interactions. Our experiments therefore did not account for the long-
term effects of competition and the interactive effects of different
limiting factors. In such cases, it is difficult to assess the trade-offs
associated with the observed responses (Riebesell and Gattuso, 2014).
The objective of this study was therefore to observe short-term responses
to elevated pCO; at the community level and effects on phytoplankton
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mortality while maintaining natural communities (different commu- culture medium) that were as realistic as possible.
nities of phytoplankton, bacteria, and zooplankton) and in situ envi-
ronmental conditions (natural light and temperature changes, natural
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4.2. Algal bloom development

The occurrence of algal blooms was accompanied by temporal var-
iations of pH, TA, nutrient concentrations, phytoplankton biomass, and
mortality (Figs. 2, 3 and 6) under conditions of constant salinity and a
cycle of photoperiodicity (Huang et al., 2021). At the beginning of the
algal blooms, bacterial catabolism of large amounts of dissolved organic
matter derived from terrestrial runoff released CO,, which led to the
high initial pCO5 (~600 ppmv) in the low-pCO5 treatment and the
continuous decrease of pH (Fig. 2a) (Cai et al., 2011; Liu et al., 2017).
Subsequently, the rapid growth of algae resulted in the assimilation of a
large amount of dissolved inorganic carbon that changed the charac-
teristics of the dissolved inorganic carbon system, increased the pH
(Fig. 2), and rapidly consumed most of the inorganic nutrients in the
water.

The ratios of the initial nutrient concentrations and order of nutrient
depletion indicated that phytoplankton growth was limited by phos-
phate (Fig. 3a, c). This conclusion was consistent with our pervious re-
sults (Liu et al., 2017) and was also consistent with the phosphate-
limitated characteristics of coastal waters due to the characteristics of
terrigenous inputs (Harrison et al., 2008). The results of this experiment
were therefore representative of the response of phytoplankton to
elevated pCO, in nearshore phosphate-limited waters. The focus of this
study was on the nature of that response.

There is a close connection between mortality and growth rate.
Accumulating evidence (Caperon, 1969; Goldman, 1977) has shown
that even in carefully controlled chemostat environments, algal pop-
ulations are quite unstable at low growth rates. This instability makes it
difficult to maintain steady states at low growth rates, whereas pop-
ulations at higher growth rates are relatively stable. The instability may
be due to increased cell mortality at low growth rates (Goldman, 1977).
In our experiment, mortality was minimal (Fig. 6b) during the expo-
nential growth period when algal reproduction was rapid (Fig. 2).

At the start of the experiment (day 0), phytoplankton had the highest
%DC. The dinoflagellate %DC was only 20%, but the diatom %DC was as
high as 60% (Fig. 6b). These percentages may be an accurate indication
of the relative death rates of diatoms and dinoflagellates in natural
waters, or they may reflect a tendency of dead diatom cells to decom-
pose more slowly in natural waters than dead dinoflagellate cells.
Alternatively, they may reflect differences between groups in sensitivity
to hydrolase. However, the fact that the %DC of both diatoms and di-
noflagellates declined with time (Fig. 6b) suggested that any error
caused by the prior accumulation of dead diatom cells was low. How-
ever, because we could not rule out the possibility that there were dif-
ferences in hydrolase sensitivity between groups, we normalized the raw
%DC data to focus only on temporal variations of mortality and not on
comparisons between groups.

4.3. Response of phytoplankton mortality to elevated pCO2

The difference of mortality between the two treatment was the result
of offsetting the positive and negative effects of CO enrichment (Fig. 7).
The positive effects of elevated pCO, may lower mortality, while the
negative effects of reduced pH may increase mortality.

