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Sodium hypochlorite (NaOCl) is widely used to disinfect seawater in power plant cooling systems in order to reduce 

biofouling, and in ballast water treatment systems to prevent transport of exotic marine species. While the toxicity of 

NaOCl is expected to increase by ongoing ocean acidification, and many experimental studies have shown how algal 

calcification, photosynthesis and growth respond to ocean acidification, no studies have investigated the relationship 

between NaOCl toxicity and increased CO2. Therefore, we investigated whether the impacts of NaOCl on survival, chlo-

rophyll a (Chl-a), and effective quantum yield in three marine phytoplankton belonging to different taxonomic classes 

are increased under high CO2 levels. Our results show that all biological parameters of the three species decreased under 

increasing NaOCl concentration, but increasing CO2 concentration alone (from 450 to 715 μatm) had no effect on any 

of these parameters in the organisms. However, due to the synergistic effects between NaOCl and CO2, the survival and 

Chl-a content in two of the species, Thalassiosira eccentrica and Heterosigma akashiwo, were significantly reduced un-

der high CO2 when NaOCl was also elevated. The results show that combined exposure to high CO2 and NaOCl results 

in increasing toxicity of NaOCl in some marine phytoplankton. Consequently, greater caution with use of NaOCl will be 

required, as its use is widespread in coastal waters.
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INTRODUCTION

The anthropogenic input of CO2 into the atmosphere 

and ocean has been on a constant rise since the Indus-

trial Revolution, resulting in decreased pH and changes 

in ocean carbon chemistry (Orr et al. 2005). Under the In-

tergovernmental Panel on Climate Change (IPCC) IS92a 

scenario, the pH of the ocean will drop 0.2-0.3 units by 

the end of this century (Caldeira and Wickett 2003), which 

will drive massive alterations to the lives of marine organ-

isms (Kroeker et al. 2013). Undoubtedly, many studies 

have shown the combined effects of increased CO2 and 

other environment parameters, such as iron availability 

on marine organisms (Endo et al. 2013), changes in the 

depth of euphotic zone on phytoplankton (Gao et al. 

2012b), and the importance of substrates for spawning 

coral settlement (Doropoulos and Diaz-Pulido 2013). The 

projected CO2 increases combined with the presence of 

other chemicals, such as sodium hypochlorite (NaOCl) 

may further result in synergistic effects that will impact 
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on pH (Sarbatly and Krishnaiah 2007). Generally, 25% 

of the HOCl will occur as free chlorine at pH 7.7 in 20°C 

seawater under a 30 psu condition, but the proportion of 

HOCl increases as pH decreases (Sugam and Helz 1976). 

According to the Eq. (2) equilibrium, almost 99% of the 

HOCl will be free chlorine at pH 5.2, and about 99% will 

be OCl- at pH 9.3. 

NaOCl + H2O → HOCl + NaOH                       (1)

HOCl ↔ OCl- + H+                                                          (2)

HOCl is 80-200 times stronger than OCl- in terms of 

pathogen disinfection (White 1992). A pH reduction of 

0.2-0.3 units will increase the proportion of HOCl by 7% 

(Table 1). Despite this small change, increased CO2 (low-

er pH than present day) will increase the proportion of 

HOCl, which might also increase NaOCl toxicity to organ-

isms.

In this study, we examined the short-term effects of 

increased levels of CO2 and NaOCl, both alone, and in 

combination, on the abundance, Chl-a content, and 

photosynthetic efficiency of three phytoplankton spe-

cies. Temporal fluctuations in natural environment 

conditions and population sizes cannot be realistically 

simulated under laboratory conditions. The typical diel 

variations in aqueous partial pressure of carbon dioxide 

(pCO2) depend on the tidal cycle, photosynthesis during 

the day, and respiration at night. Anthropogenic NaOCl 

effluents also vary over tidal, daily, and seasonal scales.  

Therefore, this study was designed to simulate the mean 

temperature during late spring / early summer, and the 

pCO2 values of the present day and the predicted value 

for the year 2100.

MATERIALS AND METHODS

Experimental procedure

Three species of marine phytoplankton, Thalassiosira 

eccentrica (Ehrenberg) Cleve, Akashiwo sanguinea (Hi-

rasaka) Hansen et Moestrup and Heterosigma akashiwo 

(Hada) Hada, were used in this experiment. One of the 

most common and wide-spread diatoms, T. eccentrica, 

was isolated from Hampyeng Bay, Korea, in February 

2009. The red-tide forming dinoflagellate, A. sanguinea 

(strain, AS-LOHABE01), and the raphidophyte, H. akashi-

wo (strain, HA-LOHABE), were obtained from Chonnam 

National University, Korea. The three species were cul-

tured in filtered (GF/F filters; Whatman, Maidstone, UK) 

the survival and physiological condition of marine phyto-

plankton. However, despite the importance of the chemi-

cal interaction between NaOCl and CO2, no studies have 

investigated the combined effects of increased CO2 and 

NaOCl on marine phytoplankton.

