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A B S T R A C T

Red tide and green tide are two common algal blooms that frequently occur in many areas in the global oceans.
The algae causing red tide and green tide often interact with each other in costal ecosystems. However, little is
known on how future CO2-induced ocean acidification combined with temperature variation would affect the
interaction of red and green tides. In this study, we cultured the red tide alga Skeletonema costatum and the green
tide alga Ulva linza under ambient (400 ppm) and future CO2 (1000 ppm) levels and three temperatures (12, 18,
24 °C) in both monoculture and coculture systems. Coculture did not affect the growth rate of U. linza but
significantly decreased it for S. costatum. Elevated CO2 relieved the inhibitory effect of U. linza on the growth of
S. costatum, particularly for higher temperatures. At elevated CO2, higher temperature increased the growth rate
of S. costatum but reduced it for U. linza. Coculture with U. linza reduced the net photosynthetic rate of S.
costatum, which was relieved by elevated CO2. This pattern was also found in Chl a content, indicating that U.
linza may inhibit growth of S. costatum via harming pigment synthesis and thus photosynthesis. In monoculture,
higher temperature did not affect respiration rate of S. costatum but increased it in U. linza. Coculture did not
affect respiration of U. linza but stimulated it for S. costatum, which was a signal of responding to biotic and/
abiotic stress. The increased growth of S. costatum at higher temperature and decreased inhibition of U. linza on
S. costatum at elevated CO2 suggest that red tides may have more advantages over green tides in future warmer
and CO2-enriched oceans.

1. Introduction

Red tides are a form of harmful algal blooms that refers to water
discoloration caused by phytoplankton including dinoflagellates, dia-
toms and cyanobacteria (Anderson, 2009). Over the last several dec-
ades, the proliferation of harmful algal blooms and their impacts on
marine organism and human health have attracted considerable con-
cern. The toxins produced by harmful algae can kill marine animals,
such as fish, bivalves and seabirds (Turner et al., 1998; Shumway et al.,
2003; Kirkpatrick et al., 2004). For instance, active red tides caused by
Karenia brevishave have been estimated to kill up to 100 tons of fish per
day in Florida (Kirkpatrick et al., 2004). Harmful algal blooms can also
pose health risks to humans by consumption of contaminated seafood
and respiratory exposure to aerosolized toxins (Morabito et al., 2018).
Marine algal toxins are responsible of more than 60, 000 intoxication
incidents per year worldwide, leading to an overall 1.5 % mortality

(Bourne et al., 2010). Red tides generally occur in warmer waters with
poor circulation, but a global increase in the geographic extent, fre-
quency, and magnitude of these events due to transport of algal species
via ship ballast waters, increased nutrient loading, and global warming
over the last two decades has been documented (Anderson, 2009; Bibak
and Hosseini, 2013).

Meanwhile, excessive growth of macroalgae along the shores of
industrialized countries has been noted since the 1970′s (Fletcher,
1996) and are now termed “green tides”. Green tides occur mainly in
the North Temperate Zone, with the United States, Europe and the Asia-
Pacific areas the most seriously affected (Ye et al., 2011). Large-scale
green tides, consisting of Ulva species, have regularly invaded the
coastal zones of the western Yellow Sea in China since 2007 (Zhang
et al., 2019). Due to their frequent occurrence, the consequences of
green tides have drawn considerable attention. Apart from the negative
influence on aesthetics and tourism, green tides could lead to the
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mortality of marine animals and thus substantial aquaculture losses
mainly due to hypoxia or anoxia in the waters caused by decomposition
of thalli (Smetacek and Zingone, 2013; Ye et al., 2011).

