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The ichthyotoxic Cochlodinium polykrikoides red tides have caused great economic losses in the aquaculture industry 

in the waters of Korea and other countries. Predicting outbreak of C. polykrikoides red tides 1-2 weeks in advance is a criti-

cal step in minimizing losses. In the South Sea of Korea, large C. polykrikoides red tide patches have often been recorded 

offshore and transported to nearshore waters. To explore the processes of offshore C. polykrikoides red tides, temporal 

variations in 3-dimensional (3-D) distributions of red tide organisms and environmental parameters were investigated 

by analyzing 4,432 water samples collected from 2-5 depths of 60 stations in the South Sea, Korea 16 times from May to 

Nov, 2014. In the study area, the vegetative cells of C. polykrikoides were found as early as May 7, but C. polykrikoides red 

tide patches were observed from Aug 21 until Oct 9. Cochlodinium red tides occurred in both inner and outer stations. 

Prior to the occurrence of large C. polykrikoides red tides, the phototrophic dinoflagellates Prorocentrum donghaiense 

(Jun 12 to Jul 11), Ceratium furca (Jul 11 to Aug 21), and Alexandrium fraterculus (Aug 21) formed red tides in sequence, 

and diatom red tides formed 2-3 times without a certain distinct pattern. The temperature for the optimal growth of these 

four red tide dinoflagellates is known to be similar. Thus, the sequence of the maximum growth rates of P. donghaiense > 

C. furca > A. fraterculus > C. polykrikoides may be partially responsible for this sequence of red tides in the inner stations 

following high nutrients input in the surface waters because of heavy rains. Furthermore, Cochlodinium red tides formed 

and persisted at the outer stations when NO3 concentrations of the surface waters were <2 µM and thermocline depths 

were >20 m with the retreat of deep cold waters, and the abundance of the competing red-tide species was relatively low. 

The sequence of the maximum swimming speeds and thus potential reachable depths of C. polykrikoides > A. fraterculus 
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Korean federal and local governments and the aquacul-

ture industry have spent over USD $20 million every year 

to minimize this loss. In Korea, C. polykrikoides red tides 

usually first appear in the South Sea and then move to the 

West Sea (Yellow Sea) and / or East Sea (Sea of Japan) (Lee 

et al. 2013). These red tides have sometimes been trans-

ported to the waters of western Japan (Onitsuka et al. 

2010). Thus, the effective and accurate prediction of the 

outbreak, persistence, and decline of C. polykrikoides red 

tides in the South Sea of Korea, where aquaculture cages 

are very concentrated and great economic losses owing 

to C. polykrikoides red tides occur every year, is an im-

portant task for scientists. Understanding the conditions 

under which C. polykrikoides red tides occur is the first 

step in predicting a red tide outbreak. The establishment 

of an early warning system for red tide outbreaks can al-

low aquaculture farmers to harvest fish earlier, move their 

cages to relatively safe areas, or be prepared to use effec-

tive removal materials such as clay, NaOCl, or suitable or-

ganisms (Jeong et al. 2002, 2008, Park et al. 2013b, Lee et 

al. 2014a). 

C. polykrikoides red tides occur in waters with a wide 

range of temperature, salinity, and nutrient concentra-

tions (Gobler et al. 2008, Kudela et al. 2008, Mulholland 

et al. 2009, Fatemi et al. 2012, Kudela and Gobler 2012, 

Al-Azri et al. 2013), and C. polykrikoides cells are present 

in waters with even wider ranges (Yamatogi et al. 2006, 

Gobler et al. 2008, Tomas and Smayda 2008). The diver-

sity in C. polykrikoides ribotypes, as well as the location 

and mechanisms of outbreaks, may be responsible for the 

wide range of these critical environmental parameters 

(Gobler et al. 2008, Iwataki et al. 2008, Kudela et al. 2008, 

Lee et al. 2009, 2013, Mulholland et al. 2009, Morse et al. 

2011, 2013, Fatemi et al. 2012, Kudela and Gobler 2012, 

Al-Azri et al. 2013, 2015, Park et al. 2013a, 2014). Three C. 

polykrikoides ribotypes (East Asian type, United States / 

Malaysian type, and Philippine type) have been reported 

INTRODUCTION

Red tides, the discoloration of the sea surface because 

of plankton blooms, occur in nearshore and offshore wa-

ters worldwide (Holmes et al. 1967, Eppley and Harrison 

1975, Franks and Anderson 1992, Anderson 1995, Franks 

1997a, Horner et al. 1997, Sordo et al. 2001, Anderson et 

al. 2002, Alonso-Rodríguez and Ochoa 2004, Imai et al. 

2006, Seong et al. 2006, Jeong et al. 2013). Red tides are 

often causing large-scale fish and shellfish mortalities 

and great economic losses to the aquaculture and tourist 

industries (Smayda 1990, Glibert et al. 2005, Anderson et 

al. 2012, Fu et al. 2012, Park et al. 2013b). Therefore, many 

countries spend considerable amounts on minimizing 

the economic losses caused by red tides. Understand-

ing and predicting the outbreak, persistence, and decline 

of red tides, and establishing early warning systems, are 

critical steps in minimizing the economic losses. Various 

physical, chemical, and biological parameters have been 

known to affect red tide processes of one species (Franks 

1997a, 1997b, Smayda 2010, Lee et al. 2014b, 2016, Lim 

et al. 2014, 2015, Menden-Deuer and Montalbano 2015, 

Jeong et al. 2016). Furthermore, the outbreak mecha-

nisms differ between species (e.g., Jeong et al. 2015). 

Therefore, the red tide processes should be understood 

at species level. 

The ichthyotoxic dinoflagellate Cochlodinium poly-

krikoides is a mixotrophic dinoflagellate that forms red 

tides in the waters of many countries (Jeong et al. 2004, 

2008, Azanza et al. 2008, Gobler et al. 2008, Mulholland 

et al. 2009, Kudela and Gobler 2012, Mohammad-Noor 

et al. 2014, Al-Hashmi et al. 2015, Lim et al. 2015). It has 

caused large-scale mortality of finfish in both cages and 

natural environments (Whyte et al. 2001, Fukuyo et al. 

2002, Yan et al. 2002, Gárate-Lizárraga et al. 2004, Vargas-

Montero et al. 2006, Anton et al. 2008, Azanza et al. 2008, 

Hamzehei et al. 2013, Park et al. 2013b, Lim et al. 2017), 

and is responsible for USD $1-60 million losses to Korea’s 

aquaculture industry every year (Park et al. 2013b). The 

> C. furca > P. donghaiense may be responsible for the large C. polykrikoides red tides after the small blooms of the other 

dinoflagellates. Thus, C. polykrikoides is likely to outgrow over the competitors at the outer stations by descending to 

depths >20 m and taking nutrients up from deep cold waters. Thus, to predict the process of Cochlodinium red tides in 

the study area, temporal variations in 3-D distributions of red tide organisms and environmental parameters showing 

major nutrient sources, formation and depth of thermoclines, intrusion and retreat of deep cold waters, and the abun-

dance of competing red tide species should be well understood.

Key Words: diatom; dinoflagellate; harmful algal bloom; mixotroph; protist
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species and environmental factors before, during, after 

the outbreak of C. polykrikoides red tide should be inves-

tigated. However, these 3-D distributions and their tem-

poral variations have not been explored in the South Sea 

of Korea yet.

In this study, in order to investigate temporal variations 

in 3-D distributions of red tide organisms and environ-

mental parameters, water samples were collected from 

60 stations (mostly offshore) in the South Sea of Korea, 

from May to Nov 2014. The abundances of C. polykrikoi-

des and other phytoplankton species, as well as tempera-

ture, salinity, and nutrient concentrations were analyzed. 

The results of the analyses provided an understanding of 

the formation and depth of thermoclines, the intrusion 

and retreat of deep cold waters, and the distribution of 

eutrophic waters at the surface and deep waters. Simulta-

neously, the temporal and spatial distributions of hetero-

trophic protistan and metazoan grazers and their grazing 

impacts on red-tide organisms were investigated (Lim et 

al. companion paper, Lee et al. companion paper). The 

results of the present study provide a basis for under-

standing the processes of C. polykrikoides red tides occur-

ring in the waters of Korea and other countries. They also 

provide an understanding of the critical physical, chemi-

cal, and biological parameters affecting C. polykrikoides 

red tides, for establishing C. polykrikoides red tide out-

break, persistence, and decline prediction models, and 

for developing effective systems of minimizing economic 

losses owing to C. polykrikoides red tides.

MATERIALS AND METHODS

Sampling stations 

Sixty stations were located in nearshore and offshore 

waters in the South Sea of Korea (Fig. 1), with most sta-

tions located offshore. The study area (approximately 140 

km × 40 km) consisted of three locations: a western area 

between Goheung and Yeosu, a middle area between Yeo-

su and Namhae, and an eastern area between Namhae 

and Tongyoung. The water depth for all sampling stations 

ranged between 4-53 m. The stations in the western area 

were shallower than those in the eastern area at the same 

latitude (Fig. 1). St 501 in the middle area was located ap-

proximately 20 km south of the Seumjin River (SJ River), 

while St 201 in the western area was located approxi-

mately 5 km southeast of the relatively small Haechang 

Bay (HC Bay) and St 301 approximately 10 km south of 

the large Yeoja Bay (YJ Bay). To compare average or maxi-

(Iwataki et al. 2008, Park et al. 2014). The three types may 

differ in their ecophysiology, and thus, growth factors and 

outbreak mechanisms may differ between types. The en-

vironment of the South Sea of Korea, where C. polykrikoi-

des red tides most frequently occur, is very different from 

that of the east coast of the United States. In the South 

Sea of Korea, C. polykrikoides red tides have often been 

found in offshore, as well as nearshore waters (Han et 

al. 2008, Lee et al. 2013), whereas in the east coast of the 

United States, they have been found in estuaries or bays 

(Nuzzi 2004, Tomas and Smayda 2008, Morse et al. 2013). 