NaOCl is one of the most widely used antifouling 

agents in power plant cooling and ballast water treatment 

systems (Gregg and Hallegraeff 2007, Saleem et al. 2012). 

Given that many power plants are located near coastal re-

gions due to the use of seawater as a coolant, fouling or-

ganisms such as barnacles, oysters, and bryozoans often 

colonize surfaces in their coolant systems, which then in-

terfere with water flow and heat transfer efficiency (Taylor 

2006, Polman et al. 2013). Moreover, the number of large 

transport vessels has expanded on the world’s oceans due 

to increased global economic activity, resulting in ap-

proximately 3,500 mega tons of ballast water being used 

globally each year for stability and maneuverability of 

ships during voyages (Endresen et al. 2004). As a result, 

many exotic marine species have invaded new coastal re-

gions through ballast water, causing serious disturbances 

to marine ecosystems (Gray et al. 2006, Smayda 2007). 

UV radiation, ozone (O3) treatment, heat exposure, and 

various chemicals are all used to prevent biofouling and 

the introduction of exotic species. Also chemical treating 

these waters with NaOCl has received considerable atten-

tion as a simple and efficient method of reducing fouling 

(Allonier et al. 1999, Gregg and Hallegraeff 2007). 

When NaOCl is added to water, it dissociates into so-

dium hydroxide (NaOH) and hypochlorous acid (HOCl), 

as shown in Eq. (1). HOCl further dissociates into hypo-

chlorite (OCl-) and hydrogen ions (H+) as shown in Eq. (2). 

This dissociation is reversible and strongly dependent 

Table 1. Seawater carbon chemistry of two CO2 levels

Normal CO2 High CO2

pH (NBS) 8.0 7.8

AT_mea (μmol kg-1) 2,266.7 ± 3.6 2,263.9 ± 0.8

DIC_mea (μmol kg-1) 2,060.0 ± 3.0 2,131.3 ± 2.5

pCO2_cal (μatm)    450.5 ± 4.0       714.7 ± 13.8

HCO3
-
_cal (μmol kg-1) 1,889.4 ± 3.1 1,997.8 ± 3.7

CO3
2-

_cal (μmol kg-1)   155.6 ± 1.2    109.7 ± 1.7

HOCl (%) 15.2 22.2

OCl– (%) 84.8 77.8

Data are represented as mean ± standard deviation (n = 3). High CO2 
level was manipulated with adding CO2 saturated seawater into natu-
ral seawater.
AT, total alkalinity; DIC, dissolved inorganic carbon.
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and an inverted microscope (Axiostar plus; Carl Zeiss, 

Oberkochen, Germany). Survival (%) was calculated by 

dividing the number of live individuals by the total num-

ber of individuals in each treatment. Additionally, the 1-h 

lethal median concentration (LC50) was determined by 

the Probit analysis method (Finney 1971). 

Chl-a measurement

To determine the Chl-a content, in vivo chlorophyll 

fluorescence was measured using a Turner 10AU fluo-

rometer (Turner Designs, Sunnyvale, CA, USA). GF/F fil-

tered seawater was used to determine the cell-free con-

trol of in vivo fluorescence. In vivo fluorescence values 

were converted to Chl-a concentrations using the previ-

ously determined a linear calibration curve between two 

parameters (r2 = 0.74).

Effective PSII quantum yield measurement

PSII photochemical efficiency was assessed at set time 

intervals (0, 1, 2, 4, and 8-h) using a Phyto-PAM (Walz, Ef-

feltrich, Bavaria, Germany). The Phyto-PAM applies light 

emitting diodes with a peak emission at 650 nm, saturat-

ing flashes, and actinic irradiance. The fluorescence of a 

cell-free control was determined using seawater filtered 

with a Whatman GF/F filter to correct the background 

fluorescence. The effective quantum yield (ΦPSII) was 

measured using light-adapted samples, at 50 μmol pho-

tons m-2 s-1.

ΦPSII = (Fm΄ - Ft)/Fm΄                            (3)

 Fm΄ and Ft represent the maximum fluorescence and 

the steady state fluorescence for the light-adapted sam-

ples, respectively. 

Statistical analyses

The Shapiro-Wilk’s test was used to determine the 

normality of the distribution at the 0.05 level, and equal 

variances were tested using the Levene’s test. Although 

for the majority of test cases, the assumptions of normal-

ity were not met even after arcsine transformation, sta-

tistical differences in untransformed data (initial / final) 

were examined by general linear model (GLM) and two-

way analysis of variance (ANOVA) was used to assess the 

effects of NaOCl and high CO2 level, both alone, and in 

combination. Additionally, non-parametric Kruskal-Wal-

lis test and Shapiro-Wilk’s test were used to identify the 

statistical significant differences among the treatments 

and autoclaved natural seawater to which 132 μL L-1 of f/2 

medium was added. Irradiance (50 μmol photons m-2 s-1) 

and temperature (20°C) were maintained constant during 

the experiments.

