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Abstract 
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and biological factors on the eco -
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Lee , Kyung Ha  
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School of Earth and Environmental Sciences  

 College of Natural Sciences  

Graduate School of Seoul National University  

 

The eco- physiology of marine plankton is easily  affected  by 

two major meteorological factors , temperature and precipitation . 

These marine plankton are important components of the basic marine 

food web with  numerous predator - prey pathways , which  contribute 

to diverse  and important material cycles ( e.g. C, N, and P cycles )  

under the sea . Moreover, i n last several decades, global warming and 

eutrophication have been thought to be  the  two most serious 

environmental problems against  marine ecosystems. However,  the  

effects  of  meteorological, hydrological, and biological factors  on 

natural phytoplankton communities are poorly understood. Thus, in 

this study, I explored the effects  of meteorological, hydrological, and 

biological factors on eco - physiology of red tide organisms  by 

combining data from both the laboratory incubation experiments and 

the field works.  
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In chapter 2, t o investigate relationships among p recipitation , 

salinity, and nutrients and their effects on  phytoplankton communit ies 

in Korean coastal waters, I took water samples from Gwangyang Bay 

in 4 seasons in 2011 to 2013 and from Shiwha Bay  every months 

from 2009 to 2011. I n Gwangyang Bay , salinity showed significant 

negative correlations with sum of 7  to  20  days p recipitatio n (p<0.0 5). 

Furthermore, i n the summer , salinity had significant negative 

correlations with nitrate plus nitrite (NO 3) in 2011 and 2012 

(p<0.001) . Under this circumstance, diatoms dominated 

phytoplankton assemblages. However, salinity  did not have  any 

corr elation  with nitrate (p>0.05 ) in 2013. Under this circumstance, 

dinoflagellates dominated. Therefore, when NO 3 increased due to 

high precipitation, diatoms dominated, but when NO 3 did not increased 

probably due to relatively low precipitation, dinoflagella tes dominated. 

Similar patterns were observed in Shiwha Bay. F rom 2009 to 2011 , 

salinity had negative correlations with sum of 7  to 20  days 

precipitation (p<0.0 5)  and diatoms and small flagellates dominated, 

while in 2009 and 2010, salinity  did not have any correlation with 

nitrate and dinoflagellates dominated.  Therefore, dominant groups of 

blooms in both bays can be predicted by analyzing data on 

precipitation, salinity, and nutrient concentrations.  

In chap ter 3, t o investigate fast growing strategy of  a 

mixotrophic dinoflagellate feeding on other protists, I conducted 

diverse feeding experiments with the newly described mixotrophic 

dinoflagellate Gymnodinium smaydae  isolated from Shiwha Bay. I  

explored the feeding mechanism and the kinds of prey specie s that 

G. smaydae is able to feed on. In addition, I measured the growth and 
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ingestion rates of  G. smaydae on optimal and suboptimal algal prey 

Heterocapsa rotundata  and Heterocapsa triquetra  as a function of 

prey concentration. Among the 19 algal prey species offered, G. 

smaydae ingested only thecate dinoflagellates Heterocapsa rotundata,  

Heterocapsa triquetra , Heterocapsa sp., and  Scrippsiella  trochoidea . 

Among the peduncle - feeding dinoflagel lates so far reported, G. 

smaydae fed on algal prey using a peduncle after anchoring the prey 

by a tow filament . All Heterocapsa species supported high positive 

growth of G. smaydae, S. trochoidea  only helped in merely 

maintaining the predator population. The maximum specific growth 

rates (i.e., mixotrophic growth) of G. smaydae on H. rotundata  and H. 

triquetra  were 2.226 d
- 1

 and 1.053 d
- 1

, respectively, at 20 oC under 

a 14:10 h light - dark cycle of 20 µE m
- 2 

s
- 1

, while the growth rates 

(i.e., phototrophic growth) under the same light conditions without 

added prey were 0.005 to - 0.051 d - 1. The maximum ingestion rates 

of G. smaydae on H. rotundata  and H. triquetra  were 1.59 ng C 

grazer
- 1

d
- 1

 and 0.24 ng C grazer
- 1

d
- 1

, respectively. The calculated 

grazing coeff icients for G. smaydae on co - occurring H. rotundata  or 

H. triquetra  were up to 0.23 h
- 1

 or 0.02 h
- 1

, respectively The results 

of this study suggest that G. smaydae cannot  survive only conducting 

photosynthesis but can survive by feeding other mixotrophic 

dinoflagellates and have pontential to occur red tides using 

mixotrophy.  

In chapter 4,  to investigate elevating growth and survival 

strategy of mixotrophic dinoflagellates by killing or feeding on other 

protists, I investigated t he mixotrophic ability of the  harmful 
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dinoflagellate s Alexandrium  spp.  In the present study, whether each 

of three Alexandrium  species ( A. andersonii , A. affine , and A. 

fraterculus ) isolated from Korean waters has or lacks mixotrophic 

ability, was investigated. When diets of diverse a lgal prey, 

cyanobacteria, and bacteria sized micro - beads were provided, A. 

andersonii  was able to  immobilized and  feed on the prasinophyte 

Pyramimonas  sp., the cryptophyte Teleaulax  sp., and the 

dinoflagellate Heterocapsa rotundata , whereas  neither A. affi ne nor 

A. fraterculus  fed on any prey item.  However, immobilization and/or 

lysis effects on other protistan prey species by A. affine  and A. 

fraterculus  were observed. Moreover, mixotrophy elevated the 

growth rate of A. andersonii . The maximum mixotrophic growth rates 

of A. andersonii  on Pyramimons  sp. under a 14:10 h light/dark cycle 

of 20 ɛE m - 2 s- 1 was 0.432 d - 1, while the autotrophic growth rate 

was 0.243 d - 1. The maximum ingestion rate by A. andersonii  of 

Pyramimons  sp. was 1.03 ng C predator - 1d- 1. Therefore, A. 

andersonii  also donduct mixotrophy as a survival strategy of another 

nutrient uptake method by immoblzing and ingesting other protistan 

species and two other alexandrium species also have mechanisms of 

competition for their survival.  Moreover , these evidence suggests 

that the mixotrophic ability of A. andersonii  should be taken into 

consideration in predicting the outbreak, persistence, and decline of 

its harmful algal blooms.  