Thus, in order to understand C. polykrikoides red tides, 

the processes and favorable conditions for C. polykrikoi-

des optimal growth in different environments should be 

well understood and data from several countries should 

be combined. 

There are two main questions on the process of C. 

polykrikoides red tides in the South Sea of Korea: 1) what 

are critical physical, chemical, and biological param-

eters affecting the outbreak, persistence, and decline of 

C. polykrikoides?; 2) how can C. polykrikoides form huge 

red tide patches offshore where nutrient concentrations 

in the surface waters are usually very low? There have 

been theoretical explanations on these questions, but 

they have not been well proved at sea yet; C. polykrikoi-

des is relatively slow growing red tide organisms (maxi-

mum autotrophic growth rates of most strains = ~0.4 d-1) 

(Kim et al. 2001, 2004, Jeong et al. 2010, 2015). Thus, C. 

polykrikoides may not have a chance to outgrow over red 

tide diatoms, flagellates, and most dinoflagellates when 

the conditions favorable for photosynthesis are given. 

However, C. polykrikoides is one of the fastest-swimming 

phototrophic dinoflagellates (Jeong et al. 1999, 2015, 

Smayda 2010); it can swim at a maximum speed of ca. 

1.4 mm s-1 and, theoretically, can reach a 50 m depth if it 

descends for 10 h (Jeong et al. 2015). Thus, C. polykrikoi-

des may outgrow over competing red tide species when 

nutrient concentrations in the surface waters are low and 

those in the deep water are high and also the thermo-

cline which splits well-lit but low-nutrient surface waters 

from highly eutrophic deep waters is positioned deep for 

C. polykrikoides to reach highly eutrophic deep waters, 

but competitors do not to reach. Such conditions may be 

given offshore in the high solar insolation period. Thus, 

relative growth rates and vertical migration abilities of red 

tide species, thermocline depth, stratification, nutrient 

supply sources, and competition among red tide species 

are critical factors affecting dynamics of C. polykrikoi-

des red tides. Furthermore, to explore these parameters 

or factors, 3-dimentional (3-D) distributions of red-tide 
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Fig. 1. Sampling areas and stations in the South Sea of Korea (A-C) and bottom topography (D). The red circle indicates the selected inner 
stations of the western and middle areas (IWMS); the green circle, the selected inner stations of the eastern area (IES); and the blue circle, the 
selected outer stations (OTS) (see text for details). The arrow in Goheung in (C) indicates Haechang Bay (HC Bay), the arrow between Goheung and 
Yeosu indicates Yeoja Bay (YJ Bay), and the arrow between Yeosu and Namhae indicates Seomjin River (SJ River).

A

C

D

B
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tween 14:00-15:00 h. 

Water temperature (WT) and salinity in the water col-

umn were measured using two CTDs (YSI6600; YSI Inc., 

Yellow Springs, OH, USA & Ocean seven; Idronaut S.r.l., 

Milan, Italy). The data obtained from the CTDs were cali-

brated in each cruise. Additionally, the temperature, sa-

linity, pH, and dissolved oxygen for each sampling depth 

were measured using an YSI Professional Plus instrument 

(YSI Inc.). The water samples for nutrient concentration 

analysis were gently filtered through GF/F filters and 

stored at -20°C until the concentrations of nitrate plus 

nitrite (NO3 + NO2, hereafter NO3) and phosphate (PO4) 

were measured using a nutrient auto-analyzer system 

(Quattro; Seal Analytical Gmbh, Norderstedt, Germany). 

The chlorophyll a concentration was measured as de-

scribed in Eaton et al. (1995). 

Water samples at each station were collected using wa-

ter samplers, from 2-5 depths depending on the depth of 

each station. Samples for phytoplankton counting were 

collected into 500-mL polyethylene bottles and preserved 

with acidic Lugol’s solution. To determine the abundance 

of each phytoplankton species, the preserved samples 

were concentrated by 1/5-1/10 using the settling and si-

phoning method (Welch 1948). After thorough mixing, all 

or a minimum of 100 cells of each phytoplankton species 

in one to ten 1-mL Sedgwick-Rafter counting chambers 

were counted under a light microscope. 

The air temperature (AT) and precipitation data during 

this study were obtained from the Korea Meteorological 

Administration (KMA, http://web.kma.go/kr). In addi-

mum values of critical environmental parameters, such 

as temperature, salinity, nutrient concentrations, and red 

tide species, representative stations in each area were 

selected based on the distribution of salinity following 

heavy rains (Fig. 1). Following heavy rains, freshwater in-

put from SJ River, HC Bay, and YJ Bay largely reduced the 

salinity at the inner stations of the western and middle 

areas (IWMS; St 201, 202, 301, 501, 502, and 601), but less 

at the inner stations of the eastern area (IES; St 701, 702, 

and 801). In addition, St 108-112, 506-507, 606-608, 803-

805, and 902-903 were selected as the outer stations (OTS) 

because the salinity at these stations was not markedly 

affected by freshwater input. The depth range was 8-20 m 

in the IWMS, 16-25 m in the IES, and 27-54 m in the OTS. 

The tidal ranges in the coasts of Goheung and Tongyoung 

were approximately 3-4 and 2-3 m, respectively.

Sampling and analyses of meteorological, physi-
cal, chemical, and biological properties 

Sixteen sampling cruises were carried out at 1-2 weeks 

intervals between May 7 and Nov 11, 2014 (Table 1). A 

two-day sampling was carried out by two ships. On the 

first day, water samples were collected from one ship at 

stations 101-114, while the other ship collected samples 

at stations 201-309. On the second day, one ship collected 

water samples at stations 501-507 and 601-608, while the 

other ship at stations 701-703, 801-805, and 901-904. The 

sampling time at the first station in each sampling day 

was between 07:30-08:00 h and at the last station was be-

Table 1. Sampling dates and range of water temperature (T), salinity (S), and concentration of nitrate (NO3) and phosphate (PO4), in the surface 
and bottom waters at all stations

Sampling dates 
of each cruise (2014)

T (oC) S NO3 (µM) PO4 (µM)

Surface Bottom Surface Bottom Surface Bottom Surface Bottom

May 7-8 14.6-16.9 13.6-16.4 33.3-34.3 33.9-34.3 0.1-1.8 0.2-2.5 0.0-0.8 0.1-0.4
May 21-22 15.1-19.1 14.6-18.9 33.4-34.2 33.7-34.2 0.0-1.8 0.1-2.9 0.0-0.3 0.0-0.7
Jun 5-6 16.5-19.9 15.2-20.2 32.5-34.3 33.4-34.3 0.0-3.3 0.0-3.5 0.0-0.3 0.0-0.4
Jun 12-13 18.2-21.6 15.3-20.8 33.3-34.1 33.4-34.4 0.0-1.0 0.1-7.6 0.0-0.2 0.0-0.5
Jun 23-24 16.7-22.4 15.8-21.9 33.5-34.2 33.4-34.3 0.1-4.1 0.1-5.0 0.0-0.5 0.0-0.6
Jul 1-2 20.6-23.6 15.3-22.8 32.7-33.8 32.8-34.0 0.1-1.1 0.2-5.1 0.0-0.4 0.0-0.6
Jul 11-12 21.7-23.6 16.6-23.2 32.8-33.8 33.2-34.1 0.1-1.7 0.0-1.7 0.0-0.4 0.0-0.5
Jul 22-23 22.5-25.9 14.9-24.9 31.5-33.7 32.3-34.2 0.1-1.5 0.1-9.6 0.0-0.2 0.0-0.6
Aug 6-7 22.8-26.6 14.3-25.2 25.9-32.9 31.5-35.8   0.2-45.1   0.5-16.2 0.1-0.9 0.1-0.9
Aug 13-14 22.7-25.6 14.6-25.0 30.8-32.9 31.2-34.5 0.0-6.8 0.2-9.2 0.0-0.4 0.1-0.7
Aug 21-22 23.5-25.3 14.4-25.0 23.5-32.2 30.9-34.0   0.1-30.1   0.2-11.2 0.0-1.7 0.1-1.2
Sep 1-2 22.7-24.3 18.7-24.2 28.7-32.6 30.9-33.4 0.1-7.7   0.2-11.2 0.0-0.5 0.0-0.7
Sep 15-16 22.8-25.4 15.5-24.0 31.4-33.4 31.4-34.5 0.1-1.5 0.2-3.6 0.0-1.5 0.1-0.5
Sep 28-29 23.0-25.2 15.1-23.5 31.1-33.1 31.6-34.4 0.2-6.1   0.3-15.3 0.0-0.4 0.0-1.3
Oct 9-10 21.9-22.8 21.7-22.8 31.7-33.2 31.7-33.4 0.2-6.7 0.2-7.6 0.0-0.6 0.1-0.7
Nov 10-11 17.2-19.3 15.9-19.3 32.7-33.9 32.7-35.0   2.0-10.0 1.9-9.8 0.1-0.7 0.2-1.1
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RESULTS

Meteorological data 

During the study period, the AT in Goheung ranged 

between 8.7 and 28.3°C (Fig. 2A); the highest AT was ob-

served on Jul 23, while the lowest AT was observed on Nov 

3. Daily precipitation (DP) ranged from 0 to 307 mm (Fig. 

2B); DP over 50 mm was observed on Jun 2, Jul 17, Aug 1, 

Aug 24, and Sep 23. 