Respiration rates are relatively high for dinoflagellates versus di-
atoms (Geider and Osborne, 1989). The ratio of respiration to photo-
synthesis of diatoms can reach 19% during exponential growth (Lopez-
Sandoval et al., 2014). The relatively high respiration rate of di-
noflagellates may be related to the energetic costs of motility and their
cellular composition. The large amounts of genetic material in di-
noflagellates versus other algae may lead to higher energetic costs
associated with DNA and RNA turnover (Rizzo, 2003). The higher
growth rates of diatoms versus dinoflagellates may therefore reflect in
part the lower respiratory losses of the former (Chan, 1980; Lopez-
Sandoval et al., 2014). A decrease of extracellular pH can lead to an
increase of mitochondrial respiration by affecting the redox status and
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Fig. 7. Conceptual diagram illustrating the phytoplankton community response to the elevated pCO, in coastal water. The red arrows indicate positive (or enhance)
effect, the blue arrows indicate negative (or reduce) effect. The thicker the arrow, the greater the impact. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

ion permeability of cell membranes (Jin et al., 2015) and thereby stress
phytoplankton by increasing the metabolic cost of maintaining their
intracelular pH (Portner and Farrell, 2008). Lower pH may also reduce
the ability of some species to tolerate strong ultraviolet light stress and
thereby cause increased carbon losses to respiration (Gao et al., 2019;
Gao et al., 2012; Laws et al., 2020). Because the respiratory losses of
dinoflagellates are high even in the absence of environmental stresses,
increased respiration associated with a reduction of pH may have a
greater adverse effect on dinoflagellates than diatoms. An additional
reason that dinoflagellates may suffer more adverse effects is that the
flagellar membrane in these organisms is not covered by the cell wall.
The fact that dinoflagellates must therefore constantly expend energy
for regulation of volume and osmotic pressure may contribute to their
higher respiration rates (Lopez-Sandoval et al., 2014). An inability to
maintain homeostasis while being stressed by reduced pH might be the
main cause of dinoflagellate death in the high-pCO, treatment. The
energy saved in acquiring CO2 would be preferentially used to maintain
intracellular homeostasis, and the mutual cancellation of the two effects
could explain the fact that OA had no significant effect on the mortality
of the dinoflagellates. The fact that the reduction of pH had a smaller
adverse effect on the diatoms than the dinoflagellates (Fig. 6a) can
probably be attributed to the high ratios of respiratoration to photo-
synthesis that characterize dinoflagellates.

The time series of mortality and growth rates during exponential
growth (Fig. 6) allow consideration of mortality as a function of relative
growth rate, i.e. the absolute growth rate/the maximum possible growth
rate (Goldman, 1980). The lower the relative growth rate, the higher the
probability of algal cell death. Small cells generally have an advantage
over large cells in nutrient competition because small cells have a higher
surface-to-volume ratio nutrient uptake rate, and growth rate than large
cells (Edwards et al., 2012). Under phosphate-limited conditions
(Fig. 3), small diatoms tend to grow at a higher percentage of their
maximum growth rate than large diatoms, i.e., their relative growth rate
is higher. This advantage allows them to be less sensitive to the adverse
effects of reduced pH than large cells. The result is a lower probability of
their dying.

The positive effects of elevated pCO are greater for large diatoms
than small diatoms becuse large cells have a relatively small surface/
volume ratio, a longer distance between the chloroplast and cell

membrane, and hence greater difficulty in maintaining high intracel-
lular levels of CO». It is consequently often the case that CCMs are down-
regulated more in relatively large cells (e.g, some diatoms and di-
noflagellates) under high CO»-conditions, and the benefit of high COy
concentrations to large phytoplankton may be especially apparent at
such times (Gao and Campbell, 2014; Wu et al., 2014). However, these
previous results have all been obtained with laboratory cultures under
nutrient-replete conditions. Under such conditions, the relative growth
rates of both the large and small diatoms are identical and equal to 1.
The reason the relative growth rates of the large cells increase more in
the transition from nutrient-limited to nutrient-replete conditions is that
the relative growth rates of the large cells are lower than those of the
small cells under nutrient-limited conditions (Goldman, 1980), thus the
mortality of the large cells would be higher than those of the small cells.
The results of this study reflected the differential response of the mor-
tality of large and small diatoms in the transition from phosphate-
limited growth to growth under nutrient-replete conditions. The rela-
tive growth rates of the large diatoms were lower under nutrient-limited
conditions, and thus they were less tolerant than the small diatoms
under phosphate-limited conditions to the adverse effects of reduced pH.