The NaOCl solution was produced by electrolysis from 

GF/F filtered seawater with an immediate reaction from 

a 4.5 A electrical current supply. Total residual chlorine 

(TRC) concentration was determined by the iodomet-

ric method (Clesceri et al. 1999). In this experiment, the 

same seawater was used, as the NaOCl TRC concentra-

tions vary depending on the presence of organic matter, 

temperature, salinity, and the chemical speciation of ele-

ments (Kester 1986). 

Two levels of seawater CO2 concentration, normal 

(450 μatm) and high (715 μatm) CO2 were prepared for 

the experiment based on IPCC’s IS92a scenario. Specifi-

cally, high CO2 seawater was established by spiking CO2-
saturated seawater into normal seawater (dilution ratio 

of CO2-saturated SW to normal SW = 4/1,000). The pH 

difference was about 0.2 units initially (calibrated us-

ing standard NBS buffers at pH 7 and 10; checked using 

pH meter; PHM 210; Radiometer Analytical SAS, Lyon, 

France), and total alkalinity (AT) and dissolved inorganic 

carbon (DIC) were quantified by potentiometric acid ti-

tration (Metrohm 765; Metrohm, Herisau, Switzerland) 

(Millero et al. 1993, Hernández-Ayón et al. 1999). Other 

carbon parameters (pCO2, HCO3
-, and CO3

2-) were calcu-

lated using CO2SYS basic software and two measurable 

parameters (AT and DIC, in this study) (Lewis and Wallace 

1998).

To evaluate the synergistic effects of high CO2 and Na-

OCl on the three phytoplankton species, each species was 

exposed to the two levels of CO2 and four NaOCl concen-

trations (0, 1.0, 2.0, and 3.0 ppm for T. eccentrica; and 0, 

0.5, 1.0, and 1.5 ppm for A. sanguinea and H. akashiwo) 

for 8-h, both alone and in combination. All experiments 

were conducted in three replicates 75 mL polycarbonate 

bottles under 20°C and 30 psu conditions. The cultures 

were manually and gently shaken before sub-sampling, 

which was done by taking 5 mL plankton samples at 0, 1, 

2, 4, and 8-h. Sub-samples of 3 mL were used to measure 

chlorophyll a (Chl-a) and were immediately preserved 

with Lugol’s solution for cell counts. Two mL sub-samples 

were used for photosystem II (PSII) measurements.

Phytoplankton abundance and survival 

Preserved phytoplankton cells from single and com-

bined CO2 and NaOCl experiments were enumerated 

using a Sedgwick-Rafter counting chamber (1 mL) 
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akashiwo (raphidophyte) were not significantly different 

between normal and high CO2 levels during 8-h incuba-

tion period (Fig. 2). 

The abundance of T. eccentrica was 96.3 ± 7.6 and 98.7 

± 8.3 cells mL-1 in the normal and high CO2 seawaters on 

initial time, respectively, but on the final sampling time, 

the abundance was slightly decreased ranging from 0.3-

4.2% in both CO2 seawaters, with no significant differ-

ences compared to initial abundance (Fig. 2A). In both 

CO2 seawater conditions, slightly decreases in abundance 

were also detected in A. sanguinea and H. akashiwo after 

(two levels of CO2 and four concentrations of NaOCl) on 

the abundance, survival, Chl-a, and ΦPSII values. The con-

fidence levels for all analyses was set at 95% (p < 0.05). 

All statistical analyses were conducted using SPSS version 

17.0 software (SPSS Inc., Chicago, IL, USA). 

RESULTS

Carbon chemistry and TRC concentration

The carbon chemistry of high CO2 seawater was altered 

as the pCO2, dissolved inorganic carbon (DIC) and bicar-

bonate (HCO3
-) concentrations increased, and carbon-

ate (CO3
2-) concentration decreased compared to those 

in normal CO2 seawater (Table 1). The pH for the normal 

and high pCO2 seawater was maintained at 8.0 and 7.8 

during the experimental period, respectively. TRC con-

centrations decreased by 6% in the dark and by 22% un-

der white fluorescent light after 24-h (Fig. 1). The propor-

tion of HOCl and OCl- were 15.2 and 84.8% in normal CO2 

seawater (pH 8.0) (Table 1). The proportion of HOCl was 

increased by 7% in high CO2 seawater (pH 7.8) compared 

to normal CO2 seawater. No significant difference in the 

decreasing rate of the TRC was detected between the 

normal and high CO2 levels throughout the experimental 

period, in spite of the different proportion of HOCl and 

OCl- (Fig. 1). 

Phytoplankton abundance and survival

The abundances of Thalassiosira eccentrica (diatom), 

Akashiwo sanguinea (dinoflagellate), and Heterosigma 

Fig. 1. Changes in the total residual chlorine (TRC) concentration 
over time with the normal and high CO2 level seawaters at fluores-
cent light, and with normal CO2 level seawater in the dark.