Temporal variations in 3-D distributions of red 
tide species and environmental factors 

In the 3-D distribution of WT during the study period, 

the WTs at the shallower inner stations of the western 

area were higher than those at the deeper areas (Fig. 3). 

The WT increased from May 7 to Sep 28 and strong ther-

moclines formed from Aug 6 to Sep 28 (Fig. 3). From Jul 

22 to Aug 21, the highest surface WTs among all stations 

were 25.3-26.6°C, while the lowest bottom WTs were 14.3-

14.9°C (Table 1). During this period, intrusion of deep 

cold waters occurred. However, on Sep 1, the highest 

surface WT was 24.3°C, while the lowest bottom WT was 

18.7°C, which indicated retreat of the intruded deep cold 

waters (Table 1, Fig. 3). However, the deep cold-water in-

trusions occurred again on Sep 15 and 28. The thermo-

cline at all stations almost disappeared on Oct 9 (Fig. 3). 

In general, the salinity of the surface waters in the inner 

stations of the western and middle areas were lower than 

those in the eastern area and outer stations (Fig. 3). The 

salinity in the surface waters was relatively high from May 

7 to Jul 11, but became lower from Jul 22 to Oct 9 (Fig. 3). 

The lowest and second lowest salinity in the surface wa-

ters (23.5 and 25.9) during the study period was observed 

on Aug 21 and 6, respectively (Table 1, Fig. 3). However, 

the highest and second highest salinity in the bottom wa-

ters (35.8 and 34.5) was observed on Aug 6 and 13, which 

indicated the intrusion of high salinity, deep cold waters 

(Fig. 3). Furthermore, an intrusion of these high salin-

ity deep cold waters occurred again between Sep 15 and 

28. The salinity in the surface and deep waters increased 

from Oct 9 to Nov 10.

The nitrate (NO3) concentration in the surface waters 

from May 7 to Jul 22 were relatively low (<2 µM), with the 

exception of Jun 5 and 23 (Table 1, Fig. 3). The highest 

NO3 concentration on Jun 5 and 23 was 3.3-4.1 µM. How-

ever, on Aug 6, the NO3 concentration largely increased 

in the surface waters of the inner stations (highest NO3 

concentration = 45.1 µM) and in the deep cold waters of 

tion, the data on tidal height in the coasts of Goheung and 

Tongyoung were obtained from the Korea Hydrographic 

and Oceanographic Agency (KHOA, http://eng.khoa.

go.kr).

Data process

The 3-D distributions of temperature, salinity, the con-

centrations of NO3 and PO4, and the abundance of total 

diatoms and red-tide dinoflagellates were compiled using 

the Surfer 9 software (Golden Software, LLC, Golden, CO, 

USA). In addition, the average temperature, thermocline 

depth, salinity, NO3, or PO4 in the surface or bottom wa-

ters at each cruise was calculated by averaging all values 

from all stations of each of the IWMS, IES, and OTS. How-

ever, the maximum abundance of total diatoms and the 

red-tide dinoflagellates Prorocentrum donghaiense, Cera-

tium furca, Alexandrium fraterculus, and C. polykrikoi-

des at each cruise were obtained by selecting the highest 

value among the values measured at all stations of each 

of the IWMS, IES, and OTS because red tide patches of-

ten move from the station where the patches formed to 

adjacent stations. The thermocline depth at each station 

of the South Sea of Korea was determined according to 

Yoon and Choi (2012); the existence of a thermocline was 

determined as the maximum WT gradient (maximum ∆T) 

of ≥0.5°C m-1 and temperature difference (∆T) in surface 

and bottom layers <|0.2|°C. When a thermocline existed at 

the station, the depth where ∆T is ≥0.5°C m-1 was deter-

mined as the thermocline depth of the station.

Fig. 2. Meteorological properties measured in Goheung from May 
7 to Nov 11, 2014. (A) Air temperature (AT, °C). (B) Daily precipitation 
(DP, mm).

A

B
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Fig. 3. Three-dimensional distributions of water temperature (WT), salinity (S), nitrate (NO3), and phosphate (PO4) in the study area at each 
cruise from May 7 to Nov 11, 2014. 
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Fig. 3. Continued.
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Relationships among temperature, salinity, and 
NO3 concentrations

To identify water masses in the study areas, the rela-

tionships among WT, salinity, and nitrate (NO3) concen-

tration in the sampled waters (n = 277 for each cruise) 

were explored (Figs 5 & 6). On May 7, the ranges of WT 

and salinity were relatively small (13.6-16.9°C and 33.3-

34.3, respectively) (Fig. 5). However, the range of WT be-

came wider from May 21 to Jul 11, while that of salinity 

did not markedly change. However, the ranges of WT and 

salinity became largely wider on Jul 22 to Sep 28. Based 

on WT-salinity diagrams, three different water masses 

(i.e., warm waters with low salinity, cold waters with high 

salinity, and intermediate WT waters with intermediate 

salinity) were simultaneously observed on Aug 6, Aug 21, 

and Sep 28 (Fig. 5). Moreover, cold waters with high salin-

ity and intermediate WT waters with intermediate salin-

ity were found on Aug 13. However, the ranges of WT and 

salinity became narrower on Oct 9 and Nov 10. 

The ranges of salinity and NO3 from May 7 to Jul 11, 

with the exception of Jun 12, were relatively small (32.5-

34.4 and 0-5.1 µM) (Fig. 6). However, the ranges of salinity 

and / or NO3 from Aug 6 to 21 became wider and three 

different water masses (i.e., highly eutrophic waters with 

low salinity, moderate eutrophic waters with high salinity, 

and moderate eutrophic waters with intermediate salin-

ity) were observed during this period (Fig. 6). 

When combining WT, salinity, and NO3 data, from Aug 

6 to 21, three different types of water masses (i.e., highly 

eutrophic warm waters with low salinity, moderate cold 

eutrophic waters with high salinity, and waters with inter-

mediate WT, salinity, and NO3) were observed. 

Temporal variations in physical, chemical, and 
biological properties 

The depth of all stations ranged between 8-54 m with 

an averaged depth of 27 m (Fig. 1). The averaged surface 

water temperature (ASWT) at all stations increased from 

16°C on May 7 to 25°C on Aug 6, while the averaged bot-

tom water temperature (ABWT) increased from 15°C on 

May 7 to 22°C between Jul 22 and Sep 1 (Fig. 7A). ASWT 

was considerably greater than ABWT from Jul 22 to Aug 

21. The average thermocline depth (ATD) at all stations 

was between 1 and 14 m (Fig. 7B).

The precipitation for 7 days (Prec-7d) in Goheung, pri-

or to each cruise ranged from 0 to 393 mm (Fig. 7C). The 

highest Prec-7d was observed on Aug 6 and the Prec-7d 

on Jun 5, Jul 22, Aug 21, and Sep 28 was 94-143 mm. Fur-

the outer stations (highest NO3 concentration = 16.2 µM), 

which indicated two different NO3 sources. Furthermore, 

the distribution of NO3 concentration on Aug 13 and 21 

was similar to that on Aug 6, but the magnitude of the 

concentration on Aug 13 and 21 was smaller than that on 

Aug 6 (Table 1, Fig. 3). In addition, the phosphate (PO4) 

concentration had a similar temporal and spatial pattern 

to the NO3 concentration (Fig. 3).

The abundance of total diatoms in the surface waters 

on May 7, Jul 22, and Sep 1 was >2,000 cells mL-1, while on 

the other sampling dates was <500 cells mL-1 (Fig. 4). The 

high abundance of total diatoms was mainly recorded in 

the waters of the inner stations of the middle area. The 

most dominant diatom species during blooms were Eu-

campia zodiacus on May 7, Chaetoceros curvisetus on Jul 

22, and Skeletonema costatum on Sep 1. In addition, the 

red tides dominated by the phototrophic dinoflagellates 

P. donghaiense, C. furca, A. fraterculus, and C. polykrikoi-

des occurred in a sequence (Fig. 4). P. donghaiense red tide 

patches were found at the inner and outer stations of the 

western area from Jun 12 to Jul 1; C. furca red tide patches 

were found at the inner stations of the middle area from 

Jul 11 to Aug 21; A. fraterculus red tide patches were found 

at the inner stations of the middle area on Aug 21; C. 

polykrikoides red tide patches were found in the western 

area on Aug 21, but extended to the middle and eastern 

areas from Sep 1. C. polykrikoides red tide patches were 

recorded on Oct 9, but disappeared on Nov 10. Thus, P. 

donghaiense, C. furca, A. fraterculus, and C. polykrikoides 

had different temporal and spatial distributions in the 

study area (Fig. 4). 