In chapter 5, t o investigate effects of heterotrophic protist an 

grazers  on Mesodinium rubrum , a cosmopolitan ciliate that often 

causes red tides , I  tested whether the 10 heterotrophic 

dinoflagellates and a ciliate preyed on M. rubrum . The heterotrophic 
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dinoflagellates Gyrodinium  dominans , Luciella  masanensis , Oblea 

rotunda , and Polykrikos  kofoidii  and the naked ciliate  Strombidium sp. 

preyed on M. rubrum . However, only G. dominans  had a positive 

growth feeding on M. rubrum . The maximum growth rate of G. 

dominans  on M. rubrum  was 0.48  d- 1, while the maximum ingestion  

rate was 0.55 ng C predator - 1 d- 1. The grazing coefficients by G. 

dominans  on populations of M. rubrum  were up to 0.236 h - 1. Thus, G. 

dominans  may sometimes have a considerable grazing impact on 

populations of M. rubrum . 

In chapter 6, t o explore combined effects of warming and 

eutrophication on the phytoplankton production in the future, 

biomass of phytoplankton was monitored after establishing 64 

different initial conditions formed by combining 4 different water 

temperatures (i.e., ambient, +2, +4, and +6  oC) and 2 different 

nutrient conditions (i.e., non- enriched  and enriched) using natural 

water sampled 8 times at intervals of 1 2˾ months. Under non -

enriched conditions, the effects of temperature elevation on 

phytoplankton production were inconsistent (i. e., positive, negative, 

or negligible) irrespective of temperature elevation, whereas under 

enriched conditions, the effects were all positive. The ratio of initial 

nitrate concentration to Chl - a concentration [NCCA, ɛM ( ɛg L - 1) - 1] 

mainly determined the directionality of the temperature effect. With 

a few exceptions, when the NCCA value in the ambient or nutrient -

enriched waters was > 1.5, temperature elevation increased 

phytoplankton production.  This study result suggests that the NCCA 

value is the criti cal factor affecting coastal phytoplankton production 

in periods of global warming.  
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Through the present study chages in phytoplankton community 

and dominant red - tide dynamics were  approached from 

metrological, hydrological, biological perspectives . In addi tion , 

accelerated  global warming and eutrophication were pointed out to 

be associated with  the present day changes in phytoplankton 

production and protistan community  composition . T hese 

environmental problems and the ecological responses by plankton 

commun it ies  are directly linked to fishery, aquaculture, and human 

food chain s. Therefore  this study results will be useful to better 

understand  the current health iness  of marine ecosystem and also 

extend further to predict  on the future  marine ecosystems . 

 

Keyword : coastal environment , eutrophication,  global warming, 

harmful algal bloom, phytoplankton, protist, red  tide  
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Chapter 1.  

Overall introduction  

 

Ocean covers ~70% of the earth and maintain homeostasis of the 

earth and our life. And phytoplankton in that waters contribute half 

of global primary production (Falkowski and Raven, 1997; Rogato et 

al., 2015). Among ca. 4,000 marine phytoplankton species has been 

reported, the dominant phytoplankton groups are dinoflagellates 

(40%) and diatoms (40%) (Sournia et al., 1991).  The micro - units of 

these tiny phytoplank ton  are  ubiquitous and divide fast using 

doublings. Phytoplankton is primary producer which synthesis 

organic compounds from inorganic compounds and transfer it to 

higher tropic level animals. However, if  the water conditions are 

favorable for specific spe cies, they can outgrow, occur red ride 

and/or harmful algal blooms (HABs) , and cause massive economic 

losses (Jeong et al., 2015) . We can monitor and control visible 

coastal type  red - tide patches in near coastal fishery  area , whereas  

we cannot control the thousands kilometers  off - shore type of  red 

tide patches coming from open oceans . Moreover, climate change is 

accelerating and changing structure and functions of marine 

ecosystems, thus climate change is expected to have influence on 

dominant phytoplankton  group and red - tide dynamics. Therefore it 

is important of controlling and managing marine ecosystems by fully 

understanding  structures and functions of marine ecosystems.  
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1.1. Coastal waters  

 

Coastal waters which play the most important role of water 

exchange between river and oceanic waters  (Fig 1.1). In addition, 

there  are the main hotspot of phytoplankton production due to 

relatively high nutrient concentrations than off - shore waters, and 

thus most of fish harvest can occur there despite its relativ e small 

water bodies ( Bianchi et al., 2013 ) . Nutrients, especially inorganic 

nutrients, are the essential foods for phytoplankton to grow up . One 

of the main sources of nutrients in coastal waters are river flow 

originated from precipitations  (Thompson et al., 2015 a) . Thus, the 

diverse components such as air pollutants in each area, utilization of 

land, and populations may decide the quality of runoff through rivers 

to coastal. Moreover, the frequency and amounts of precipitation in 

each coastal area may re flect temporal and seasonal characteristics 

there.  Korea is situated in temperate middle latitude zone of the 

Northern Hemisphere, thus the precipitation is concentrate on 

summer (i.e., 50~60% of annual precipitations concentrate on 

summer). Therefore, to understand precipitation flowing through 

rivers to coastal waters effects on dominant phytoplankton groups, I 

investigated the correlation study among precipitation, salinity, 

nitrate concentrations, and dominant phytoplankton groups in inner 

Shiwha Bay in  western Korea and Gwangyang Bay in southern 

Korean for Chapter 2 (Fig. 1.1).    