A

C

B

Fig. 2. Abundance of experimental organisms over time with the 
normal and high CO2 level seawaters. (A) Thalassiosira eccentrica. (B) 
Akashiwo sanguinea. (C) Heterosigma akashiwo. Data are represented 
as mean ± standard deviation (n = 3).
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1-h LC50 values were observed for H. akashiwo and T. ec-

centrica. Survival (%) of T. eccentrica, A. sanguinea, and 

H. akashiwo decreased with increasing NaOCl concentra-

tion, showing 56.1, 1.4, and 9.4% survival at 1.0 ppm NaO-

Cl after an 8-h exposure (Figs 3-5). After the 8-h exposure 

to 1.5 ppm NaOCl, most A. sanguinea and H. akashiwo 

cells were dead, but some T. eccentrica survived at even 

higher NaOCl concentrations. 

The LC50 values of T. eccentrica, A. sanguinea, and H. 

akashiwo after one hour exposure to NaOCl under high 

CO2 seawater were all slightly lower than those observed 

under normal CO2 seawater (Table 2). Survival (%) of T. 

eccentrica was significantly lower under high CO2 in the 

2.0 ppm NaOCl treatment than that in normal CO2 sea-

water (p < 0.05). However, no significant differences were 

observed between the two CO2 levels at the other NaOCl 

concentrations (Fig. 3). Additionally, survival (%) of H. 

akashiwo was significantly lower at 0.5 and 1.0 ppm NaO-

Cl in high CO2 seawater than that in normal CO2 seawater 

(Fig. 5). In contrast, A. sanguinea showed no difference in 

survival (%) between normal and high CO2 seawater at all 

NaOCl concentrations tested (Fig. 4).

8-h and there were no significant differences between ini-

tial and final abundance (Fig. 2B & C).

Phytoplankton survival (%) was dependent upon Na-

OCl concentrations and varied between species. The 1-h 

LC50 values for T. eccentrica, A. sanguinea, and H. akashi-

wo for NaOCl were 2.6, 1.2, and 0.9 ppm in normal CO2 

seawater, respectively (Table 2). The lowest and highest 

Table 2. The 1-h LC50 (ppm) values of three phytoplankton species 
exposure to four different concentrations of sodium hypochlorite 
(NaOCl) under normal and high CO2 level seawaters

                Species
LC50 (ppm)

Normal CO2 High CO2

Thalassiosira eccentrica  
(Ehrenberg) Cleve

2.6 ± 0.1 2.4 ± 0.1

Akashiwo sanguinea (Hira-
saka) Hansen et Moestrup

 1.2 0.9 ± 0.1

Heterosigma akashiwo  
(Hada) Hada 

0.9 ± 0.1 0.8 ± 0.1

Data are represented as mean ± standard deviation (n = 3).

A

C D

B

Fig. 3. Survival of Thalassiosira eccentrica over time with the normal and high CO2 level seawaters as a function of the sodium hypochlorite 
(NaOCl) concentration. (A) 0 ppm. (B) 1.0 ppm. (C) 2.0 ppm. (D) 3.0 ppm. Data are represented as mean ± standard deviation (n = 3).
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Fig. 4. Survival of Akashiwo sanguinea over time with the normal and high CO2 level seawaters as a function of the sodium hypochlorite (NaOCl) 
concentration. (A) 0 ppm. (B) 0.5 ppm. (C) 1.0 ppm. (D) 1.5 ppm. Data are represented as mean ± standard deviation (n = 3).

A

C D

B

Fig. 5. Survival of Heterosigma akashiwo over time with the normal and high CO2 level seawaters as a function of the sodium hypochlorite 
(NaOCl) concentration. (A) 0 ppm. (B) 0.5 ppm. (C) 1.0 ppm. (D) 1.5 ppm. Data are represented as mean ± standard deviation (n = 3).

A

C D

B
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eccentrica and H. akashiwo, Chl-a content of A. sanguinea 

exhibited no significant differences between normal and 

high CO2 seawaters at any NaOCl concentration.

No significant changes in the ΦPSII of T. eccentrica, A. 

sanguinea and H. akashiwo were observed after 8-h ex-

posure to the lowest (1.0, 0.5, and 0.5 ppm, respectively) 

NaOCl concentrations (Fig. 7). However, ΦPSII of T. eccen-

trica decreased from 0.65 to 0.30 upon exposure to 2.0 

ppm NaOCl, and decreased from 0.65 to 0.05 upon expo-

sure to 3.0 ppm NaOCl after 8-h. Furthermore, the ΦPSII 

of A. sanguinea and H. akashiwo declined from 0.72 to 

0.51 and 0.62 to 0.53 upon exposure to 1.0 ppm NaOCl 

after 8-h. The ΦPSII values for T. eccentrica, A. sanguinea, 

and H. akashiwo decreased to <0.1 at 3.0, 1.5, and 1.5 ppm 

NaOCl, respectively. Although ΦPSII values were slightly 

increase after 6-h exposure to NaOCl, these cells did not 

recover their original health status (Fig. 7). For all NaOCl 

concentrations, ΦPSII of three species were not significant-

ly different between normal and high CO2 levels during 

8-h incubation period (Table 3).