Although the areas where microalgal and macroalgal blooms occur
often overlap, these two kinds of blooms do not occur together at the
same time (Smith and Horne, 1988; Fong et al., 1993; Xia et al., 2009).
There are two possible reasons for this. Firstly, microalgae and mac-
roalgae would compete with each other for resources, such as nutrients,
light, space, etc. (Besterman and Pace, 2018). In addition, the negative
correlation in biomass between microalgae and macroalgae could be
attributed to allelopathic interactions. U. rigida, both in the form of
fresh thalli and dry powder, has been show to exert inhibitory effects on
the growth of the benthic dinoflagellate Ostreopsis cf. ovata (Accoroni
et al., 2015). The fresh tissue, dry powder and aqueous extracts of U.
pertusa also inhibited the growth of the raphidophyte Heterosigma
akashiwo and the dinoflagellate Alexandrium tamarense (Wang et al.,
2007). Compared to the allelopathic effect of macroaglae on micro-
algae, studies regarding the allelopathic effect of microalgae on mac-
roalgae are relatively rare. The growth rate of U. pertusa was inhibited
by 7.24 % when cultured with Heterosigma akashiwo (Nan et al., 2004).
However, the opposite finding was also reported that U. pertusa grew 16
% faster in the presence of H. akashiwo (Cai et al., 2011). The reason for
the discrepancy remains unknown.

Due largely to human activities, the atmospheric CO2 level has
reached a value of> 410 ppm, representing a∼48 % increase since the
Industrial Revolution. This increase has led to an approximately 30 %
increase in ocean acidity and the rate of change is many times faster
than anything previously experienced over the last 55 million years,
and will accelerate in the coming decades (IPCC, 2013; NOAA, 2019).
Ocean acidification can influence both microalgae and macroalgae
(Kelly and Hofmann, 2013; Noisette and Hurd, 2018; Hurd et al., 2018).
Elevated CO2 has been shown to enhance the growth of the diatom S.
costatum in both microcosm (Gao et al., 2012) and mesocosm experi-
ments (Kim et al., 2006). Likewise, elevated CO2 increased growth of
Ulva sp. in both laboratory (Gao et al., 2016; Young and Gobler, 2016)
and in situ (Pajusalu et al., 2013) experiments. Temperature is an es-
sential factor driving the growth of algae and thus the formation of
algal blooms (Keesing et al., 2016; Qi et al., 2016). The growth of S.
costatum has been shown to increase as temperature rises from 20 to
30 °C (Ebrahimi and Salarzadeh, 2016). The growth rate of Ulva species
also increases with temperature (Mohsen et al., 1973), but higher
temperature can also induce more reproduction events, leading to a loss
of biomass (Gao et al., 2018a). However, previous studies have focused
on monocultures, neglecting the possible interactions between micro-
algae and macroalgae. To the best of our knowledge, no data regarding
how ocean acidification affects the interaction between microalgae and
macroalgae under changing temperature regimes have been reported.

In this study, we investigated the physiological properties of a ty-
pical red tide alga S. costatum (Li et al., 2009) and a green tide alga U.
linza (Smetacek and Zingone, 2013) that co-occur at low densities in the
Yellow Sea but bloom singularly (Tang et al., 2006; Kim et al., 2011;
China Marine Disaster Bulletin, 2018), grown in both monoculture and
coculture systems at varying CO2 levels and temperatures, to under-
stand how ocean acidification combined with varying temperature af-
fects the interaction of these two algae and the possible effects on the
development of red tides and green tides in the future ocean environ-
ment.

2. Material and methods

2.1. Algal collection and experimental design

S. costatum (CCAJ 0101) and U. linza (CCAJ 0105) were isolated
from the coastal waters (119.3 °E, 34.5 °N) of the Yellow Sea, Jiangsu
province of China. A factorial experiment (3× 2) was conducted to
examine the combined effect of ocean acidification and temperature on