The vegetative cells of C. polykrikoides were found as 

early as May 7 (highest abundance = approximately 10 

cells mL-1) and on other dates including Nov 10 (highest 

abundance = 6 cells mL-1). Furthermore, during the study 

period, the vegetative cells were observed at depths of 

0-50 m. On Sep 1, dense C. polykrikoides patches (abun-

dance = approximately 280 cells mL-1) were also recorded 

as deep as 40 m. Moreover, the WT and salinity ranges at 

which vegetative cells of C. polykrikoides were observed 

were 13.6-26.6°C and 27.3-34.8, respectively, while that 

of NO3 and PO4 was 0-19.0 and 0-1.7 µM, respectively. 

Furthermore, the WT and salinity range at which the 

abundance of C. polykrikoides was >300 cells mL-1 (i.e., 

formation of a red tide patch) was 22.2-24.4°C and 28.7-

32.7, while that of NO3 and PO4 was 0.2-4.8 and 0-0.3 µM, 

respectively. 
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Fig. 4. Three-dimensional distributions (cells mL-1) of total diatoms (Dia), Prorocentrum donghaiense (Pd), Ceratium furca (Cf ), Alexandrium 
fraterculus (Af ), and Cochlodinium polykrikoides (Cp) in the study area at each cruise from May 7 to Nov 11, 2014. 
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Fig. 4. Continued.



Algae 2017, 32(2): 101-130

https://doi.org/10.4490/algae.2017.32.5.30 112

Fig. 5. Water temperature (WT)-salinity diagram at each cruise from May 7 to Nov 11, 2014. n = 277 for each cruise. Red circles indicate water 
masses having high WT and low salinity (i.e., waters affected by freshwater). Blue circles indicate water masses having low WT and high salinity (i.e., 
intruded deep cold saline waters).
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Fig. 6. Salinity-nitrate (NO3) concentration diagram at each cruise from May 7 to Nov 11, 2014. n = 277 for each cruise. Red circles indicate water 
masses having low salinity and high NO3 (i.e., waters affected by eutrophic freshwater). Blue circles indicate water masses having high salinity and 
high NO3 (i.e., intruded deep cold eutrophic waters).
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ASWT. The ATD at the IWMS was 0-7 m (Fig. 7B).

The Prec-7d in Goheung just before each cruise ranged 

from 0 to 393 mm (Fig. 7C). The highest Prec-7d was ob-

served on Aug 6 and the Prec-7d on Jun 5, Jul 22, Aug 21, 

and Sep 28 were 94-143 mm. 

The AS in the surface waters at the IWMS was 33-34 

from May 7 to Jul 11, decreased down to 29 on Aug 6 and 

21, but gradually increased up to 33 (Fig. 7D). However, 

the AS in the deep waters was 33-34 on May 7 to Jul 22, 

decreased down to 31 on Sep 1, but gradually increased 

up to 33 on Nov 10.

The ANO3 in the surface waters at the IWMS was 0-1 

µM from May 7 to Jul 22, largely increased to 18 µM on 

Aug 6 and to 8 µM on Aug 21, decreased again down to 1 

µM from Sep 1 to Oct 9, but increased up to 7 µM on Nov 

10 (Fig. 7E). However, the ANO3 in the deep waters was 

0-1 µM on May 7 to Jul 22, slightly increased to 2-4 µM 

from Aug 6 to 21, decreased again down to 1 µM from Sep 

1 to Oct 9, but increased up to 6 µM on Nov 10.

The APO4 in the surface waters at the IWMS was <0.2 

µM from May 7 to Jul 22, but largely increased to 0.6 µM 

on Aug 6 and to 0.2-0.3 µM from Aug 21 to Oct 9, but in-

creased to 0.5 µM on Nov 10 (Fig. 7F). However, the APO4 

in the deep waters was 0.1-0.3 µM from May 7 to Oct 9, 

but slightly increased to 0.5 µM on Nov 10. 

The highest abundance of total diatoms at the IWMS 

at each cruise was 13,020 cells mL-1 on May 7, 3,150 cells 

mL-1 on Jul 22, and 2,550 cells mL-1 on Sep 1, but 62-935 

cells mL-1 at the other cruises (Fig. 7G). In addition, P. 

donghaiense was abundant from Jun 12 to Jul 1 (highest 

abundance = 1,200 cells mL-1), the phototrophic dinofla-

gellate C. furca from Aug 6 to 21 (400 cells mL-1), A. frater-

culus on Aug 21 (1,300 cells mL-1), and C. polykrikoides 

from Sep 1 to Oct 9 (140 cells mL-1) (Fig. 7H-K).

The depth of in IES ranged between 16-25 m and the 

averaged depth was 22 m (Fig. 1). The ASWT at the IES 

increased from 16°C on May 7 to 25°C on Aug 13, but de-

creased down to 19°C on Nov 10 (Fig. 7A). However, the 

ABWT increased from 14°C on May 7 to 23°C on Sep 28, 

but decreased to 19°C on Nov 10.

A thermocline at the IES was not formed on May 7 and 

from Sep 28 to Nov 10 (Fig. 7B). The ATD largely fluctu-

ated; they were positioned at 14-17 m on Jun 12, Aug 6, 

and Sep 15, but at <10 m from May 21 to Jun 5, Jun 23 to 

Jul 22, and Aug 21 (Fig. 7B). 

The Prec-7d in Tongyoung just before each cruise con-

ducted ranged from 0 to 297 mm (Fig. 7C). The highest 

Prec-7d was observed on Aug 21, the second highest Prec-

7d on Aug 6 (196 mm), and Prec-7d on Jun 12, Jul 22, and 

Sep 28 were 43-67 mm. 

thermore, the Prec-7d in Tongyoung ranged from 0 to 297 

mm (Fig. 7C). The highest Prec-7d was observed on Aug 

21, the second highest on Aug 6 (196 mm), and the Prec-

7d on Jun 12, Jul 22, and Sep 28 was 43-67 mm. 

The average salinity (AS) in surface waters at all sta-

tions was 34 from May 7 to Jul 1, decreased down to 31-32 

between Aug 6 and Sep 28, but gradually increased up to 

34 (Fig. 7D). However, the AS in deep waters was 34 on 

May 7 to Jul 22, decreased down to 32 on Sep 1, but gradu-

ally increased up to 34 on Nov 10.

The average nitrate concentration (ANO3) in surface 

waters at all stations was 0.2-0.6 µM from May 7 to Jul 

22, largely increased to 3.8 µM on Aug 6, decreased again 

down to 0.4-1.4 µM from Aug 13 to Oct 9, but increased 

up to 5.9 µM on Nov 10 (Fig. 7E). However, the ANO3 in 

deep waters was 0.6-1.4 µM from May 7 to Jul 11, slightly 

increased to 5.3 µM on Aug 6, decreased again down to 1 

µM on Sep 16, but increased up to 5.6 µM on Nov 10.

The average phosphate concentration (APO4) in sur-

face waters at all stations was <0.1 µM from May 7 to Jul 

22, but largely increased to 0.3 µM on Aug 6 and to 0.1-0.2 

µM from Aug 13 to Oct 9, but increased to 0.4 µM on Nov 

10 (Fig. 7F). However, APO4 in the deep waters was 0.1-0.2 

µM from May 7 to Jul 11, increased to 0.4 µM on Aug 21, 

decreased down to 0.2 µM on Oct 9, but slightly increased 

to 0.4 µM on Nov 10. 

During the study period, 119 diatom species, 41 photo-

trophic dinoflagellate species, 2 raphidophyte species, 3 

cryptophyte species, 1 euglenophyte species, and 1 mix-

otrophic ciliate were recorded (Appendix 1). During the 

study period, diatoms (mainly E. zodiacus, C. curvisetus, 

and S. costatum) and the phototrophic dinoflagellates P. 

donghaiense, C. furca, A. fraterculus, and C. polykrikoi-

des causing red tides (discolored) or blooms (abundant 

or discolored), were recorded. The highest abundance of 

total diatoms at all stations at each cruise was 13,020 cells 

mL-1 on May 7, 3,150 cell mL-1 on Jul 22, and 3,340 cells 

mL-1 on Sep 1, but 110-1,160 cells mL-1 at the other cruises 

(Fig. 7G). In addition, P. donghaiense was abundant from 

Jun 12 to Jul 1 (highest abundance = 4,370 cells mL-1), C. 

furca from Jul 11 to Aug 21 (400 cells mL-1), A. fratercu-

lus on Aug 21 (1,300 cells mL-1), and C. polykrikoides from 

Aug 21 to Oct 9 (3,000 cells mL-1) (Fig. 7H-K).