Chl-a content and ΦPSII

The Chl-a and ΦPSII of the three species were similar in 

both normal and high CO2 seawaters (Figs 6 & 7). Chl-a 

contents of T. eccentrica decreased towards the end of the 

experiment under both CO2 seawaters. In contrast, Chl-

a contents of A. sanguinea and H. akashiwo were slightly 

higher at the end of the experiment. However, differences 

between initial and final periods were not observed to be 

significant. 

Regardless of CO2 concentration, Chl-a contents of T. 

eccentrica, A. sanguinea, and H. akashiwo was significant-

ly lower at NaOCl concentrations >2.0, 1.0, and 1.0 ppm, 

respectively (Fig. 6). At the end of the experiment, the Chl-

a content of T. eccentrica at 2.0 ppm NaOCl in high CO2 

seawater decreased by 20% relative to that in normal CO2 

seawater. Also, Chl-a content of H. akashiwo at 1.0 ppm 

NaOCl in high CO2 seawater was lower by >50% relative to 

that in normal CO2 seawater. However, Chl-a contents of 

T. eccentrica and H. akashiwo was not different with CO2 

level at the other NaOCl concentrations. In contrast to T. 

A B

C

Fig. 6. Chlorophyll a (Chl-a) content over time with the normal CO2 (NC) and high CO2 (HC) level seawaters as a function of the sodium hypo-
chlorite (NaOCl) concentration. (A) Thalassiosira eccentrica. (B) Akashiwo sanguinea. (C) Heterosigma akashiwo. Data are represented as mean ± 
standard deviation (n = 3).
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A

C

B

Fig. 7. Photosynthetic effective quantum yield (ΦPSII) over time with the normal CO2 (NC) and high CO2 (HC) level seawaters as a function of the 
sodium hypochlorite (NaOCl) concentration. (A) Thalassiosira eccentrica. (B) Akashiwo sanguinea. (C) Heterosigma akashiwo. Data are represented 
as mean ± standard deviation (n = 3).

Table 3. The results of the General Linear Model or two-way ANOVA for determining the effects of NaOCl and CO2 level, both alone, and in 
combination on survival, chlorophyll a (Chl-a), and effective quantum yield (ΦPSII)

               Species  Parameter NaOCl (d.f. = 3) CO2 (d.f. = 1) NaOCl ⨉ CO2 (d.f. = 3)

Thalassiosira eccentrica Survival 0.000** 0.782    0.028* (F = 3.940)

Chl-a 0.000** 0.707 0.277 (F = 1.406)

　 ΦPSII 0.000** 0.817 0.173 (F = 1.883) 

Akashiwo sanguinea Survival 0.000** 0.906 0.556 (F = 0.718)

Chl-a 0.000** 0.990 0.225 (F = 1.617)

ΦPSII 0.000** 0.580 0.659 (F = 0.544)

Heterosigma akashiwo Survival 0.000** 0.805                0.000** (F = 12.846)

Chl-a 0.000** 0.599                0.000** (F = 26.813)

　 ΦPSII 0.000** 0.884 0.621 (F = 0.606)
*p < 0.05, **p < 0.001.
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and density of the cells (Franklin et al. 2002, Echeveste et 

al. 2010). Generally, small cells have a larger surface area 

than that of bigger cells. The cell sizes of T. eccentrica, A. 

sanguinea, and H. akashiwo were 15-110, 35-85, and 8-25 

μm, respectively. Consequently, different tolerances to 

NaOCl toxicity may be related to the significant increase 

in the surface area of the three species. Moreover, much 

higher LC50 values for T. eccentrica compared to those for 

A. sanguinea and H. akashiwo may have resulted from the 

presence of siliceous frustules on T. eccentrica (Branco et 

al. 2010, Sánchez-Marín et al. 2010). 

We used ΦPSII as an indicator of phytoplankton health, 

as it is a rapid and immediate measure of photosynthetic 

capacity, regardless of cell density and size. There was a 

discrepancy between the survival (%) and ΦPSII measure-

ments of NaOCl effects. An 8-h exposure to the lowest 

NaOCl concentrations caused a significant reduction in 

survival (%) of T. eccentrica, A. sanguinea, and H. akashi-

wo but did not exhibit a noticeable effect on ΦPSII. Addi-

tionally, ΦPSII in A. sanguinea and H. akashiwo increased 

upon exposure to 1.0 ppm NaOCl after 4 h, likely due to 

the contribution of chlorophylls from dead cells to the F0, 

but did not contribute to Fm in a live / dead cell mixture 

(Franklin et al. 2009). This result indicates that the ΦPSII 

parameter was a relatively insensitive indicator of sub-

lethal conditions, such as those due to NaOCl toxicity 

(Lumsden and Florence 1983).

Chl-a content of A. sanguinea increased rapidly after a 

1-h exposure to the 1.0 and 1.5 ppm NaOCl treatments. 

This result may have been due to the production of pheo-

phytin following exposure to NaOCl, with the fluorometer 

detecting the fluorescence of both live cells and pheo-

phytin containing cells (Arar and Collins 1997). Cells with 

pheophytin emit greater fluorescence than that of live 

cells (Schreiber et al. 1994). Therefore, the in vivo fluores-

cence detected by the fluorometer was an overestimate 

when cells with pheophytin were present. However, this 

temporary increase in the Chl-a content was negligible.