S. costatum and U. linza in both monoculture and coculture. Two levels
of CO2 (LC, 400 ppm; HC, 1000 ppm) and three temperatures (12, 18,
24 °C) were set for the experiment. LC and HC represent ambient and
future (by the end of this century) CO2 levels respectively (Gattuso
et al., 2015). Three temperatures represent the trend in global warming
as well as the seasonal variation in the Yellow Sea (Meehl et al., 2007;
Hua et al., 2016; Voosen, 2019). The CO2 levels were controlled by a
CO2 plant chamber (HP1000G-D, Ruihua Instruments, Wuhan, China).
The light was supplied from three sides of the incubators (GXZ-500B,
Ningbo, China), with an intensity of 200 μmol photons m−2 s-1

(L:D=12:12). S. costatum and U. linza (about 2 cm in length) were pre-
acclimated to the experimental conditions for one week before the ex-
perimental culture (Axelsson et al., 1999; Ye and Zhang, 2013).

As for the experimental culture, the initial density for S. costatum
and U. linza was 10,000 cells mL−1 and 1 g L−1, respectively, which are
values that represent biomass densities during algal blooms. The
medium was made of autoclaved natural seawater enriched with f/2
medium to mimic the eutrophic waters for algal blooms and batch
culture was conducted with an aeration rate of 300mL min−1 through a

0.22 μm filter (Milipore, America). Cultures were conducted in 1 L
balloon flasks containing 900mL of media in triplicate. Bacteria con-
tamination was minimized by autoclaving media and filtering air.
However, the cultures may not be completely axenic as some bacteria
may have attached to the surface of U. linza and S. costatum. The cul-
tures had been terminated when cell numbers of S. costatum growing
under more than one condition began to decrease and the culture
periods lasted 5–7 days for different conditions. Relatively short culture
periods may indicate that the coexistence of red tides and green tides
cannot last for a long time.

2.2. Seawater carbonate system

The seawater pH was monitored with a pH meter (Eutech
Instruments, pH 700, Singapore) and total alkalinity (TA) was de-
termined by acid-base titration (Gao et al., 2018a). The other para-
meters of the carbonate system were calculated with CO2SYS software
based on the known values of TA and pH, using the equilibrium con-
stants of K1 and K2 for carbonic acid dissociation (Roy et al., 1993).
The data of carbonate parameters were shown in Table S1.

2.3. Measurement of growth

Cell numbers of S. costatum and fresh weight (FW) of U. linza at
beginning and end of the culture period were measured. Cell numbers
were counted by a plankton counter (DSJ-01, Dengxun, Xiamen, China)
with microscope (Leica DM500, Germany). Fresh weight was de-
termined by a scale (BS124S, Sartorius, Germany). Daily growth rate
(DGR) was calculated using the following formula: DGR= (Wt/W0)(1/t)

–1, where Wt and W0 are cell density or fresh weight on day T and day 0
respectively.

2.4. Measurement of net photosynthetic oxygen rate and respiration rate

Determination of net photosynthetic oxygen rate (NPR) and dark
respiration rate (DRR) was conducted using a Clark-type Oxygen
Electrode (Oxygraph+, Hansatech, UK) at the end of the culture period.
A cryogenic thermostatic circulator (DHX-2005, China) was used to
maintain the temperature. A halogen lamp was used as the light source.
The irradiance and temperature conditions were set the same as in the
growth incubators. For S. costatum, 2 mL of culture medium were added
to the chamber and the cell density was about 106 cells mL−1. For U.
linza, approximately 0.005 g (FW) of thalli was transferred to the
chamber containing 2mL culture medium. The samples were placed
under the experiment condition for about 1 h to minimize effects of
mechanical damage (Gao et al., 2018c). The increase in oxygen content
in seawater over a 5min period was used to estimate NPR, and the
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decrease of oxygen content in seawater in darkness within 10min was
defined as DRR. The net photosynthetic rate and dark respiration rate
were expressed as pmol O2 cell−1 h-1 for S. costatum and as μmol O2 g−1

FW h−1 for U. linza.