  



3 

 

 

1.2. Phytoplankton  

 

Marine phytoplankton is the major primary producer and 

provide synthesized organic materials and energy to higher tropic 

level consumers, thus it is the m ost important basic components in 

marine ecosystem. They uptake carbon dioxide which causes 

greenhouse effects and ocean acidifications, and contribute to 

produce oxygen (Falkowski et al., 2004; McQuatters - Gollop et al., 

2015). About 4,000 marine phytoplan kton species have been 

reported and their physiology and ecology are totally different 

because it is affected by diverse biotic (preys, competitor, and grazer) 

and abiotic (temperature, salinity, light intensity, and available 

nutrients) factors (Sournia et al., 1991) . Thus, to understand the 

taxonomy and physiology of dominant phytoplankton helps to 

understand marine food webs and marine ecosystem there. The basic 

physiology of the phytoplankton is growth rates. Phytoplankton are 

known as to grow conducti ng photosynthesis. However, recent 

studies have been revealed that the some of phytoplankton 

previously considered exclusively phototrophic is mixotrophic and 

the most active mixotrophic group in phytoplankton is dinoflagellates 

(Jeong et al., 2005a, 2005b , 2005c, 2010; Lee et al., 2014, 2016; Yoo 

et al., 2010b).  
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The growth of phytoplankton may define as following equation 

(1).  

  

‘ὖὔ ὥὲὨȾέὶ Ὂ άὖὫȟὧȟὉὰ    eq. (1)  

 

P is phytoplankton, ɛP is growth rate  of phytoplankton  from 

acquired  nutrients(N) and/or mixotrophic feeding (F), mP is 

mortality of phytoplankton caused by graz ers (g), killed by 

competitors (c), and energy loss  (El) from swimming , anti - predation 

activities (i.e., producing toxins)  and/or ingesting preys.  

If the gr owth of phototrophic or mixotrophic plankton  (ɛ)  is 

higher than the death rates ( mP, eaten by grazers or death by 

chemicals  from competitors), red - tides or harmful  algal blooms 

(HABs) can occur. However, ɛ is lower or comparable to mP, the red 

tides or HAB s does not occur.  

Therefore, I investigated the survival strategy of new 

mixotrophic dinoflagellate , Gymnodinium smaydae , by feeding other 

phototrophic protists  in Chapter 3 and the other survival strategy of 

three toxic dinoflagellates , Alexandrium  spp.,  by killing with 

allelopathical effects and/or ingesting other protists  in Chapter 4. 
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Fig. 1.1. Scheme of chapters in this study.  

 

 

Fig. 1. 2. Diagram of phytoplankton production and factors affecting 

phytoplankton biomass or abundances . Nutrient concentration, prey, 

temperature, and light affect growth rates of phytoplankton, while 

grazing by predators affects motality rates of phytoplankton.   
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1.3. Heterotrophic protists  

 

Heterotrophic protists which is mainly composed of 

heterotroph ic dinoflagellates and ciliates are dominant grazers of 

phytoplankton and play a role as a messenger to higher tropic level 

metazooplankton grazers (i.e., copepods, cladocerans, and benthos 

larvae). In addition, sometimes these heterotrophic protists play 

roles as preys for mixotrophic phytoplankton reversely (Bockstahler 

and Coats, 1993a, 1993b; Jacobson and Anderson, 1996; Jeong et al., 

1997; Uchida et al., 1997; Smalley et al., 1999; Park et al., 2006; 

Berge et al., 2008; Nishitani et al., 2008a; Nagai e t al., 2008; Blossom 

et al., 2012).  

In previous mesocosm studies using environmental samples, the 

predators of phytoplankton was commonly considered as 

metazooplanktons such as copepods (Sommer and Lewandowska, 

2011; Lewandowska et al., 2014).  However, gr azing impact by 

heterotrophic protistan grazers on phytoplankton is usually much 

greater than that by metazooplanktonic grazers because the 

abundances of heterotrophic protists are ca. 100 - 10 ,000 times 

higher than those of metazooplanktonic grazers, even t hough the 

ingestion rates of heterotrophic protists are ca. 10 - 100 times lower 

than those of metazooplanktonic grazers  (Kim et al., 2013; Yoo et al., 

2013 a).  

The growth of heterotrophic protists may define as following 

equation (2).  

‘ὌὖὊ άὌὖὫȟὧȟὉὰ     eq. (2)  
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HP is heterotrophic protists, ɛHP is growth rate  of heterotrophic 

protists from feeding (F),  mHP is mortality of heterotrophic protists 

caused by graz ers (g), killed by competitors (c), and energy loss 

(El) from swimming and  ingesting preys.  

For these reasons, identifying heterotrophic protists and 

investigating their new food web pathway is important to understand 

better about the structures and functions of marine ecosystem. 

Therefore, I investigated the common heterotrophi c protistan 

predators feeding on the red - tide causative mixotrophic ciliate, 

Mesodinium rubrum  in Chapter 5.  
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1.4. Marine food web  

 

These micro - units of planktons are co - exist whenever and 

wherever and make a balance to maintain micro - unit food webs  (Fig. 

1.3) . These food web is the most fundamental converting processes 

from elements to one cell organisms and then the upper predators in 

micro food webs transfer energy to higher level food webs as preys. 

The repeated food chains finally form the whole  marine food webs  

and interact with human life . Thus, exploring this basic micro - scale 

food webs  response to global environmental problematic factor 

change  is worthwhile work to  better  understand of  the past and 

current  of marine environmental status,  and predict  future and 

provide proper guidelines to maintain healthy marine ecosystems.  

 

 

Fig. 1. 3. Marine plankton foodwebs. Thinner line  with an arrow head 

indicate  feeding occurrences. Thicker  line  with  two  arrow heads 

indicate interactions.  
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1.5. Global warming and eutrophication  

 

Global warming and eutrophication are serious global 

phenomena and they have been affected marine food webs ( Nixon, 

1995; McClain, 2009; Boyce et al., 2010; Canuel et al., 2012 ; Godhe 

et al., 2015 ). According to IPCC report (201 3), the temperature may 

increase 2 to 6 oC in the worst case in the next 100 years and sea 

water temperature also expected to increase. Especially, coastal 

environment response faster than offshore waters, because it is 

shallow. The nutrient sources introd uce through river by utilization 

of fertilizers or air pollution deposition to the sea waters (Kim et al. 