Our study has demonstrated that NaOCl and elevated 

CO2 act synergistically to reduce survival and Chl-a in the 

some species. The maximum CO2 levels estimated for the 

end of the century (2100) were 0.2 pH units lower than 

those of today. However, NaOCl has been used extensive-

ly in coastal zones, where pH can fluctuate more widely 

(pH 7.4-8.4) than the range used in this study (Hofmann 

et al. 2011, Booth et al. 2012). Based on these findings, 

the toxicity of NaOCl may vary in coastal zones in the fu-

ture. Furthermore, the synergistic effects of NaOCl due 

to increased CO2 levels in seawater were species specific. 

Thus, further research on various marine organisms un-

DISCUSSION

Our study provides the first insight into the effect of el-

evated CO2 on NaOCl toxicity in marine phytoplankton. 

Despite the importance of the chemical interaction be-

tween NaOCl and CO2, their synergistic effect on marine 

organisms remains to be assessed. The 1-h LC50 values 

for Thalassiosira eccentrica, Akashiwo sanguinea, and 

Heterosigma akashiwo toward NaOCl were lower in high 

CO2 water than those in normal CO2 water (Table 2). Our 

data confirmed that the toxicity of NaOCl increased due 

to ocean acidification for at least two of the investigated 

species and pH is a non-trivial factor related to the use of 

NaOCl in coastal zones.

Growth and photosynthesis of marine phytoplank-

ton usually increase with increasing CO2 (Schippers et 

al. 2004, Gao et al. 2012a, McCarthy et al. 2012). Howev-

er, we found that the abundance, Chl-a and ΦPSII of the 

three phytoplankton species remained unchanged by 

increased CO2 indicating that the three species were not 

significantly affected by increases in CO2 (Fig. 2). It is pos-

sible that our observation period was not long enough to 

determine the effect of enhanced CO2 on growth. More-

over, coastal phytoplankton species may already have 

adapted to small changes close to the equilibrium pH; 

some phytoplankton species seem to get their CO2 re-

quirement fulfilled at current CO2 levels (Hinga 2002). 

NaOCl in water is converted to NaCl over time in sun-

light and particularly by UV radiation. However, long-

term exposure to NaOCl has significant adverse impacts 

on marine organisms at any concentration (Rajamohan et 

al. 2007, Añasco et al. 2008). For example, previous studies 

have reported that TRC concentrations from NaOCl of 30 

to 106 ppb will kill 50% of the exposed individuals in sev-

en dinoflagellate species (Gymnodinium catenatum, Co-

chlodinium polykrikoides, Akashiwo sanguinea, Lingulo-

dinium polyedrum, Prorocentrium micans, Alexandrium 

affine, and G. impudicum) after only one hour (Jeong et 

al. 2002). Moreover, the 1-h LC50 values for the diatoms 

Skeletonema costatum and Thalassiosira rotula toward 

NaOCl are 3,128 to 3,433 ppb (Jeong et al. 2002). Our ex-

periments showed that the three phytoplankton species 

responded differently to NaOCl. In our study, the 1-h LC50 

value for A. sanguinea in 1.2 ppm NaOCl was much higher 

than that reported by Jeong et al. (2002) but was similar 

to the 1-h LC50 value observed for the diatom T. eccentri-

ca. Also, the NaOCl tolerance decreased in the following 

sequence: diatom (T. eccentrica) > dinoflagellate (A. san-

guinea) > raphidophyte (H. akashiwo) (Table 2). These 

differences in NaOCl toxicity may be related to the size 



Algae 2013, 28(2): 173-183

http://dx.doi.org/10.4490/algae.2013.28.2.173 182

toxicity thresholds of polycyclic aromatic hydrocarbons 

to natural and cultured phytoplankton populations. En-

viron. Pollut. 158:299-307.

Endo, H., Yoshimura, T., Kataoka, T. & Suzuki, K. 2013. Ef-

fects of CO2 and iron availability on phytoplankton and 

eubacterial community compositions in the northwest 

subarctic Pacific. J. Exp. Mar. Biol. Ecol. 439:160-175.

Endresen, Ø., Behrens, H. L., Brynestad, S., Andersen, A. B. & 

Skjong. R. 2004. Challenges in global ballast water man-

agement. Mar. Pollut. Bull. 48:615-623.

Finney, D. J. 1971. Probit analysis. 3rd ed. Cambridge Univer-

sity Press, Cambridge, 333 pp.

Franklin, D. J., Choi, C. J., Hughes, C., Malin, G. & Berges, J. 

A. 2009. Effect of dead phytoplankton cells on the ap-

pearent efficiency of photosystem II. Mar. Ecol. Prog. 

Ser. 382:35-40.

Franklin, N. M., Stauber, J. L., Apte, S. C. & Lim, R. P. 2002. Ef-

fect of initial cell density on the bioavailability and toxic-

ity of copper in microalgal bioassays. Environ. Toxicol. 