2.5. Measurement of photosynthetic pigment

Chl a content of samples were measured at the end of the culture
period. For S. costatum, 25mL of samples were filtered onto 25mm GF/
F filters (Whatman, UK) and extracted with 8mL 100 % methanol and
stored in darkness for 24 h at 4 °C. The extract was centrifuged (5000 g
and 4 °C) with a high speed refrigerated centrifuge (Sorvall Biofuge
Primo R, Thermo Scientific, US) for 10min. Chl a content was calcu-
lated according to the formula of Porra et al. (1989):

Chl a (g/L) = 16.29×A665–8.54×A652,

and then converted to pg cell−1.
For U. linza, approximately 0.02 g (FW) of thalli were extracted with

8mL 100 % methanol and stored in darkness for 24 h at 4 °C. The
contents of Chl a and Chl b were calculated according to the formula of
Wellburn (1994):

Chl a (g/L) = 15.65×A666–7.53×A653,

where A666, A665, A653, and A652 are the absorbance wavelength at 666,
665, and 653, and 652 nm, respectively. Values were then converted to
mg g−1FW.

2.6. Measurement of nutrients

Nitrate concentration was measured by a rapid spectrophotometric
method (Collos et al., 1999; Gao et al., 2018a). Briefly, 2mL of the
culture medium were centrifuged (5000 g and 4 °C) with the high speed
refrigerated centrifuge for 10min, and 200 μL of supernatant were
measured in a 96-well flat bottom polystyrene microplate with a Mul-
tiskan Spectrum (Nultiskan Go, Thermo Scientific, US). Absorbance
intensity at 220 nm was used to calculate nitrate concentration by re-
ference to a standard curve.

Phosphate concentration was determined by the phosphomo-
lybdenum blue colorimetry method (Murphy and Riley, 1962; Gao
et al., 2018a). Briefly, 5mL of the culture medium were centrifuged as
described above. Afterwards, 1 mL of supernatant was mixed with 5mL
mixed reagent (125mL of 0.8 M sulphuric acid, 37.5 ml of 0.2 M am-
monium molybdate, 75mL of 0.1M ascorbic acid solution, and 12.5 mL
of 0.004M potassium antimonyl tartrate solution), reacting at 20 °C for
15min. Absorbance intensity at 882 nm was determined to calculate
the concentration of phosphate by reference to a standard curve.

2.7. Statistical analysis

Data analysis was performed using SPSS v.21 and the data were
expressed as means ± standard deviation (SD). The data under every
treatment conformed to a normal distribution (Shapiro-Wilk,
P > 0.05) and the variances could be considered equal (Levene’s test,
P > 0.05). Three-way analysis of variance (ANOVA) was conducted to
analyze the effects of temperature, CO2 and coculture on specific
growth rate, net photosynthetic rate, respiration rate, Chl a content.
Repeated measures ANOVA was used to assess the effects of tempera-
ture, CO2 and coculture on nitrate and phosphate levels in seawater
over the culture period. Least significant difference was used for post
hoc analysis. P-values less than 0.05 were considered statistically sig-
nificant.

3. Results

3.1. Growth under ocean acidification and warming

DGR of S. costatum growing alone and with U. linza under various
CO2 and temperature conditions were recorded (Fig. 1). CO2, tem-
perature and U. linza had an interactive effect on DGR, any two of them
had an interactive and each factor had a significant effect (Table S2).
Elevated CO2 did not affect DGR in monoculture (except for 24 °C) but
increased it in coculture. Coculture with U. linza significantly reduced
DGR of S. costatum, particularly for those at LC, leading to negative
growth rate at 12 °C and complete death at 24 °C. HC significantly al-
leviated the inhibitory effect of U. linza. Higher temperatures stimu-
lated DGR of S. costatum under most conditions and the highest DGR
was found at 24 °C and HC in monoculture.