2011). However, the nutrient concentrations in coastal waters in 

some countries are decreasing by reduction of nutrient loads in 

discharged freshwater s with well - equipped sewage treatment 

systems, while those in other countries are still increasing due to 

expansion of agriculture or hardness of water pollution control (Kim 

et al. 2011). Therefore, trends in nutrient concentrations in the 

future are depe ndent of efforts of each country. Increase or decrease 

in nutrient concentration cause a change in phytoplankton biomass 

and production and its dominant groups (Jeong et al. 2013b ). An 

increase in nutrient concentrations usually cause increase in the 

biomass of fast - growing diatoms which in turn outgrow over 

relatively slow growing flagellates ( Cloern et al., 1983; Cloern 2001).  

Thus, seawater temperature and  nutrient concentrations are 

expected to change dynamically  in the future, which may affect the  

production of marine organisms and eventually the structure and 
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functions of marine ecosystems ( Boyce et al., 2010 ; Lee, 2012; 

Defriez et al.,  2016). Therefore, I investigated temperature and 

nutrient concentration effects on phytoplankton productions usi ng 

bottle incubation experiments containing environmental water 

samples for 8 months different initial conditions and combining 4 

different water temperatures (T, T+2, T+4, and T+6  oC) and 2 

different nutrient conditions (natural nutrient conditions and en riched 

nutrient conditions) in each months in Chapter 6.  

 

1.6. Outline of this thesis  

 

This thesis focuses on two major physical and chemical factors, 

temperature and nutrients, effects on coastal environmental and the 

response by phytoplankton community and production dynamics. In 

addition, biological factors, prey, competitor, and grazing effects, 

were focused. Because prey, competitor, and grazing effects are 

strongly connected to nutritional strategy of phytoplankton and 

hetetrotrophic protists in marine food webs.  

Therefore, this study was conducted following five sub -

themes (Fig. 1. 4).  Inorganic nutrients are the most essential 

component for phytoplanktons to grow up. Also nutrients can be a n 

indicating  factor for plankton community composition. Thus, I 

investigated the most major inorganic nutrient, nitrate dynamics and 

related salinit y and precipitations effect on dominant phytoplankton 

group in Chapter2  (Fig. 1.4, 1.5) . In addition, I investigated nutritional 

strategy of phytoplankton and heterotrophic protists in marine food 
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webs in Chapter 3, 4, and 5 (Fig. 1.4, 1.5). In Chapter 3 , I investigated 

the new food web pathway from new species, Gymnodinium smaydae , 

and the highest growth rate strategy by ingesting other protists  (i.e., 

mixotrophy ). In Chapter 4, I i nvestigated another elevating growth 

strategy of Alexandrium  species by ing esting (i.e., mixotrophy )  and 

killing (i.e., allelopathy) other protists . Moreover, i n chapter 5, I 

investigated how red - tide causative protists can be  controlled by 

predators . In addition, how heterotrophic protistan species form new 

food web by ingesting red - tide species, inversely.  Finally, base on 

diverse investigations of phytoplankton biomass or abundance 

dynamics from chapter 2, 3, 4, and 5, I investigated the response o f 

phytoplankton production to  different nutrient  levels if water 

temperature elevate s 2, 4, and  6oC by global warming  using eight 

months environmental coastal waters to predict future marine 

ecosystem response  in Chapter 6 (Fig. 1.4, 1.5) . This study imply  

that  contemporary important global environmental problems caused 

by anthropogenic activities global warming and eutrophication.  
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Fig. 1. 4. Outline of Ph.D. thesis.  

 

 
 

Fig. 1. 5. Structure of the chapters in this Ph.D. thesis.  
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Chapter 2.  

Precipitation select red tide causative 

phytoplankton group: serial correlations among 

precipitation, salinity, nitr ate, and dominant 

phytoplankton  

 

2.1 Abstract  

 

Each components of p recipitation , salinity and nitrate are  have 

great influence on phytoplankton community and composition . 

However, how these components related each other and final 

dominant group are not well investigated yet. I investigated two major 

Korean coastal area, Gwangyang Bay in Southern Korea and Shi wha 

Bay in Western Korea to analysis the relationships among 

precipitation, salinity, nitrate, and dominant phytoplankton. In 

Gwangyang Bay , f rom 2011 2013 the correlations between salinity 

and 5 to 14 days precipitation sum  ( PS)  were analyzed. Salinity 

showed significant negative correlations with 10 to 20 days PS 

(p<0.001). In each summer separate analysis salinity showed 

significant negative correlations with nitrate plus nitrite (NO 3
- ) in 

2011 and 2012 (p<0.001) biomass of diatoms were dominated . 

Moreover salinity  and did not show an y correlations  with nitrate 

(p>0.05 ) and  dinoflagellates was dominated up to 70% in July 2013 . 

From 2009 to 2011  in Shiwha Bay, s alinity showed negative 
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correlations with 7 to  20 days PS (p<0.0 5).  In each year separate 

analysis,  correlations results between s alinity and precipitation sum 

was inconsistent unlike the results in Gwangyang Bay. However, i n 

each year separate analysis salinity showed significant negative 

correlations with nitrate plus nitrite (NO 3
- ) only in 2 011 (p<0.001)  

and diatoms and small flagellates were dominated, while salinity  did 

not show any correlations with nitrate in 2009 and 2010 (p>0.05)  

and dinoflagellates were dominated.  Therefore, serial correlations in 

precipitation, salinity, and nitrate c oncentration were selected 

dominant phytoplankton groups. The results from this study may help 

to understand the basic coastal process, and provide guidelines of 

coastal management and proper nutrient levels to m aintain healthy 

coastal area.  

 

2.2.  Introduc tion  

 

Coastal waters which play the most important role of water 

exchange between river and open ocean waters are the main hotspot 

of phytoplankton production due to relatively high nutrient 

concentrations than off - shore waters, thus most of fish harvest can 

occur there despite its relative small water bodies  (Odebrecht et al., 

2015) . Nutrients, especially inorganic nutrients, are the essential 

foods for phytoplankton productions. One of the main sources of 

nutrients in coastal waters are river flow origin ated from 

precipitations. Thus, the diverse components such as air pollutants in 

each area, utilization of land, and populations may decide the quality 
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of runoff through rivers to coastal. Moreover, the frequency and 

amounts of precipitation in each coasta l area may reflect temporal 

and seasonal characteristics there.  