The depth of the IWMS ranged between 8-20 m and the 

averaged depth was 13 m (Fig. 1). The ASWT at IWMS in-

creased from 16°C on May 7 to 26°C on Aug 6, while the 

ABWT increased from 15°C on May 7 to 24°C between Jul 

22 and Aug 21 (Fig. 7A). ASWT and ABWT were similar 

from May 7 to Jun 12 and from Sep 28 to Nov 10. However, 

ABWT at the other sampling times was slightly lower than 
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Fig. 7. Physical and chemical parameters and the abundances of dominant red-tide species at all stations, the inner stations of the western and 
middle areas (IWMS), the eastern area (IES), and the outer stations (OTS) of the South Sea of Korea from May 7 to Nov 11, 2014. (A) Average water 
temperatures (AWT, °C). (B) Average thermocline depth (ATD, m). (C) Precipitation summed for 7 days just before each cruise was conducted 
(Prec-7d, mm). (D) Average salinity (AS). (E) Average nitrate concentration (ANO3, µM). (F) Average phosphate concentration (APO4, µM). Maximum 
abundances (cells mL-1) of total diatoms (Dia) (G), Prorocentrum donghaiense (Pd) (H), Ceratium furca (Cf ) (I), Alexandrium fraterculus (Af ) (J), and 
Cochlodinium polykrikoides (Cp) (K) at each cruise. The symbols in (A), (B), and (D-F) represent mean ± standard error, but those in (G-K) represent 
highest abundance of each species at each cruise. 
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Fig. 7. Continued.
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The APO4 in the surface waters at the OTS was 0-0.3 µM 

with peaks on Aug 6 and 21, and Nov 10 (Fig. 7F). How-

ever, APO4 in the bottom waters was 0.1-0.3 µM on May 7 

to Jul 22 and Sep 1 to 15, but 0.5 µM on Aug 6 to 21. 

During the study period, the red tides dominated by 

each of P. donghaiense and C. polykrikoides occurred at 

the OTS (Fig. 7G-K). During the study period, the maxi-

mum abundances of total diatoms at the OTSs were 530-

850 cells mL-1 on May 21, Jul 11, and Nov 10, but <500 

cells mL-1 in the other cruises (Fig. 7G). In addition, the 

maximum abundance of P. donghaiense was >200 cells 

mL-1 from Jun 12 to Jul 1, but <100 cells mL-1 in the other 

cruises (Fig. 7H). Furthermore, the maximum abundanc-

es of C. furca and A. fraterculus were 40 and 30 cells mL-1, 

respectively, on Aug 21 (Fig. 7I & J). The maximum abun-

dances of C. polykrikoides were <10 cells mL-1 from May 7 

to Aug 21, 1,230 cells mL-1 on Sep 1, 335-440 cells mL-1 on 

Sep 15 and 28, but 69 and 3 cells mL-1 on Oct 9 and Nov 

10 (Fig. 7K). 

DISCUSSION 

Temporal variations in the 3-D distributions of 
red tide species and environmental factors 

In this study, the investigation of 3-D distributions of 

phytoplankton, including red tide species and environ-

mental parameters before, during, and after the outbreak 

of C. polykrikoides red tides in the South Sea of Korea 

provided several important results. The results indicate 

some distinct patterns in red tide events during 2014: 1) 

the red tides caused by the phototrophic dinoflagellates P. 

donghaiense, C. furca, A. fraterculus, and C. polykrikoides 

occurred in sequence, while red tides caused by diatoms 

occurred without a certain clear pattern; 2) C. furca, and 

A. fraterculus red tides occurred mainly at the inner sta-

tions, while those of P. donghaiense and C. polykrikoides 

occurred at both inner and OTSs; 3) C. polykrikoides red 

tide patches were found at the OTS when thermocline 

depths were >20 m with the retreat of the deep cold wa-

ters. The analysis of data on the occurrence of red tides 

in the South Sea of Korea from 1985 to 2013, provided by 

the National Fisheries Research and Development Insti-

tute (NFRDI, http://www.nifs.go.kr/portal/redtideInfo), 

produced a similar sequence during the years in which 

C. polykrikoides red tides occurred. In general, Prorocen-

trum spp. red tides (mainly P. donghaiense, but some-

times P. minimum, P. micans, or P. triestinum) occur first, 

C. furca or Alexandrium spp. red tides occur next, and C. 

The AS in the surface waters at the IES slightly de-

creased from 34 on May 7 to 31 on Aug 21-Sep 1, but 

gradually increased to 34 (Fig. 7D). However, the AS in the 

deep waters were 34 from May 7 to Aug 6, decreased from 

34 on Aug 6 to 33 on Sep 1, but increased to 34 on Nov 10. 

The ANO3 in the surface waters at the IES were 0-1 µM 

from May 7 to Jul 22, but increased to 7 µM on Aug 6 (Fig. 

7E). Furthermore, the ANO3 in the deep waters was 0-2 

µM on May 7 to Jul 22, increased to 7 µM on Aug 21, de-

creased to 0-2 µM on Sep 16-Oct 9, but increased to 5 µM 

on Nov 10.

The APO4 in the surface waters at the IES was 0-0.2 µM 

with two peaks of 0.3-0.6 µM on Aug 6 and Sep 15 (Fig. 

7F). However, APO4 in the deep waters was 0.1-0.3 µM 

with a peak of 0.8 µM on Aug 21. 

During the study period, the maximum abundances 

of total diatoms at the IES were >1,000 cells mL-1 from 

Aug 13 to Sep 1, but <1,000 cells mL-1 in the other cruis-

es (Fig. 7G). In addition, the maximum abundance of P. 

donghaiense was 270 cells mL-1 on Jun 12, but <10 cells 

mL-1 from Jun 23 to Nov 10 (Fig. 7H). Furthermore, the 

maximum abundances of C. furca were 10-30 cells mL-1 

from Jul 11 to Aug 21 except Jul 22 (Fig. 7I). The maximum 

abundance of A. fraterculus was 50 cells mL-1 on Sep 1 

(Fig. 7J). The maximum abundance of C. polykrikoides 

was 1,200 cells mL-1 on Sep 1, but <10 cells mL-1 from May 

7 to Aug 6 (Fig. 7K).  

The depths of OTS were 27-54 m and the averaged 

depth was 38 m (Fig. 1). The ASWT at the OTS increased 

from 15°C on May 7 to 24°C on Aug 13, but decreased 

down to 19°C on Nov 10 (Fig. 7A). However, the ABWT in-

creased from 14°C on May 7 to 21°C on Sep 1, 22°C on Oct 

9, but decreased to 18°C on Nov 10.

The ATD at the OTS was 2 m on May 7, increased to 27 

m on Sep 1 with a fluctuation, but decreased to 3 m on 

Oct 9 (Fig. 7B). 

The pattern in the Prec-7d in Goheung was similar to 

that in Tongyoung, but magnitudes were different (Fig. 

7C).

The AS in the surface waters at the OTS slightly de-

creased from 34 on May 7 to 32 on Aug 6-Sep 1, but gradu-

ally increased to 34 (Fig. 7D). However, the AS in the deep 

waters were 34 from May 7 to Aug 13 and on Nov 10, but 

33 from Aug 21 to Oct 9.

The ANO3 in the surface waters at the OTS was 0-1 µM 

from May 7 to Oct 9, but 4 µM on Nov 10 (Fig. 7E). Howev-

er, the ANO3 in the deep waters was 0-1 µM on May 7 to Jul 

22, increased to 5-8 µM on Aug 6 to Aug 21, but decreased 

to 1-4 µM from Sep 1 to Nov 10. The ranges of ANO3 on 

Aug 6 and Sep 1 were 1-16 and 0-7 µM, respectively.
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Thus, as the NO3 concentration increases, P. donghaiense 

and C. furca are likely to uptake NO3, rapidly grow, and 

form red tide patches earlier than C. polykrikoides. This 

differential K1/2 of NO3 uptake may be partially respon-

sible for the earlier red tides or blooms of P. donghaiense 

and C. furca in June in which NO3 concentrations in sur-

face waters were <1 µM. Furthermore, the sequence of 

the maximum growth rates of these four dinoflagellates 

are P. donghaiense (approximately 1.5 d-1) > C. furca (1.3 

d-1) > A. fraterculus (0.7 d-1) > C. polykrikoides (0.6 d-1) 

(Fig. 8). Moreover, the maximum growth rates of most C. 

polykrikoides strains, including the strains from the South 

Sea of Korea are approximately 0.4 d-1. Thus, if the favor-

able conditions for their optimal growth are given (i.e., 

high NO3 concentrations following heavy rains), P. dong-

haiense is likely to form red tide patches or cause blooms 

first, C. furca and A. fraterculus next, and C. polykrikoi-

des last as observed in this study and the NFRDI data. In 

general, the favorable conditions for the optimal growth 

of most phototrophic dinoflagellates are light abundance 

and eutrophic conditions. Thus, the sequence of the max-

imum growth rates of these four dinoflagellates may be 

partially responsible for the sequence of red tides in the 

polykrikoides red tides occur last (Table 2). However, red 

tides by one or two of the phototrophic dinoflagellates 

Akashiwo sanguinea, Gonyaulax polygramma, Gymno-

dinium spp., and Scrippsiella trochoidea sometimes oc-

curred between Prorocentrum spp. and C. polykrikoides 

red tides. However, it was difficult to understand the 

reasons for these sequential red tide events because 3-D 

distributions of physical, chemical, and biological pa-

rameters were not available for the NFRDI data. The re-

sults of the present study may give some insights in un-

derstanding such patterns; the period and location of red 

tides caused by each of these dinoflagellates, as well as 

the physical and chemical conditions under which the 

red tides are formed differ from other species. Therefore, 

each of these red tide species is likely to have an advan-

tage over competing species.

The temperatures for the optimal growth of P. dong-

haiense, C. furca, A. fraterculus, and C. polykrikoides are 

not very different from one another, but their K1/2 of NO3 

uptake, maximum growth rates, and maximum swim-

ming speeds are considerably different (Table 3); the 

K1/2’s of NO3 uptake of P. donghaiense and C. furca (0.4-0.5 

µM) are lower than that of C. polykrikoides (2.1-2.2 µM). 