In terms of DGR of U. linza (Fig. 2), CO2 and temperature had an
interactive effect on DGR while coculture did not affect it (Table S2).
HC increased DGR at 12 °C and 18 °C but decreased it at 24 °C in
monoculture. In coculture HC increased DGR at 12 °C, did not affect it
18 °C and decreased it at 24 °C in monoculture. Coculture did not sig-
nificantly affect DGR except at 18 °C & HC. Compared to 12 °C, higher
temperatures increased DGR of U. linza at LC but reduced it at HC.

Fig. 1. Daily growth rate of S. costatum grown under various CO2 levels
(400 ppm, LC; 1000 ppm, HC) and temperatures. Different letters above the
bars represent significant differences among treatments (P < 0.05).

Fig. 2. Daily growth rate of U. linza grown under various CO2 (400 ppm, LC;
1000 ppm, HC) and temperature conditions. Different letters above bars re-
present significant difference between treatments (P < 0.05).
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3.2. Photosynthesis under ocean acidification and warming

The net photosynthetic rates (NPR) of S. costatum under various
conditions were measured (Fig. 3). Coculture had an interactive effect
with CO2 or temperature, and each factor had a significant effect (Table
S3). Elevated CO2 did not affect NPR in monoculture except for 12 °C
but increased it in coculture. Coculture with U. linza led to death (24 °C)
or nearly death (18 °C) of S. costatum at LC and thus the NPR was un-
detectable. HC significantly alleviated the inhibitory effect of U. linza
on NPR in S. costatum. In monoculture, the higher temperature of 18 °C
increased NPR while another 6 °C increase in temperature did not sti-
mulate NPR further; in coculture, highest NPR was found at 18 °C.

As for the NPR of U. linza (Fig. 4), CO2 interacted with temperature
or S. costatum, and temperature and CO2 had a significant effect, with
the effect of coculture being insignificant (Table S3). HC increased NPR
at 18 °C in monoculture, but did not affect it at 18 °C in coculture, 12 or
24 °C. Generally, NPR increased with temperature, with highest value
occurring at 24 °C.

3.3. Respiration under ocean acidification and warming

In addition to net photosynthetic rates, dark respiration rates of S.
costatum (Fig. 5) and U. linza (Fig. 6) were also investigated. Three
factors interacted with each other on DRR of S. costatum, with each
having a significant effect (Table S4). In monoculture, higher CO2 did

not affect dark respiration rate; in coculture, higher CO2 increased DRR
at 12 °C and 24 °C but reduced it at 18 °C. Coculture increased DRR at
LC & 18 °C and 12 °C & HC. Temperatures did not affect dark respiration
rate in monoculture while highest DRR was found at 18 °C for LC and
12 °C for HC in coculture.

Dark respiration rates of S. costatum in coculture were commonly
higher than those in monoculture except for the dead cells. The in-
creased dark respiration rates should be a signal that cells act against
the biotic stress from U. linza. Unlike those at 12 °C and 24 °C, S. cost-
atum at 18 °C in coculture had higher DRR, which also contributed to
the higher growth rate. It suggests that the temperature of 18 °C is the
optimal for S. costatum at LC in coculture after the compromise of itself
growth and the inhibitory effect of U. linza. That is to say, S. costatum
had lower a growth rate at 12 °C; although S. costatum could have had
potentially higher growth rate at 24 °C, it also suffered from more se-
vere inhibition from U. linza, leading to the death of cells.

As for U. linza, three factors had an interactive effect and CO2 in-
teracted with temperature on DRR (Table S4). HC did not affect DRR at
24 °C but increased it at 18 °C. At 12 °C, HC did not affect DRR in
monoculture but increased it in coculture. Coculture with S. costatum
did not affect DRR of U. linza except for 12 °C & LC. Higher tempera-
tures generally increased DRR, with highest value at 24 °C, which may
be related to allelopathic or reproductive compounds. Coculture with S.
costatum did not increase respiration rate, combined with the results of
photosynthesis and growth, indicating that the effect of S. costatum on

Fig. 3. Net photosynthetic rate of S. costatum grown under various CO2

(400 ppm, LC; 1000 ppm, HC) and temperature conditions. Different letters
above bars represent significant difference among treatments (P < 0.05).