Recently, meteorological events (i.e., temperature or 

precipitation) become more dynamic due to climate change and many 

studies has investigated the relationships between meteorological 

parame ters and phytoplankton. Further trying to find its correlations 

out to predict phytoplankton production, composition, and/or 

community (Thompson et al., 2015b). In some regions, reduced 

precipitation events, the less phytoplankton has been observed from 

ti me series data and also expected similar trends in the future 

(Thompson et al., 2015a). Therefore, the temporal and seasonal 

precipitations may have direct influence on phytoplankton biomass 

and dominant phytoplankton group in coastal regions.  

Phytoplankt on is essential primary producers in aquatic 

environments. Phytoplankton synthesize inorganic carbon, nitrogen, 

phosphorus, and/or silicate into organic compound as its body  (Kemp 

et al., 1997) . The nutrient concentrations in each river, estuary, and 

coast al region is dynamic and it changes every day because of 

depending on uncertain input (i.e., precipitations, pollutants, runoffs) 

and uptake by phytoplankton. The dominant phytoplankton in coastal 

region is mainly decided by the nutrient concentrations in each region. 

The nutrient limitation and the ratio of N to P also can affect dominant 

phytoplankton or feeding choice of mixotrophic protists. Moreover, 

the dominant animal predators consuming plankton is decided by their 

favor phytoplankton species (Cloer n et al., 1983) and the food chain 
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continue goes up. Therefore, the commercially important marine 

animal productions (i.e., fishery) may depend on dominant 

phytoplankton groups and this reflect fundamentally effects of 

nutrient concentrations in each area  (Platt et al., 2003; Richardson 

and Schoeman, 2004; McQuatters - Gollop et al., 2015) . However, 

there have been few studies investigating response by dominant 

phytoplankton group change to precipitation, salinity, and nitrate 

concentration series change.  

In this chapter, I investigated two major Korean coastal area, 

Gwangyang Bay in Southern Korea and Shiwha Bay in Western Korea 

to analysis the relationships among precipitation, salinity, nitrate, and 

dominant phytoplankton. The results from this study may he lp to 

understand the basic coastal process, and provide guidelines of 

coastal management and proper nutrient levels to maintain healthy 

coastal area.    

 

2.3.  Methods  

 

2.3.1. Study site  

 

I selected two coastal sites for study area, Gwangyang Bay in 

Southe rn Korea (Fig. 2 .1) and Shiwha Bay in Western Korea (Fig. 

2.2). Gwangyang Bay (230 km 2 area) is one of the major Southern 

Korean coastal area and have the 5 th major Seomjin rivers flow 

running between Gwangyang and Hadong into this bay and the waters 

flow into the South Sea between Yeosu and Namhae city (Fig. 2 .1). 
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Gwangyang Bay has been affected from many artificial human 

activities because steel industry and petrochemical complex have 

been working since 1980s, and cargo ships navigate from the harbor 

there. Due to these artificial reasons, Gwangyang bay is speciall y 

managed and the response of diverse coastal water environmental 

components such as T, S, nutrients, phytoplankton, and/or 

zooplankton has been reported by many environmental impact 

assessments (Jang et al., 2005; Lee et al., 2005; Baek et al., 2011; 

Kim et al., 2015). Sampling stations were selected considering 

freshwater input effects to coastal waters. At first, St. 1 where fresh 

waters from Seomjin River introduce was selected and St. 2 to St. 5 

were selected because they are gradual flowing out points  to the open 

South Sea.  

Shiwha Bay (438 kim 2 area) is located in the western Korea, 

12.7 km huge dike was constructed in 1996, and the world s largest 

tidal power plant was also constructed in 2011 (Bae et al., 2010; Lee, 

2012; Kang et al., 2013). The ori ginal purpose of dike construction 

in Shiwha Bay was to expend the land use of agriculture and 

freshwater supply for it. However, the water quality was getting 

worse after constructing the dike and the waster gate was 

constructed for water circulations, an d finally the tidal power plant 

was constructed to use there (Kang et al., 2013). The sampling 

station in Shiwha Bay was also selected as close to river and land 

(Fig. 2 .2).   
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Fig.  2.1. The map of study sites (St. 1 to 5) in Gwangyang Bay.
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Fig.  2.2. The  map of study sites (St. SNU) in Shiwha Bay.  

 

3.2. Sampling and sample analysis  

 

Water samples were taken at the surface at each station with 

water sampler for four seasons (February, April, July and December) 

from 2011 to 2013 in Gwangyang Bay. Water temperatures and 

salinities in surface waters were measured using a YSI 30 (YSI, LA, 

USA) and pH and dissolved oxygen (DO) was measured using pH - 11 

(Schott HandyLab, Mainz, Germany) and Oxi 197i (WTW, Weilheim, 

Germany), respectively. For inorganic nutrien t analysis, the water 

samples were gently filtered through GF/F filter papers and moved to 

the laboratory and analyzed immediately. When the samples could not 

be analyzed immediately, they were preserved at - 20 C in a freezer 

until analysis could take pla ce. Ammonium (NH 4), nitrate plus nitrite 
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(NO 3 + NO 2, hereafter NO 3), phosphate (PO 4), and silicate (SiO 2) were 

detected using a nutrient auto - analyzer system (QuAAtro, Seal 

Analytical GmbH, Werkstrasse, Norderstedt, Germany). The nutrient 

data of St. 1 to 4 in February 2011 were unavailable, thus only St. 5 

data was used.  

Plankton samples for counting were poured into 500 - ml 

polyethylene (PE) bottles and preserved with acidic Lugol s 

solution for protistan species counting. To determine the abundances 

of di atoms, phototrophic and mixotrophic dinoflagellates, 

heterotrophic protists, and diverse small flagellates (cryptophytes, 

raphidophytes, euglenophytes, etc.), samples preserved with acidic 

Lugol s solution were concentrated by 1/5 1˾/10 using settling and 

siphoning methods (Welch, 1948). After thorough mixing, all (or a 

minimum of 100) cells of each protist species in one to ten 1 - ml 

Sedgwick R˾after counting chambers were counted under a light 

microscope.  