Chem. 21:742-751.

Gao, K., Helbling, E. W., Häder, D. -P. & Hutchins, D. A. 2012a. 

Responses of marine primary producers to interactions 

between ocean acidification, solar radiation, and warm-

ing. Mar. Ecol. Prog. Ser. 470:167-189. 

Gao, K., Xu, J., Gao, G., Li, Y., Hutchins, D. A., Huang, B., Wang, 

L., Zheng, Y., Jin, P., Cai, X., Häder, D. -P., Li, W., Xu, K., 

Liu, N. & Riebesell, U. 2012b. Rising CO2 and increased 

light exposure synergistically reduce marine primary 

productivity. Nat. Clim. Change 2:519-523.

Gray, D. K., Duggan, I. C. & MacIsaac, H. J. 2006. Can sodium 

hypochlorite reduce the risk of species introductions 

from diapausing invertebrate eggs in non-ballasted 

ships? Mar. Pollut. Bull. 52:689-695.

Gregg, M. D. & Hallegraeff, G. M. 2007. Efficacy of three com-

mercially available ballast water biocides against veg-

etative microalgae, dinoflagellate cysts and bacteria. 

Harmful Algae 6:567-584.

Hernández-Ayón, J. M., Belli, S. L. & Zirino, A. 1999. pH, alka-

linity and total CO2 in coastal seawater by potentiomet-

ric titration with a difference derivative readout. Anal. 

Chim. Acta 394:101-108.

Hinga, K. R. 2002. Effects of pH on coastal marine phyto-

plankton. Mar. Ecol. Prog. Ser. 238:281-300.

Hofmann, G. E., Smith, J. E., Johnson, K. S., Send, U., Levin, 

L. A., Micheli, F., Paytan, A., Price, N. N., Peterson, B., 

Takeshita, Y., Matson, P. G., Crook, E. D., Kroeker, K. J., 

Gambi, M. C., Rivest, E. B., Frieder, C. A., Yu, P. C. & Mar-

tz, T. R. 2011. High-frequency dynamics of ocean pH: a 

multi-ecosystem comparison. PLoS ONE 6:e28983.

 Jeong, H. J., Kim, H. R., Kim, K. I., Kim, K. Y., Park, K. H., Kim, 

der more widely pH ranges will be required.

ACKNOWLEDGEMENTS

We thank Dr. M. G. Park and Miran Kim for the provi-

sion of samples (dinoflagellate and raphidophyte) and 

technical support. This work was supported by the Na-

tional Research Foundation (NRF) funded by the Korean 

Ministry of Education, Science, and Technology of Korea 

(NRF-2011-0011940).

REFERENCES

Allonier, A. -S., Khalanski, M., Camel, V. & Bermond, A. 1999. 

Characterization of chlorination by-products in cooling 

effluents of coastal nuclear power stations. Mar. Pollut. 

Bull. 38:1232-1241.

Añasco, N. C., Koyama, J., Imai, S. & Nakamura, K. 2008. Tox-

icity of residual chlorines from hypochlorite-treated 

seawater to marine amphipod Hyale barbicornis and 

estuarine fish Oryzias javanicus. Water Air Soil Pollut. 

195:129-136.

Arar, E. J. & Collins, G. B. 1997. Method 445.0, in vitro determi-

nation of chlorophyll a and pheophytin a in marine and 

freshwater algae by fluorescence. National Exposure Re-

search Laboratory, Office of Research and Development, 

U.S. Environmental Protection Agency, Cincinnati, OH, 

22 pp.

Booth, J. A. T., McPhee-Shaw, E. E., Chua, P., Kingsley, E., 

Denny, M., Phillips, R., Bograd, S. J., Zeidberg, L. D. & 

Gilly, W. F. 2012. Natural intrusions of hypoxic, low pH 

water into nearshore marine environments on the Cali-

fornia coast. Cont. Shelf Res. 45:108-115.

Branco, D., Lima, A., Almeida, S. F. P. & Figueira, E. 2010. Sen-

sitivity of biochemical markers to evaluate cadmium 

stress in the freshwater diatom Nitzschia palea (Kützing) 

W. Smith. Aquat. Toxicol. 99:109-117.

Caldeira, K. & Wickett, M. E. 2003. Anthropogenic carbon 

and ocean pH. Nature 425:365.

Clesceri, L. S., Greenberg, A. E. & Eaton, A. D. 1999. Standard 

methods for the examination of water and wastewater. 

20th ed. American Public Health Association, Washing-

ton DC, 1325 pp.

Doropoulos, C. & Diaz-Pulido, G. 2013. High CO2 reduces 

the settlement of a spawning coral on three common 

species of crustose coralline algae. Mar. Ecol. Prog. Ser. 

475:93-99. 

Echeveste, P., Agustí, S. & Dachs, J. 2010. Cell size dependent 



Kim et al.   Synergistic Effects of CO2 and NaOCl on Phytoplankton

183 http://e-algae.kr

ing in intake pipes on the hydraulics and efficiency of 

pumping capacity. Desalination Water Treat. 51:997-

1003.