Fig. 4. Net photosynthetic rate of U. linza grown under various CO2 (400 ppm,
LC; 1000 ppm, HC) and temperature conditions. Different letters above bars
represent significant difference among treatments (P < 0.05).

Fig. 5. Dark respiration rate of S. costatum grown under various CO2 (400 ppm,
LC; 1000 ppm, HC) and temperature conditions. Different letters above bars
represent significant difference among treatments (P < 0.05).

Fig. 6. Dark respiration rate of U. linza grown under various CO2 (400 ppm, LC;
1000 ppm, HC) and temperature conditions. Different letters above bars re-
present significant difference among treatments (P < 0.05).
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U. linza is negligible.

3.4. Photosynthetic pigments under ocean acidification and warming

The changes of the major photosynthetic pigment, Chl a, in S.
costatum grown under varying temperature and CO2 conditions were
showed in Fig. 7. CO2, temperature and coculture interacted with each
other (Table S5). The cellular content of Chl a increased when tem-
perature rose from 12 to 18 °C but decreased when temperature further
increased to 24 °C. Higher CO2 decreased Chl a for 12 and 18 °C in
monoculture but increased it in coculture. Compared to monoculture,
coculture with U. linza significantly reduced Chl a content except for
12 °C & HC.

The Chl a content of U. linza was shown in Fig. 8. Temperature and
CO2 had an interactive effect of Chl a content in U. linza (Table S5). In
monoculture, Chl a content first increased and then decreased when
temperature changes from 12 to 24 °C while Chl a content in coculture
was not affected by temperature. HC increased Chl a content at 24 °C &
monoculture but decreased it under the other conditions although the
decline was not statistically significant due to multiple comparisons.
Coculture with S. costatum did not affect Chl a except for 24 °C & HC.

4. Discussions

4.1. Effects of ocean acidification and warming on growth

The growth rate of S. costatum has been shown to increase with
temperatures up to 30 °C (Takabayashi et al., 2006; Kaeriyama et al.,
2011; Ebrahimi and Salarzadeh, 2016). The present study also showed a
positive effect of temperature (from 12 to 24 °C) on growth of S. cost-
atum in monoculture. These findings indicate that ocean warming may
stimulate the outbreak of red tides. However, an interesting finding is
that coculture with U. linza dramatically reduced the growth rate of S.
costatum, particularly for the highest temperature of 24 °C at which all
cells grown at LC began to die on day three. The death could be due to
allelopathic effects from U. linza since nutrients and dissolved inorganic
carbon were not exhausted (Fig. S1 & Table S1). The highest tem-
perature might induce more allelopathic compounds in U. linza leading
to the strongest inhibitory effect, as found in Synechococcus sp.
(Śliwińska-Wilczewska et al., 2016). An allelopathic effect on S. cost-
atum was also found in other Ulva species, such as U. pertusa (Ye and
Zhang, 2013). Furthermore, the allelopathic effect of Ulva species on
other bloom-forming microalgae, such as Heterosigma akashiwo and
Alexandrium tamarense (Wang et al., 2007) has been reported. This may
explain the fact that green tides can outcompete red tides in some
coastal waters in spite of their lower growth rate compared to micro-
algae. In addition, the shading effect caused by increased biomass of U.
linza might also contribute to the death of S. costatum, and seawater
residence time may also affect the competition between these two
species (Valiela et al., 1997). Wang et al. (2012) suggested that am-
monium toxicity might be another viable reason for the inhibition of S.
costatum when cultured with effluent from the decomposed U. prolifera.
In the present study, the initial concentration of ammonium in the
media was 2.25 μmol L−1 and it would decrease with culture time as
nitrate did (Ale et al., 2011). Therefore, ammonium toxicity may not be
a possible reason for the inhibition of S. costatum in this study. On the
other hand, Wang et al. (2012) found that the effluent released by
decomposed U. prolifera enhanced the growth of H. akashiwo and A.
tamarense. Although decomposition of Ulva was not found in the present
study, it could occur in the field when green tides decay and thus en-
hance the growth of some red tide microalgae.