I calculated the carbon content for each of many pro tistan  

species from environmental sample counting applying previously 

measured with cultures in the laboratory using a CHN analyzer (Kang 

et al., 2013; Jeong et al., 2013 b; Yoo et al.,  2013 c). For noncultured 

species or taxa, the length and width of cells preserved in 5% acidic 

Lugol s solution were measured using a light microscope and cell 

volume was then calculated according to geometry (Jeong et al.,  

2013 b). The carbon content for each species of protists  was 

calculated from the cell volume according to  Menden - Deuer and 

Lessard (2000).  
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Water samples were taken at the surface at the station which 

with water sampler for every months from 2009 to 2011 in Shiwha 

Bay. December in 2009, January and February in 2010 and 2011, 

Sampling was not conducted due to f rozen. The sampling and sample 

analyses procedure is same as described above.  

 

2.3.3 . Meteorological data  

 

The precipitation used for correlation was based on the database 

of the Korea Meteorological Administration (KMA, 

http://web.kma.go/kr ). The meteorological station of Gwangyang was 

selected for Gwangyang Bay and that of Incheon was selected for 

Shiwha Bay. In addition, to find out the best correlations between 

precipitation and salinity of each two coastal waters, the sum of 

precipitations from  5 to 20 days for Gwangyang and 2 to 20 days for 

Shiwha Bay were calculated and the strongly correlated days was 

selected.  

 

2.3.4.  Data analysis  

 

Correlation coefficients between precipitation, salinity, nitrate 

plus nitrite, and dominant phytoplankton gro ups were calculated using 

the Pearson s correlation (Conover, 1980; Zar, 1999) and SPSS 

program (IBM SPSS statistcs 23, IBM, USA). In addition, all data were 

fitted using DelthGraph 4.0 (Red Rock Software, USA)  
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2.4 . Results  

 

2.4.1 . Gwangyang Bay  

 

Physical, chemical, and meteorological properties in Gwangyang 

Bay . From February 2011 to October 2013, the range of water 

temperature in Gwangyang Bay was 5.8 -  26.6 oC and that of salinity 

was 11.0 -  34.5 (Table 2 .1, Fig. 2 .3). The lowest salinity value was 

observed at St. 1 which is the most inner station. The range of 

ammonia, nitrate plus nitrite, phosphate, and silicate concentration 

was 0 -  6.1, 0 -  64.0, 0 -  5.8, and 0 -  121.3 ɛM, respectively. The 

highest concentrations of nitrate, phosphate, and s ilicate was also 

observed at St. 1 (Table 2 .1, Fig. 2 .3).  

 

Correlations between precipitation and salinity in Gwangyang 

Bay . The maximum precipitations was occurred in every summer. 

The 14 days precipitation sum previous sampling day in summer 

were 455 mm in 2011, 296 mm in 2012, and 0.8 mm in 2013.  

From February 2011 to October 2013 the correlations between 

salinity and 5 to 14 days precipitation sum (hereafter, PS) were 

analyzed. Salinity did not show any correlations with 5 days PS 

(p>0.05; Fig. 2 .4A), s howed weak negative correlations with 7 days 

PS (p<0.05; Fig. 2 .4B), showed significant negative correlations with 

10 to 20 days PS (p<0.001, linear regression, ANOVA; Fig. 2 .4C- H; 

Table 2 .2).  
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Table 2 .1. The range of physical and chemical properties in Gwangyang Bay, Korea from February 2011 

to October 2013. Temperature (T, oC), Salinity (S), and inorganic nutrients ( ɛM) .  

  St. 1  St. 2  St. 3  St. 4  St. 5  

  AV  Min  Max  AV  Min  Max  AV  Min  Max  AV  Min  Max  AV  Min  Max  

T  15.3  5.8  25.7  15.5  6.5  26.5  15.5  6.6  26.6  15.4  6.4  26.1  16.0  6.4  25.7  

S 24.9  11.0  33.8  26.9  12.8  34.1  31.0  22.3  34.5  30.9  20.4  34.4  30.5  21.8  34.3  

NH4  2.3  0.0  5.4  2.9  0.0  8.2  1.9  0.0  5.9  2.0  0.0  5.9  2.6  0.0  6.1  

NO3 23.2  0.7  64.0  16.6  0.0  53.6  6.1  0.9  20.1  8.1  0.1  31.2  8.1  0.0  25.6  

PO4 0.8  0.0  5.8  0.7  0.0  5.3  0.7  0.0  5.4  0.6  0.0  4.0  0.6  0.0  3.0  

SiO3 39.4  2.9  121.3  27.9  0.9  114.8  11.0  0.0  36.5  15.5  0.7  69.1  13.8  0.0  60.6  
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Fig.  2.3. The range of physical, chemical, and meteorological 

properties in Gwangyang Bay, Korea from February 2011 to 

October 2013.  
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From February 2011 to October 2013 in Gwangyang Bay, 

correlations between salinity and 5 to 14 days PS in each year were 

also analyzed. Salinity generally showed significant negative linear 

correlations with 5 - 14 days PS in 2011 and 2012, while did not show 

any significant correlations in 2013 (Table 2 .3).  

 

Correlations between salinity and nutrients in Gwangyang Bay . 

From 2011 to 2013, salinity showed significant negative correlations 

with nitrate plus nitrite (NO 3
- ) and silicate (SiO 3

2- ) (p<0.001, linear 

regression, ANOVA; Fig. 2 .5, 2 .6). However, salinity  did not show 

any correlations with phosphates (PO 4
- ) (p>0.05). In addition, each 

year separate analyses also showed same results.  