Table 2. Changes in red-tide causative species in the South Sea of Korea from 1985 to 2013 

Year Change of red-tide species

1985 Prorocentrum donghaiense – (Prorocentrum minimum) – Cochlodinium polykrikoides
1988 Prorocentrum micans – C. polykrikoides
1989 Prorocentrum minimum – (Gymnodinium sp.) – C. polykrikoides
1990 P. donghaiense – (Gymnodinium sp.) – Ceratium sp. – Alexandrium affine – C. polykrikoides
1991 P. donghaiense – Alexandrium sp. – (Akashiwo sanguinea) – C. polykrikoides
1993 P. donghaiense – Ceratium furca – C. polykrikoides
1994 Prorocentrum sp. – Ceratium sp. – C. polykrikoides
1995 Prorocentrum sp. – C. furca – C. polykrikoides
1996 P. donghaiense – C. furca – (A. sanguinea) – C. polykrikoides
1997 P. donghaiense – C. furca – C. polykrikoides
1998 P. donghaiense – C. furca + Prorocentrum spp. – C. polykrikoides
1999 Prorocentrum sp. – C. furca – (Gymnodinium sp.) – C. polykrikoides
2000 Prorocentrum sp. – (A. sanguinea) – C. furca – (P. minimum) – C. polykrikoides
2001 Prorocentrum sp. – C. furca – (P. micans) – C. polykrikoides
2002 Prorocentrum sp. – C. polykrikoides
2003 P. donghaiense – (A. sanguinea) – C. polykrikoides
2004 P. donghaiense – (A. sanguinea) – P. donghaiense – C. polykrikoides
2005 P. donghaiense – C. polykrikoides
2006 Prorocentrum sp. – C. polykrikoides
2007 P. triestinum – (A. sanguinea) – C. polykrikoides
2009 P. minimum – C. furca – Alexandrium fraterculus – (Gonyaulax polygramma) – (Scrippsiella trochoidea) – C. polykrikoides
2010 P. donghaiense – P. minimum – C. furca – (Gymnodinium sp.) – C. polykrikoides
2012 C. furca – C. polykrikoides
2013 P. donghaiense – C. polykrikoides

Raw data on the red tide species were obtained from the National Fisheries Research and Development Institute website (http://www.nifs.go.kr/
portal/redtideInfo). Bold indicates the species or genera forming red tides in the present study.
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the eutrophic deep waters, a migratory dinoflagellate 

should descend deeper than the thermocline. The maxi-

mum swimming speeds and reachable depth after a 10 

h travel is considerably different between these four red 

tide dinoflagellates (Table 3); the maximum swimming 

speeds and reachable depth of C. polykrikoides (approxi-

mately 1,450 µm s-1, 52 m) are highest, P. donghaiense (280 

µm s-1, 10 m) lowest, and A. fraterculus (680 µm s-1, 24 m) 

and C. furca (400 µm s-1, 15 m) intermediate (Fig. 8). In 

this study, the vegetative cells of C. polykrikoides were ob-

served at 50 m and C. polykrikoides red tide patches were 

also found at approximately 40 m. Thus, this evidence sug-

gests that C. polykrikoides may migrate down to 50 m, as 

calculated. Therefore, in theory, if the thermocline depth 

is shallower than 10 m, all these four dinoflagellates may 

reach eutrophic deep waters. Under these circumstances, 

the fastest growing species is likely to form red tides first 

and the slowest growing species last. However, if the ther-

mocline depth is deeper than 25 m, only C. polykrikoides 

can reach the eutrophic deep waters and grow, but com-

petitors may not survive. In this study, small blooms of A. 

fraterculus and C. furca occurred at the OTSs when the 

NO3 concentrations in the surface water were <1 µM, but 

those in the deep waters were 4-5 µM and the thermo-

cline depths were approximately 15-20 m. Intrusion of 

deep cold waters was likely to shift thermoclines shallow-

er (Fig. 9). However, Cochlodinium red tides formed and 

persisted at the OTSs when the surface water NO3 concen-

tration was low and thermocline depths were >20 m. Pri-

or to the outbreak of huge Cochlodinium red tides at the 

OTSs in Aug, the thermocline depths were approximately 

15-20 m. However, they were recorded deeper, at 25 m, on 

inner stations following high nutrients input in the sur-

face waters owing to heavy rains. 

Cochlodinium red tides occurred and persisted at the 

OTSs when NO3 concentrations of the surface waters 

were <2 µM and thermocline depths were >20 m with 

the retreat of the deep cold waters, and the abundance 

of the competing red-tide species reduced. In this study, 

C. polykrikoides formed predominant red tides at the 

OTSs from Sep 1 to 28. How could the slow growing C. 

polykrikoides form such red tides during this period? P. 

donghaiense, C. furca, A. fraterculus, and C. polykrikoides 

are able to migrate between well-lit surface waters and 

eutrophic deep waters and grow by acquiring nutrients 

from eutrophic deep waters (Jeong et al. 2015). Usually a 

thermocline separates the well-lit surface waters and eu-

trophic deep waters. Therefore, to acquire nutrients from 

Table 3. Comparison of eco-physiological characterizations of the phototrophic dinoflagellate species causing red tides in the present study

                     Species Isolation site MGR
(d-1)

MSS
(µm s-1)

D10h 
(m)

K1/2 (NO3)
(µM)

T 
(°C)

Reference

Prorocentrum donghaiense South Sea, Korea -     280a 10 - - Jeong et al. (2015)

East China Sea 1.51 - - 0.4 27 Xu et al. (2010), Hu et al. (2014)

Ceratium furca Sagami Bay, Japan 0.72      403b 15 0.5 24 Baek et al. (2008a, 2008b, 2009)

Arabian Sea 1.29 - - 0.4 - Qasim et al. (1973)

Alexandrium fraterculus South Sea, Korea 0.69     680a 24 - - Our unpublished data, Lee et al. (2016)

Sanriku coast, Japan 0.35 - - - 25 Lim et al. (2007a)

Cochlodinium polykrikoides South Sea, Korea 0.30 - - 2.1 25 Kim et al. (2001)

South Sea, Korea - 1,449a 52 - - Jeong et al. (1999)

Furue Bay, Japan 0.41 - - - 25 Kim et al. (2004)

West Kyushu, Japan 0.61 - - - 27 Yamatogi et al. (2005)

MGR, maximum growth rate of a strain; MSS, maximum swimming speed; D10h, calculated depth which each red tide species can reach by de-
scending for 10 h; K1/2 (NO3), half-saturation constants for uptake of nitrate; T, temperature for the optimal growth of each strain. 
aMSS and bMSS were measured at 20 and 22°C, respectively. 

Fig. 8. Maximum swimming speed (MSS; µm s-1) of the dominant 
red tide dinoflagellates in this study as a function of the maximum 
growth rates (MGR; d-1). Pd, Prorocentrum donghaiense; Cf, Ceratium 
furca; Af, Alexandrium fraterculus; CpK, Korean strain of Cochlodinium 
polykrikoides; CpJ, Japanese strain of C. polykrikoides. 
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were maintained at the OTSs until Sep 29 during which 

thermoclines were positioned at depths >20 m. Thus, the 

deep thermoclines formed by high solar insolation and 

retreat of the intruded deep cold waters at the OTSs are 

likely to favor Cochlodinium red tides over competing red 

tide species. The competing dinoflagellates that weaken 

or die during the period of retreat of deep cold waters 

may not recover completely when the intrusion of deep 

cold waters occurs again. The short periods of their small 

blooms at the OTSs may support this hypothesis (see Fig. 

Sep 1. Retreat of the deep cold waters was likely to cause 

this shift of thermoclines (Fig. 9). This retreat was likely 

to lower NO3 concentrations in the waters of deep sam-

pling depths at the OTSs, but the deep cold waters away 

from the study area was likely to still contain high nutri-

ents (approximately 8 µM NO3) (Fig. 9). The Geostation-

ary Ocean Color Imager (GOCI) satellite images on Sep 4 

showed that many huge C. polykrikoides red tide patches 

existed offshore (provided by Korean Institute of Ocean 

Science and Technology). The Cochlodinium red tides 

Fig. 9. Diagram showing water temperature, thermocline depth, and nutrient concentration in the surface (red) and deep (blue) waters when 
the water column is well mixed (left column), strongly stratified with intrusion of deep cold waters (middle column), and strongly stratified with 
retreat of intruded deep cold waters (right column). Preferred red tide species under each circumstance are suggested. See texts for details.
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Aug 6, which was followed by a peak in the deep waters 

probably driven by intrusion of deep cold waters on Aug 

21. The maximum NO3 concentration elevated because of 

freshwater input in the study area (approximately 45 µM) 

was greater because of deep cold water intrusion (ap-

proximately 9 µM). However, the volume of the deep cold 

waters containing 9 µM NO3 is likely to be greater than 

that of the surface waters containing 45 µM NO3 and thus 

the average NO3 concentrations in the bottom waters at 

all stations during each cruise was greater than those in 

the surface waters (Fig. 7). Therefore, the deep cold wa-

ters are likely to support large red tide patches. Thus, the 

intrusion (forth) and retreat (back) of the deep cold wa-

ters containing high nutrients may shift the thermocline 

shallower or deeper, affect nutrient availability for com-

peting red tide species, and determine causative species 

of red tides. 