In contrast to the severe inhibitory effect of U. linza under LC, the
decrease in growth of S. costatum was remarkably relieved under HC. S.
costatum is deemed to have efficient CO2 concentrating mechanisms
(CCMs) while the operation of CCMs is energy-dependent (Raven et al.,
2017; Gao et al., 2018b). Elevated CO2 can down-regulate CCMs and
the saved energy could be used by cells to act against the allelopathic
inhibition of U. linza. Previous studies show that elevated CO2 alle-
viated the negative effect of the higher temperature on PSII photo-
inactivation in the diatoms Thalassiosira weissflogii (Gao et al., 2018c)
and Thalassiosira pseudonana (Yuan et al., 2018), and relieved the
toxicity of Cu on growth and photosynthesis in U. prolifera (Gao et al.,
2017a). Our finding indicates that elevated CO2 can alleviate the alle-
lopathic inhibition of Ulva species on S. costatum and reduce the com-
petitive advantage of Ulva over microalgae. This is the first report on a
positive effect of elevated CO2 on competition of S. costatum with U.
linza.

Similar to the stimulatory effect on growth of S. costatum, higher
temperatures also increased growth of U. linza. This is consistent with
field observation in the Yellow Sea where the sea surface temperature
can be 24 °C and the coverage of green tides reaches a peak (Liu et al.,
2013). On the other hand, higher temperatures reduced growth of U.
linza at HC and the optimal temperature is 12 °C for HC. This suggests
that elevated CO2 could reduce the optimal temperature for the growth
of U. linza. A reason for this is that the combination of higher tem-
perature and elevated CO2 induced a reproduction event (observed) and
thereby reduced vegetative growth. A stimulatory effect of high tem-
perature and CO2 on reproduction was also found in U. rigida (Gao

Fig. 7. Content of Chl a in S. costatum grown under various CO2 (400 ppm, LC;
1000 ppm, HC) and temperature conditions. Different letters above bars re-
present significant difference among treatments (P < 0.05).

Fig. 8. Content of Chl a in U. linza grown under various CO2 (400 ppm, LC;
1000 ppm, HC) and temperature conditions. Different letters above bars re-
present significant difference among treatments (P < 0.05).
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et al., 2017b, 2018a).
Elevated CO2 increased growth rate of U. linza at 12 °C but did not

affect it at 18 °C in coculture and 24 °C. This indicates that the effect of
CO2 on DGR is related to temperature. Under lower temperatures, CCMs
run at a lower efficiency due to lower enzyme activity, combined with
downregulated CCMs by elevated CO2, potentially leading to CO2 lim-
itation for Rubisco (Raven et al., 2011). Therefore, higher CO2 could
stimulate growth of U. linza in this study. When temperature rose,
elevated CO2 induced reproduction events and led to the decrease of
growth as discussed above. It is worth noting that the response of Ulva
species to CO2 and temperature may be species-specific. Different from
the present study, previous studies showed that the growth rates of U.
rigida (Gao et al., 2017b) and U. lactuca (Olischläger et al., 2013) were
enhanced by elevated CO2 at 18 °C.

Although coculture significantly reduced growth rate of S. costatum,
it did not affect growth rate of U. linza. From the perspective of ecology
strategy, K-strategists that are larger in size and have longer life ex-
pectancies usually have higher competitive strength compared to r-
strategists in a stable environment via efficient energy utilization, while
r-strategists that are generally small and have short life spans typically
live in unstable and unpredictable environments via rapid reproduction
(Gadgil and Solbrig, 1972; Winkler et al., 2017; Papanikolopoulou
et al., 2018). In this study, U. linza and S. costatum can be seen as K-
strategists and r-strategists respectively (Agrawal, 2011;
Papanikolopoulou et al., 2018). U. linza could inhibit growth of S.
costatum via excreting allelopathic compounds under favourable con-
ditions (An et al., 2008) and this may explain why green tides can occur
every year in the Yellow Sea and inhibit the outbreak of red tides. On
the other hand, S. costatum shows competitive advantages when the
environments (temperature and CO2) change.