Rajamohan, R., Vinnitha, E., Venugopalan, V. P. & Narasim-

han, S. V. 2007. Chlorination by-products and their dis-

charge from the cooling water system of a coastal elec-

tric plant. Curr. Sci. 93:1608-1612.

Saleem, M., Chakrabarti, M. H., Hasan, D. B., Islam, M. S., 

Yussof, R., Hajimolana, S. A., Hussain, M. A., Khan, G. M. 

A. & Ali, B. S. 2012. On site electrochemical production 

of sodium hypochlorite disinfectant for a power plant 

utilizing seawater. Int. J. Electrochem. Sci. 7:3929-3938.

Sánchez-Marín, P., Slaveykova, V. I. & Beiras, R. 2010. Cu 

and Pb accumulation by the marine diatom Thalassio-

sira weissflogii in the presence of humic acids. Environ. 

Chem. 7:309-317.

Sarbatly, R. H. J. & Krishnaiah, D. 2007. Free chlorine residual 

content within the drinking water distribution system. 

Int. J. Phys. Sci. 2:196-201.

Schippers, P., Lürling, M. & Scheffer, M. 2004. Increase of at-

mospheric CO2 promotes phytoplankton productivity. 

Ecol. Lett. 7:446-451.

Schreiber, U., Bilger, W. & Neubauer, C. 1994. Chlorophyll 

fluorescence as a non-instructive indicator for rapid as-

sessment of in vivo photosynthesis. In Schulze, E. D. & 

Caldwell, M. M. (Eds.) Ecophysiology of Photosynthesis. 

Springer, Berlin, pp. 49-70.

Smayda, T. J. 2007. Reflections on the ballast water dispersal: 

harmful algal bloom paradigm. Harmful Algae 6:601-

622.

Sugam, R. & Helz, G. R. 1976. Apparent ionization constant 

of hypochlorous acid in sea water. Environ. Sci. Technol. 

10:384-386.

Taylor, C. J. L. 2006. The effects of biological fouling control at 

coastal and estuarine power stations. Mar. Pollut. Bull. 

53:30-48.

White, G. C. 1992. Handbook of chlorination and alternative 

disinfectants. 3rd ed. Van Nostrand Reinhold, Toronto, 

ON, 1308 pp.

S. T., Yoo, Y. D., Song, J. Y., Kim, J. S., Seong, K. A., Yih, 

W. H., Pae, S. J., Lee, C. H., Huh, M. D. & Lee, S. H. 2002. 

NaOCl produced by electrolysis of natural seawater as a 

potential method to control marine red-tide dinoflagel-

lates. Phycologia 41:643-656.

Kester, D. R. 1986. Equilibrium models in seawater: applica-

tions and limitations. In Bernhard, M., Brinckman, F. E. 

& Sadler, P. J. (Eds.) The Importances of Chemical “Spe-

ciation” in Environmental Processes. Springer Verlag, 

Berlin, pp. 337-363.

Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Rama-

jo, L., Singh, G. S., Duarte, C. M. & Gattuso, J. -P. 2013. 

Impacts of ocean acidification on marine organisms: 

quantifying sensitivities and interaction with warming. 

Glob. Change Biol. 19:1884-1896.

Lewis, E. & Wallace, D. W. R. 1998. Program developed for CO2 

system calculation. ORNL/CDIAC-105. Carbon Dioxide 

Information Analysis Center, Oak Ridge National Labo-

ratory, Department of Energy, Oak Ridge, TN, 74 pp.

Lumsden, B. R. & Florence, T. M. 1983. A new algal assay pro-

cedure for the determination of the toxicity of copper 

species in seawater. Environ. Technol. Lett. 4:271-276.

McCarthy, A., Rogers, S. P., Duffy, S. J. & Campbell, D. A. 2012. 

Elevated carbon dioxide differentially alters the photo-

physiology of Thalassiosira pseudonana (Bacillariophy-

ceae) and Emiliania huxleyi (Haptophyta). J. Phycol. 

48:635-646.

Millero, F. J., Zhang, J. -Z., Lee, K. & Campbell, D. M. 1993. 

Titration alkalinity of seawater. Mar. Chem. 44:153-165.

Orr, J. C., Fabry, V. J., Aumont, O., Bopp, L., Doney, S. C., Feely, 

R. A., Gnanadesikan, A., Gruber, N., Ishida, A., Joos, F., 

Key, R. M., Lindsay, K., Maier-Reimer, E., Matear, R., 

Monfray, P., Mouchet, A., Najjar, R. G., Plattner, G. -K., 

Rodgers, K. B., Sabine, C. L., Sarmiento, J. L., Schlitzer, R., 

Slater, R. D., Totterdell, I. J., Weirig, M. -F., Yamanaka, Y. 

& Yool, A. 2005. Anthropogenic ocean acidification over 

the twenty-first century and its impact on calcifying or-

ganisms. Nature 437:681-686.

Polman, H., Verhaart, F. & Bruijs, M. 2013. Impact of biofoul-