4.4. Response of Chl-a and phytoplankton community to elevated pCO2

The consistent differences of pH and carbonate system characteris-
tics (Huang et al., 2021) between the HC and LC treatments meant that
phytoplankton in the HC treatment were affected by elevated pCOy
throughout the experiment, although the pH increased significantly as
the photosynthetic rates increased (Fig. 2a). Consistent with most pre-
vious studies, the Chl-a concentration was higher in the HC treatments
than the LC treatments (Fig. 2c). Theortically, this difference of Chl-a
concentrations may be caused by two factors: an increase of primary
production (Engel et al., 2013) and a reduction of death rates. Although
a significant increase of primary production in HC treatments has been
observed in previous mesocosm enclosure experiments at the same fa-
cility (Huang et al., 2018), an increase of primary production was not
detected in this experiment (Huang et al., 2021). Instead, there was a
reduction of mortality (Fig. 6a). The implication is that the increase of
the Chl-a concentrations in this experiment was caused by a reduction of
phytoplankton mortality rather than an increase of primary production.
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This difference might have been due to the relatively nutrient-deficient
conditions of this study. Downregulation of CCMs can lead to a reduc-
tion of the energetic costs of carbon acquisition by 3-6% (Hopkinson
et al.,, 2011). That reduction might have a positive effect on phyto-
plankton biomass. Valenzuela et al. (2018) have concluded that under
HC conditions, the energy saved during the growth of phytoplankton
could enhance viability if it were used for physiological state trans-
formations or alleviation of potential environmental stress. It could be
used, for example, to up-regulate the expression of nitrite reductase (nir)
(Li et al., 2017) and alkaline phosphatase (AP) (Tanaka et al., 2008)
under nutrient-limited conditions. Under nutrient-limited conditions,
phytoplankton may not have enough energy to increase primary pro-
duction and combat the effects of a reduction of pH at the same time. A
reduction of mortality may thus be the response of phytoplankton to HC
conditions when growth rates are limited by nutrients.

The results of the phytoplankton community structure analyses
showed that the increased Chl-a was contributed mainly by diatoms
(Fig. 4), and diatom mortality was significantly reduced in the HC
treatment (Fig. 6a). We therefore have sufficient reason to infer that
when diatoms dominate a phytoplankton community in coastal water
with high biomass, the increase of phytoplankton biomass is facilitated
by a reduction of diatom mortality (Fig. 7). This conclusion is a very
important result of this study. The results confirmed a positive effect of
CO; enrichment on phytoplankton biomass. This effect was evidenced
for the first time in the mortality of different phytoplankton species and
cell sizes. If this response proves to be consistent, elevated pCO, may
change the composition of phytoplankton communities by its differen-
tial effects on phytoplankton mortality (Fig. 7).

Our results showed that OA may not only increase the biomass of
primary producers (Fig. 2b) but also lead to changes of phytoplankton
community structure (Fig. 4) by altering the mortality of specific groups
of phytoplankton (Fig. 6). OA may therefore affect not only the biomass
but also the taxonomic composition and functionality of planktonic
communities (Doney et al., 2020). Under OA conditions, most organisms
contribute to only a few functional roles. The functionality of species is
therefore characterized by a low level of redundancy (Doney et al.,
2020). OA may therefore have a rather direct impact on the functional
roles of different taxa (Teixido et al., 2018). However, studies have
shown that even if the CO2 concentration reaches 2000 patm, it is un-
likely to reduce ecological functionality if tolerant species can replace
sensitive and vulnerable species (Baggini et al., 2015). The abundance of
diatoms, which appear to be relatively resilient to future ocean acidifi-
cation conditions, will be enhanced (Valenzuela et al., 2018). Ocean
acidification may therefore cause unexpected responses at the commu-
nity level.

5. Conclusions

This study reported for the first time an effect of elevated pCO2 on the
mortality and community structure of phytoplankton. We successfully
conducted mesocosm enclosure experiments with two pCO»/pH treat-
ments in a coastal region to simulate algal bloom events under current
atmospheric pCO; and the atmospheric pCO; predicted at the end of this
century. The results showed that (1) CO; enrichment led to higher Chl-a
concentrations; (2) the increased Chl-a was contributed mainly by di-
atoms; (3) elevated CO, decreased the mortality of the small diatoms.
These results indicated that elevation of CO, may stimulate algal
biomass and enhance the dominance of small diatoms by reducing their
mortality in coastal ecosystems.
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