4.2. Effects of ocean acidification and warming on photosynthesis and
pigments

This study indicates that 18–24 °C drops in the optimal temperature
range for S. costatum’s net photosynthetic rate. This finding was con-
sistent with the fact that red tides usually occur in the Yellow Sea from
May to September when the surface seawater temperature 18–26 °C
(Guo et al., 2015; Park et al., 2015; Hua et al., 2016). Coculture with U.
linza significantly reduced NPR of S. costatum, particularly for those
grown at lower CO2 conditions. Combined with the results of growth, it
suggests that the inhibiting effect of U. linza on growth of S. costatum is
related to photosynthesis. Therefore, there is possibility that the alle-
lopathic compounds inhibit growth by hurting photosynthetic appa-
ratus, as found in the case of the macroalga Gracilaria Tenuistipitata and
the microalga Prorocentrum micans (Ye and Zhang, 2013).

Previous studies show that NPR of Ulva species commonly increased
with temperature (Kim et al., 2011; Zou and Gao, 2014). Our result on
U. linza confirms this conclusion. However, the increased NPR did not
result in an increase in growth of U. linza growing at HC as the growth
rate of U. linza decreased at higher temperatures. We presume the en-
ergy generated from increased NPR flow into production of allelopathic
or reproductive compounds. Similar to growth, coculture with S. cost-
atum did not affect NPR, indicating that S. costatum did not pose an
effect on photosynthetic apparatus of U. linza.

Higher CO2 usually decreases pigment content of algae which avoid
the overexcitation of electron transport under higher CO2 conditions,
which is termed as pigment economy (Gordillo et al., 1998; Gao et al.,
2016). This phenomena was also found in S. costatum in monoculture
(except for 24 °C) but increased it in coculture. On the other hand,
elevated CO2 enhanced Chl a content in coculture, which was mainly
caused by a dramatic decrease at LC. Chl a content of S. costatum was
reduced to a very low level and even undetectable at LC in coculture.
This may be caused by the compounds released by U. linza because a
previous study has shown that allelopathic compound from U. pertusa
can harm the oxygen-evolving complex and thus inhibit photosynthesis

of S. costatum (Ye and Zhang, 2013). Our result suggests that apart from
the harm to oxygen-evolving complex, allelopathic compounds from
Ulva species can inhibit photosynthesis and growth of S. costatum via
destroying photosynthetic pigment. This conclusion needs confirmation
by further studies since allelopathic compounds were not directly
measured in the present study.

5. Conclusions

Harmful algal blooms, including red tides and green tides, are on
the rise due mainly to increased eutrophication (Bibak and Hosseini,
2013; Smetacek and Zingone, 2013). Meanwhile, continuous CO2

emission is causing ocean warming and acidification. Previous studies
have ignored the interaction of these algal blooms under the context of
climate change, although they can occur in the same zones. Our study
investigated the combined impacts of ocean acidification and warming
on the interaction between red tides and green tides algae for the first
time. Higher temperature decreased growth of U. linza growing at
elevated CO2 but increased growth of S. costatum. Although coculture
with U. linza significantly reduced growth of S. costatum under ambient
CO2 level but elevated CO2 dramatically alleviate the inhibitory effect
of U. linza. Ulva-dominated green tides occur annually in the Yellow Sea
and hamper the outbreak of red tides. These findings indicate that S.
costatum may have an enhanced advantage over U. linza in future
warmer and CO2-enriched oceans, thus altering the current balance
between red tides and green tides.’
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