However, in each summer separate analysis salinity showed 

significant negative correlations with nitrate plus nitrite (NO 3
- )  in 

2011 and 2012 (p<0.001, linear regression, ANOVA) and did not 

show any correlations in 2013 (p>0.05) (Fig. 2 .7).  
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Fig.  2.4. Correlations between 5 to 20 days precipitation sum and 

salinity of coastal surface waters in Kwangyang Bay from February 

2011 to October 2013.  
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Fig.  2.5. Correlations between salinity of coastal surface waters and 

nitrate plus nitrite (NO 3
- ) in Gwangyang Bay from February 2011 

to October 2013.  

 

 

Fig.  2.6. Correlations between salinity of coastal surface waters and 

silicate (SiO 3
2- ) in Gwangyang Bay from February 2011 to October 

2013.  
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Fig.  2.7. Correlations between salinity of coastal surface waters and 

nitrate plus nitrite (NO 3
- ) in Gwangyang Bay in July 201 1 July 

2012, and July 2013 (p<0.001 for 2011 and 2012).  
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Table 2 .2. Results of correlations using linear regression between 

salinity and precipitation in Gwangyang Bay from February 2011 to 

October 2013. Gradients (a), Constants (b), and coefficient of 

determination (R 2) from equations.  

PS p- value  R2 a b 

5 days  p>0.05  0.02  - 0.04  29.24  

7 days  p<0.05  0.08  - 0.06  29.75  

10 days  p<0.001  0.24  - 0.06  30.55  

12 days  p<0.001  0.35  - 0.07  31.01  

14 days  p<0.001  0.52  - 0.03  31.11  

16 days  p<0.001  0.52  - 0.03  31.39  

18 days  p<0.001  0.52  - 0.03  31.49  

20 days  p<0.001  0.53  - 0.03  31.84  
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Table 2 .3. Results of each year correlations between salinity and precipitation sums Gwangyang Bay from 

February 2011 to October 2013. Linear regression, ANOVA.  

  Precipitation sum   

  5d 7d 10d  12d  14d  16d  18d  20d  n 

2011  p<0.001  p>0.05  p<0.001  p<0.001  p<0.001  p<0.001  p<0.001  p<0.001  21  

2012  p<0.001  p<0.001  p<0.001  p<0.001  p<0.001  p<0.001  p<0.001  p<0.001  20  

2013  p>0.05  p>0.05  p>0.05  p>0.05  p>0.05  p>0.05  p>0.05  p>0.05  21  
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Dominant phytoplankton . From February 2011 to October 2013, 

the biomass of total phytoplankton was highest in July 2012 at station 

3 and 4 (352 - 395 ng C ml - 1) and diatoms followed as a dominant 

group the similar trends (350 - 382 ng C ml - 1). The biomass of 

diatoms were dominated each season except July 2013. The biomass 

of dinoflagellates was highest and dominated up to 70% (i.e., 116 ng 

C ml - 1 at St. 5) of total phytoplankt on biomass in July 2013 (Fig. 2. 8).  

 

Fig.  2.8. The biomass of total phytoplankton, diatoms, and 

dinoflagellates in Gwangyang Bay from February 2011 to October 

2013.   
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2.4.2.  Shiwha Bay  

 

Physical, chemical, and meteorological properties in Shiwha Bay . 

From January 2009 to December 2011, the range of water 

temperature in Shiwha Bay was 1.5 -  28.4  oC and that of salinity was 

3.4  ˾ 29.2 (Table 2 .4, Fig. 2 .9). The lowest salinity value was 

observed in August 2011. The range of ammonia, nitrate plus nitrite, 

phosphate, and silicate concentration was 0 to 0.4 - 81, 0 to 134, 0 to 

1.4, and 0.8 to 68  ɛM, respectively. The highest concentrations of 

nitrate was also observed in August 2011 (Table 2 .1, Fig. 2 .8).  

 

Correlations between precipitation and salinity in Shiwha Bay . 

The maximum precipitations was occurred in every summer. The 5, 

7, and 10 day p recipitation sum previous sampling day were highest 

(90, 169, and 235 mm, respectively) in July 2011.  

From January 2009 to December 2011, the correlations 

between salinity and 2 to 20 days precipitation sum (hereafter, PS) 

were analyzed. Salinity did not s how any correlations with 2 to 5 days 

PS (p>0.05; Fig. 2 .10A - B), showed weak negative correlations with 

7 days PS (p<0.05; Fig. 2 .10C), showed significant negative 

correlations with 10 to 20 days PS (p<0.001, linear regression, 

ANOVA; Fig. 2 .10D - F; Table 2 .5).  

From January 2009 to December 2011 in Shiwha Bay, 

correlations between salinity and 2 to 20 days PS in each year were 

also analyzed. Correlations results between s alinity and diverse PS 

was inconsistent. (Table 2 .6).   
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Fig.  2.9. The range of physical, chemical, and meteorological 

properties in Shiwha Bay, Korea from January 2009 to December 

2011.  
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Fig.  2.10 Correlations between 3 to 20 days precipitation sum and 

salinity of coastal surface waters in Shiwha Bay, Korea from 

January 2009 to December 2011.  
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Table 2 .4. The range of physical and chemical properties at the 

stations in Shiwha Bay, Korea from February 2011 to October 2013.  

Component  average  min  max  

T  16.5  1.5  28.4  

S 21.6  3.4  29.2  

NH 4 12.9  0.4  80.5  

NO3 22.7  0 133.9  

PO4 0.3  0 1.4  

SiO3 20  0.8  67.7  

T: temperature ( ɒ), P: precipitation (mm), S: salinity, inorganic 

nutrients ( ɛM).  

 

Table 2 .5. Results of correlations using linear regression be tween 

salinity and sum of precipitation (PS)  in Shiwha Bay, Korea from 

February 2011 to October 2013. Gradients (a), Constants (b), and 

coefficient of determination (R 2) from equations.  

PS P value   R2 a b 

2 days  p>0.05   0.01  - 0.06  21.79  

3 days  p>0.05   0.01  - 0.05  21.87  

5 days  p>0.05   0.12  - 0.11  23.11  

7 days  p<0.05   0.22  - 0.09  23.79  

10 days  p<0.001   0.53  - 0.09  25.12  

14 days  p<0.001   0.55  - 0.06  25.33  

20 days  p<0.001   0.63  - 0.04  25.87  
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Table 2 .6. Results of each year correlations between salinity and precipitation sums in Shiwha Bay, Korea 

from January 2009 to December 2011. Linear regression, ANOVA.  