The ranges of WTs and salinities at which vegetative 

cells of C. polykrikoides were present (approximately 14-

27°C and 27-35, respectively) or its red tide patches were 

observed (22.2-24.4°C and 28.7-32.7, respectively) in this 

study are within those so far reported in the literature 

(approximately 3-31°C and 14-40 for presence of cells; 12-

31°C and 14-40 for red tides) (Tomas and Smayda 2008, 

Kim et al. 2010, Richlen et al. 2010, Fatemi et al. 2012, Park 

et al. 2013a, Mohammad-Noor et al. 2014). The ranges of 

NO3 and PO4 concentrations at which vegetative cells of 

C. polykrikoides (0-19 and 0-1.7 µM, respectively) or its 

red tide patches were observed (0.2-4.8 and 0-0.3 µM, re-

spectively) are also within the range so far reported in the 

literature (0-53.7 and 0.1-15.5 µM for cells and red tides) 

(Tomas and Smayda 2008, Fatemi et al. 2012, Park et al. 

2013a). Therefore, C. polykrikoides cells are likely to be 

present and this species will continuously form red tides 

in the South Sea of Korea in the future, even when WT 

increases because of global warming, salinity increases 

because of long-term drought, and / or nutrient concen-

trations decrease because of establishment of more sew-

age treatment systems in Korea. Increases in surface WT 

(thermoclines shift deeper) and / or salinity (less rainfall) 

and / or decrease in nutrient concentrations in the future 

may give C. polykrikoides an advantage over compet-

ing species that have lower swimming speeds and high 

growth rates, as described above.

The results of this study show that the combination 

of physical, chemical, and biological parameters affects 

the outbreak, persistence, and decline of C. polykrikoides 

red tides offshore. Thus, to understand the dynamics of 

C. polykrikoides red tides and process mechanisms, the 

investigation of temporal variations in 3-D distributions 

7). The Cochlodinium red tides declined and disappeared 

on Oct 9 and Nov 10 when the thermoclines at the OTSs 

also almost disappeared. The sequence of the maximum 

swimming speeds and thus potential reachable depths 

may be partially responsible for the huge C. polykrikoides 

red tides at the OTSs following the small blooms of the 

other dinoflagellates. Intrusion and retreat of deep cold 

waters have been suggested to be affected by alternations 

of spring and neap tides with an approximate 15-day 

period (e.g., Kaneda et al. 2002). Thus, the intrusion and 

retreat of deep cold waters and in turn the growth of C. 

polykrikoides blooms may be predicted. It is worthwhile 

to explore this topic further. 

During Cochlodinium red tides, the maximum abun-

dance of total diatoms at the inner stations of the west-

ern and eastern areas was relative high, while that at the 

OTSs was relatively low. Some diatoms are known to in-

hibit the growth and migration of C. polykrikoides above 

a certain level of its density (Lim et al. 2014); the diatom 

Thalassiosira decipiens reduces the swimming speed of 

C. polykrikoides at diatom concentrations of >~1,000 cells 

mL-1, and another diatom, Chaetoceros danicus, causes 

negative growth rates at concentrations of >~1,200 cells 

mL-1. On Sep 1, the maximum abundance of T. decipiens 

and the other Thalassiosira species at the inner stations 

was approximately 1,100 cells mL-1 and that of C. dani-

cus and the other Chaetoceros species was approximately 

2,660 cells mL-1. Thus, at the inner stations, Thalassiosira 

spp. and Chaetoceros spp. may inhibit growth rate and 

/ or swimming speed of C. polykrikoides and thus lower 

the abundance of C. polykrikoides and / or shorten C. 

polykrikoides red tide periods. 

The results of this study clearly show that there were 

two major sources of nutrients (in particular NO3) in this 

study area; one source was the freshwater input to the 

inner stations through the surface from Seomjin River, 

Haechang Bay, and Yeoja Bay, and the other source was 

the deep cold waters at the OTSs. The 3-D distributions 

of the salinity showed that freshwater input lowers the 

salinity most in the middle area, followed by the western 

area, eastern area, and the OTSs. This pattern is likely to 

cause highest NO3 concentration in surface waters at the 

IWMS, moderate concentration in the surface waters at 

the IES, and the lowest concentration at the OTSs. How-

ever, the 3-D distribution of NO3 concentration showed 

that in the deep cold waters, highest NO3 concentrations 

were observed at the OTS, slightly lower concentrations 

at the IES, and the lowest concentrations at the IWMS. 

Interestingly, at the IES, a peak of NO3 concentration in 

the surface water driven by freshwater input occurred on 
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rains and dominant species changed to diatoms and oth-

er dinoflagellates (Lim et al. 2007b, 2008, 2009). Thus, the 

supply of high nutrients to nearshore waters may be criti-

cal to the persistence of C. polykrikoides red tide patches 

in nearshore waters where aquaculture cages are highly 

concentrated (Fig. 10). The prolonged drought period in 

2013 was likely to cause C. polykrikoides red tide patches 

to remain in nearshore waters of the South Sea of Korea 

for >1 month and cause large mortality of fish in cages 

at sea and aquaculture tanks on land. During that year, 

approximately 28 million fish in aquaculture cages and 

tanks in the South and East Sea of Korea were killed by C. 

polykrikoides red tides (NFRDI 2014). 

Large red tide patches formed offshore are often trans-

ported to nearshore waters and gradually accumulated 

there. Dense C. polykrikoides red tide patches with abun-

dances >10,000 cells mL-1 were reported at piers located in 

some nearshore waters of the South Sea (personal obser-

vation). Even though the abundance of C. polykrikoides in 

offshore red tide patches is several hundred or thousand 

cells mL-1, the abundance of C. polykrikoides in near-

shore waters can increase by accumulation. If dense C. 

polykrikoides red tide patches in nearshore waters enter 

aquaculture cages at sea and aquaculture tanks on land, 

fish are usually killed in a day. On Sep 8, 2014, 0.8 million 

fish in aquaculture tanks in Namhae were killed by dense 

C. polykrikoides red tide patches that suddenly appeared. 

Thus, to reduce large scale mortality of fish in aquacul-

ture cages and tanks because of dense C. polykrikoides 

red tide patches, the distribution of C. polykrikoides red 

tides and the related physical, chemical, and biological 

parameters should be investigated in advance. 

The temperature for the optimal growth of C. poly-

krikoides is approximately 25°C (Kudela et al. 2008). 

Many C. polykrikoides red tide patches in the South Sea 

of Korea have been found in waters where the tempera-

ture is around 25°C (NFRDI data; http://www.nifs.go.kr/

portal/redtideInfo). If C. polykrikoides exists alone, it may 

grow fast and form red tide patches at this temperature. 

However, the optimal temperature of several compet-

ing red-tide species is close to this temperature, as men-

tioned above. Furthermore, C. polykrikoides cells are 

likely to experience WTs <20°C whenever it descends to 

deep cold waters. Strong thermoclines in the South Sea of 

Korea are formed at depths >20 m when surface WTs are 

25°C unless cold water intrusion occurs. Therefore, 25°C 

in the surface waters may be a signal of the presence of 

deep strong thermocline that favors C. polykrikoides over 

its competitors. 

of these parameters is needed. The results of this study 

provide a basis on establishing conceptual models for 

predicting the outbreak, persistence, and decline of C. 

polykrikoides red tides.  

Insights on the processes of Cochlodinium 
polykrikoides red tides in the South Sea of Korea

Based on the results of this study and the literature, in-

sights on the processes of C. polykrikoides can be provided 

by the following steps: 1) C. polykrikoides can grow exclu-

sively autotrophically and mixotrophically using diverse 

N sources (Jeong et al. 2004, Kudela et al. 2008, Gobler et 

al. 2012). In particular, it can rapidly grow at relatively low 

NO3 concentrations (K1/2 of NO3 uptake = ca. 2-3 µM NO3) 

(Kim et al. 2001) and thus theoretically can form red tide 

patches in nearshore waters; 2) however, due to its rela-

tively low maximum growth rate, competitors such as red 

tide diatoms, small flagellates, and other dinoflagellates 

usually outcompete C. polykrikoides under conditions 

favorable for all phototrophic organisms. In this com-

petition, relative growth rates between C. polykrikoides 

and competing red tide species at a given condition are 

likely to be more important than absolute growth rates; 

3) Thus, C. polykrikoides can form red tide patches or 

maintain these patches when the abundance of competi-

tors is low. Theoretically, C. polykrikoides can reach 50 m 

depth (Jeong et al. 2015). In this study, the depths favor-

able for C. polykrikoides are >20 m. High solar insolation 

during summer can deepen thermocline, but intrusion of 

deep cold waters can lift thermocline depths as shown in 

this study. This condition may be favorable for compet-

ing dinoflagellates or flagellates whose reachable depths 

are shallower and whose growth rates are greater than C. 

polykrikoides. Thus, the retreat period of intruded deep 

cold waters is likely to give a condition favorable for C. 

polykrikoides; 4) C. polykrikoides is known to kill com-

petitors using allelopathical chemicals (Yamasaki et al. 