  Precipitation sum    

  2d 3d  5d 7d 10d  14d  20d  n 

2009  p>0.05  p>0.05  p>0.05  p>0.05  p>0.05  p<0.001  p<0.001  11  

2010  p>0.05  p>0.05  p>0.05  p>0.05  p<0.001  p<0.05  p<0.05  10  

2011  p>0.05  p>0.05  p>0.05  p<0.05  p<0.001  p<0.001  p<0.001  9 



 37 

 

Correlations between salinity and nutrients in Shiwha Bay . From 

2009 to 2011, salinity showed significant negative correlations with 

nitrate plus nitrite (NO 3
- ) and silicate (SiO 3

2- ) (p<0.001, linear 

regression, ANOVA; Fig. 2 .11, 2 .12). However, salinity did not show 

any correlations with phosphates (PO 4
- ) (p>0.05).  

However, in each year separate analysis salinity showed 

significant negative correlations with nitrate  plus nitrite (NO 3
- ) only 

in 2011 (p<0.001, linear regression, ANOVA) and did not show any 

correlations in 2009 and 2010 (p>0.05) (Fig. 2 .13).  

 

 

Fig.  2.11. Correlations between salinity of coastal surface waters 

and nitrate plus nitrite (NO 3
- ) in Shiwha Bay from 2009 to 2011.  
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Fig.  2.12. Correlations between salinity of coastal surface waters 

and silicate (SiO 3
2- ) in Shiwha Bay from 2009 to 2011.  

 

 

Fig.  2.13. Correlations between salinity of coastal surface waters 

and nitrate plus nitrite (NO 3
- ) in Shiwha Bay from 2009 to 2011.   
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Dominant phytoplankton . From January 2009 to December 2011, 

the biomass of total phytoplankton was highest in May 2009, July 

2010, and August 2011 (7,330 - 10,730 ng C ml - 1). The most 

dominant phytoplankton groups in Shiwha Bay in this study were 

diatoms, dinoflagellates, and crytophytes.  

The dominant phytoplankton group when the highest biomass 

was reached in 2009 and 2010 was dinoflagelallates (10,710 ng C 

ml - 1 and 3600 n g C ml - 1, respectively), while the dominant 

phytoplankton group when the highest biomass was reached in 2011 

was diatom (7,330 ng C ml - 1) (Fig. 2 .14).  

 

Fig.  2.14. The biomass of total phytoplankton, dinoflagellates, 

cryptophytes, and diatoms in Shiwha Bay  from January 2009 to 

December 2011.  
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2.5. Discussion  
 

2.5. 1. Correlation between precipitation and salinity in two Korean 

coastal waters  

 

In Gwangyang Bay, salinity during 2011 to 2013 showed 

significant negative correlation with 7- 20  day accumulated 

precipitations. The waters from 5 th largest Seomjin River directly 

flow into Gwangyang Bay and greatly contribute nitrogen input from 

precipitations (Baek et al., 2015; Kim et al., 2015). Similarly in 

Shiwha bay, salinity during 2009 to 20 11 showed significant negative 

correlation with 7- 20  day accumulated precipitations. The waters 

from 10 streams containing anthropogenic outputs of three major 

cities (i.e., Shiheong, Hwasung, and Ansan city) flow into Shiwha Bay 

inner parts (Kim et al., 2 002). Therefore, both two coastal regions 

are highly affected by anthropogenic sources from land , and the 

general ly more than 7  days  of  accumulated precipitation is expected 

to have an impact on salinity level in both Gwangyang Bay and Shiwha 

Bay.  

 

2.5.2 . Response by dominant phytoplankton group to precipitation, 

salinity, and nitrate concentrations  

 

Strong relationships between salinity and nitrate concentration 

is also observed in other studies ( Wong et al., 1998; Herbeck et al., 

2011 ). In addition, nitrate concentration level can select dominant 

phytoplankton groups due to difference of their own physiological 
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response time (Smayda, 1997; Smayda and Reynolds, 2001; Jeong 

et al., 2015). The fast growing diatoms or small autotrophic 

fla gellates have benefit to dominate high nutrient containing waters 

because they spend most of their energy only to grow, while slow 

growing mixotrophic dinoflagellates dominate low nutrient containing 

waters by acquiring energy from both ingesting other pro tists and 

photosynthesis ( Burkholder  et al., 2008; Jeong et al., 2015; Nielsen 

& Ki ørboe, 2015 ). In addition, the salinity tolerance of diatoms are 

greater than dinoflagellates, thus diatoms may have more benefits 

when waters are diluted from fresh waters ( Lim and Ogata, 2005; 

Balzano et al., 2010 ). In Gwangyang Bay, diatom (i.e., Skeletonema  

spp.) is general dominant phytoplankton group due to high nitrate 

concentrations (Baek et al., 2015). However, in July 2013 the 

dinoflagellates, Ceratium  spp., outcomp ete in high salinity (30.8 -

31.8) and lower nitrate concentration (0.9 - 4.8 ɛM) conditions cause 

by lower 14 days precipitation sum (<1mm) (Fig. 2.3, 2.7). In Shiwha 

Bay, diverse dinoflagellates, small flagellates, and diatoms are known 

to dominate waters dy namically diatom (Lee, 2012; Kang et al., 

2013). Dinoflagellates outcompeted in 2009 and 2010 when salinity 

did not correlated with nitrate concentrations, while the small 

flagelaltes, cryptophytes, and diatom were dominated 2011 when the 

salinity was sign ificantly correlated with nitrate concentrations and 

the maximum 7 days precipitation sum was more than two times of 

maximum precipitations in 2009 and 2010 (Fig. 2.13, 2.14). 

Precipitation have great influence on phytoplankton community and 

composition be cause it is original drivers of nutrient deliver, 

retention time, dilution, declining salinity, and etc (Kim et al., 2014, 

2015; Thompson et al., 2015a, b; Weisse et al., 2016). In addition, 