2007, Tang and Gobler 2010). Thus, C. polykrikoides can 

maintain its populations by killing competitors if its 

abundance is very high. High abundance of diatoms, on 

the other hand, inhibits the growth and migration of C. 

polykrikoides. Thus, when nutrients are supplied to near-

shore waters because of freshwater input, upwelling, and 

/ or mixing, diatoms, flagellates, and other fast growing 

dinoflagellates are likely to outgrow C. polykrikoides and 

reduce its abundance in red tide patches, which are trans-

ported from offshore waters (Fig. 10). In some nearshore 

waters of the South Sea of Korea, C. polykrikoides red tide 

patches have often drastically reduced following heavy 
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Fig. 10. Diagram showing formation, transport, and persistence of Cochlodinium polykrikoides (Cp) red tide patches in the South Sea of Korea. 
(A) C. polykrikoides red tide patches offshore are transported to nearshore where aqua-cages are concentrated. The locations (black rods) where 
aqua-cages nearshore of the South Sea of Korea are established were obtained from images from Google Earth (http://earth.google.com). (B) 
C. polykrikoides forms its red tide patches offshore by vertical migration when the thermocline depths are >20 m. (C) C. polykrikoides red tide 
patches nearshore reduce when the abundances of competitors (i.e., fast growing diatoms, flagellates, and other dinoflagellates) are high. (D) C. 
polykrikoides red tide patches nearshore maintain or expand when the abundances of competitors are low. See texts for details. 

A

C

B

D
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Appendix 1. List of phototrophic plankton and their maximum abundance (MA; cells mL-1) in the South Sea, Korea, from May to Nov 2014

Taxon May Jun Jul Aug Sep Oct Nov MA

Diatoms
Achnanthes sp. + + 6
Actinoptychus undulatus + + + + + + + 48
Amphiprora alata + + + + + + + 3
Amphiprora gigantea + + + 9
Amphiprora sp. + + 1
Asterionella formosa + 4
Asterionella glacialis + + + + + + + 67
Asterionella kariana + + + 7
Asterionella sp. + 2
Asteromphalus sp. + + + + + + 10
Attheya septentrionalis + + 2
Aulacoseira granulata. + 1
Aulacoseira spp. + + + + 11
Bacillaria paxillifera + + + + + + + 37
Bacteriastrum hyalina + + 6
Bacteriastrum sp. + + + + + + + 29
Biddulphia logicruris + + + + + + + 14
Biddulphia sinensis + + + + + + + 4
Biddulphia sp. + 1
Cerataulina sp. + + + + + + 68
Chaetoceros affinis + + + + + + + 396
Chaetoceros borealis + + + + + + + 154
Chaetoceros coarctatus + + + + + + 23
Chaetoceros compressus + + + + + + + 325
Chaetoceros constrictus + + + 90
Chaetoceros crinictus + + + 157
Chaetoceros curvisetus + + + + + + + 1,274
Chaetoceros danicus + + + + + + + 25
Chaetoceros debilis + 9
Chaetoceros decipiens + + + + + + + 150
Chaetoceros didymus + + + + + + + 32
Chaetoceros distansa + + + + 35
Chaetoceros eibenii + + + + + + + 91
Chaetoceros frichei + + + + + 7
Chaetoceros lorenzianus + 19
Chaetoceros messanenses + 3
Chaetoceros siamensis + 8
Chaetoceros similis + + + + + 7
Chaetoceros socialis + + + + + + 428
Chaetoceros spp. + + + + + + 74
Chaetoceros subsecundus + + + + 10
Chaetoceros teres + + + + + + + 27
Chaetoceros vanherchi + 1
Corethron spp. + + + + + + + 3
Coscinodiscus sp. + + + + + + + 46
Coscinodiscus wailesii + + + + + + 24
Coscinosira oestrupi + + 2
Cyclotella sp. + + 45
Cylindrotheca closterium + + + + + + + 4
Cylindrotheca fusiformis + 1
Cymbella sp. + + 1
Dactyliosolen fragilissimus + + + + + + + 9
Detonula pumila + + + + + 12
Diatoma elongatum + + + 8
Diatoma sp. + + + + + + 31
Ditylum brightwellii + + + + + + + 15
Ditylum sol + 5
Eucampia zodiacus + + + + + + + 13,005
Fragilaria construens + + + 8
Fragilaria spp. + + + + + + + 16
Grammatophora marina + + 36
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Appendix 1. Continued 

Taxon May Jun Jul Aug Sep Oct Nov MA

Diatoms
Guinardia delicatula + + + + + + 150
Guinardia flaccida + + + + + + + 44
Guinardia striata + + + + + + + 27
Gyrosigma fasciola + 1
Hemiaulus hauckii + + + + + + + 12
Hemiaulus sinensis + + + + 4
Hyalodiscus stelliger + + + 2
Lauderia borealis + + + + + + + 225
Lauderia glacialis + + + + 8
Leptocylindrus danicus + + + + + + + 698
Leptocylindrus mediterraneus + + + + + + + 405
Licmophora abbreviata + + + + + + 5
Melosira sp. + + + + 6
Menuinera sp. + + + + + + 40
Navicula directa + + + + + 2
Navicula distans + + + + + 2
Navicula spp. + + + + + + + 13
Nitzschia longissima + + + + + + + 8
Nitzschia sigma + + + + + + + 3
Nitzschia sp. + + + + + + + 7
Nitzschioid + + + + + + + 7
Paralia sulcata + + + + + + + 133
Pinnularia sp. + + + + 1
Plagiogramma vanheurckii + 5
Planktoniella blanda + + + + + + + 4
Pleurosigma angulatum + + + + + + + 6
Psedocrinitus sp. + + + + + 12
Psedonitzschia pungens + + + + + + + 335
Psedonitzschia spp. + + + + + + + 749
Psedonizhicia seriata + + + + 383
Psedonizschia granii + + + + + + + 77
Psedonizschia multiseries + + + + + + + 135
Pyrosigma fasciola + + 12
Rhabdonema sp. + + 2
Rhizosolenia alata + + + + + + + 10
Rhizosolenia calcar + + + + + + + 15
Rhizosolenia robusta + + + + + + + 5
Rhizosolenia setigera + + + + + + + 35
Rhizosolenia sp. + + + 16
Sigmoid + + + + + + + 18
Skeletonema costatum + + + + + + + 1,386
Stephanopyxis palmeriana + + + + + + + 30
Stephanopyxis turris + + 3
Streptothea thamensis + + + + + 3
Surirella sp. + + + + + + 2
Synedra sp. + + + + + + + 6
Thalassionema bacillare + + + + 6
Thalassionema frauenfeldii + + + + + + + 44
Thalassionema nitzschioides + + + + + + + 230
Thalassionema nordenskioeldii + + + 4
Thalassiosira decipiens + + + + + + + 810
Thalassiosira porosia + + + + + + + 9
Thalassiosira rotula + + + + + + + 28
Thalassiosira subtilus + + + + + + + 123
Thalassiosira spp. + + + + + + + 116
Triceratium sp. + + 1
Centric diatom + + 4

Phototrophic dinoflagellates
Akashiwo sanguinea + + + + + + + 5
Alexandrium sp. + + + + + + + 1,276
Amphidinium longum + + + 4
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Appendix 1. Continued

Taxon May Jun Jul Aug Sep Oct Nov MA

Phototrophic dinoflagellates
Amphidinium sphaeocysticola + + + + + 5
Amphidinium poecilochrom + + + 2
Amphidinium sp. + + + + 2
Ceratium furca + + + + + + + 400
Ceratium fusus + + + + + + + 68
Ceratium kofoidii + + + + + + + 9
Ceratium macroceros + + + 3
Ceratium pentagonum + + + 1
Ceratium tripos + + + + + + 6
Cochlodinium polykrikoides + + + + + + + 2,989
Cochlodinium sp. + + 18
Dinophysis acuminatum + + + + + + 7
Dinophysis caudata + + + + + + 10
Dinophysis ovum + + + + + 4
Dinophysis rotundata + + + + + + 2
Dinophysis sp. + + + 1
Gonyaulax sp. + + + + + + + 40
Gymnodinium spp. + + + + + + + 89
Heterocapsa triquetra + + + + 4
Heterocapsa rotundata + + + + + + 1
Heterocapsa sp. + + + + + 393
Karenia mikimotoi + + + + + 36
Karlodinium sp. + + + + + 354
Nematodinium sp. + + 11
Oxytoxum sp. + + + + + + 4
Phaopolykrikos hartmannii + + + + + + 1
Prorocentrum balticum + + + 393
Prorocentrum gracialis + + + + 7
Prorocentrum micans + + + 1
Prorocentrum minimum + + + + + + 8
Prorocentrum triestinum + + + + + + + 505
Prorocentrum sp. + + + + + + 4
Pyrocystis lunula + 1
Pyrophacus sp. + + + + + + 1
Scrippsiella trochodea + + + + + 51
Scrippsiella sp. + + + + + + + 191
Torodinium sp. + + + + + + + 9

Raphidophytes
Chattonella sp. + + + + + + + 57
Heterosigma akashiwo + + + + 39

Cryptophytes
Crytomonad A + + + + + + + 4,350
Crytomonad B + + + + 6

Crytomonad C + 1
Dictyochophytes

Distephanus speculum var. octonarium + + + + + 229
Ebria tripartita + + + + + 5
Dictyocha fibula + + + + 13

Euglenophytes
Euglenoid + + + + + + 11

Chlorophytes
Actinastrum hantschii + 2

Prasinophytes
Tetraselmis sp. + + + + 983

Mixotrophic ciliates
Mesodinium ruburum + + + + + + + 575


