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ABSTRACT 
 

Variations of physical-chemical environments and responses of lower trophic levels 

accompanied by the passage of typhoons were examined at Manazuru Port (5 m depth) and 

Manazuru fixed offshore station (120 m depth) in the temperate coastal waters of Sagami Bay, 

Japan. Daily samplings were conducted at Manazuru Port during the passage of typhoons 

Mawar in 2005, Sinlaku in 2008, Etau in 2009 and Malou in 2010, and Manazuru fixed 

offshore station during the passage of typhoon Malou in 2010. After the passage of typhoons, 

salinity abruptly decreased, and inorganic macronutrient concentrations significantly 

increased. Nutrients were loaded by upwelling and terrestrial runoff during Mawar, and by 

terrestrial runoff during Sinlaku, Etau and Malou. Bacterial production showed a maximum 

just after the passage of typhoon, and exceeded 1.5-fold compered to primary production. On 

the other hand, primary production reached maximums three to five days after the passage of 

typhoons, and showed 10-fold value compared to bacterial production at the maximum of 

primary production. Relatively high dominances of dinoflagellates in phytoplankton 

communities just after the passage of typhoons, and then diatoms dominated the 

phytoplankton communities with increases in phytoplankton biomass. In the diatom 

communities, Skeletonema spp. during Mawar and Chaetoceros spp. during Sinlaku, Etau and 

Malou dominated. Dominances of Skeletonema spp. and Chaetoceros spp. were significantly 

correlated to N/P ratio positively and negatively, respectively (p < 0.05). The results suggest 

that the proportional contribution of nutrient sources, which determines nutrient stoichiometry, 

is an important factor in controlling phytoplankton community succession after the passage of 

typhoons. In the next study, temporal and vertical investigation at Manazuru fixed offshore 

station was conducted after the passage of Malou in order to clarify the mechanism of 

succession from dinoflagellates to diatoms and effects of typhoon passage on 

chemical-biological process below the euphotic zone. At the offshore station, dinoflagellates 

accumulated at the surface, while diatoms were distributed at the subsurface just after the 

passage of Malou. Four days after the passage of Malou, diatoms increased and dominated the 

phytoplankton community in the whole water column including below the euphotic zone, 
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verifying that dinoflagellates reflected swim strategy; diatoms reflected sink strategy. Below 

the euphotic zone, bacterial abundance and ammonium concentrations increased, and 

exhibited significantly positive correlation between them (p < 0.001), which suggested that 

bacterial ammonium regeneration progressed. Therefore, episodic typhoons play an important 

and significant role to enhance biological productions and the biochemical response within 

the water column is relatively fast after typhoon passage. 
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Chapter I 

General introduction 
 

Phytoplankton and bacteria are major aquatic organisms of lower trophic levels and at the 

base of aquatic food web. Their abundance and growth, as well as biogeochemistry, can be 

influenced by regular seasonal variations of biotic and abiotic factors, and irregularly and strongly 

influenced by climatic and anthropogenic perturbations in coastal and estuarine waters (Paerl et al. 

2006). However, biogeochemical and food web changes induced by these perturbations are complex, 

and our knowledge of how coastal and estuarine waters are influenced by different types of 

perturbations remains rudimentary.  

Phytoplankton and bacterial biomass and production fluctuate seasonally in temperate 

regions. In spring, as energy of the solar radiation becomes higher, mixed layer depth becomes 

shallower than critical depth, and phytoplankton blooms occur using ample nutrients that are 

accumulated in winter. Since the water column is strongly stratified and nutrients are depleted, 

phytoplankton biomass and production exhibit relatively low during summer and early autumn. 

Thus, although plenty light is available for phytoplankton photosynthesis during the season, nutrient 

is a major limiting factor for primary production. In autumn, decrease in water temperature of the 

upper layer causes deepened mixed layer depth, and induces phytoplankton bloom again. In winter, 

the mixed layer depth becomes deeper than the critical depth, and primary production in water 

column declines. Bacterial biomass generally demonstrates a positive relationship with chlorophyll 

(Bird & Kalff 1984, Cole et al. 1988, Ducklow & Carlson 1992, Gasol & Duarte 2000). Bacterial 

production consist averaged 10-30% of planktonic primary production in the euphotic zone (Cole et 

al. 1988, Ducklow 1999), which indicates that bacterial biomass and production are controlled by 

the availability of phytoplankton-derived resources. During the summer and early autumn, since 

phytoplankton growth is limited by depletion of nutrients, bacterial production also can be limited 

by resources derived from primary production. Biological communities of lower trophic levels in 

coastal ecosystems in productive seasons are regulated by strong bottom-up effects such as 

photosynthetic available radiation (PAR), water temperature, nutrients, organic matters and water 

stability (Baek et al. 2009; Baki et al. 2009). 

Typhoons, including hurricanes and tropical cyclones, can enhance summer and autumn 
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primary and bacterial productivities by typhoon-induced physical disturbances. The physical 

disturbances, including terrestrial runoff, upwelling and sediment resuspension, loads nutrients and 

dissolved organic matter into the euphotic zone. This, in turn, may lead to large phytoplankton 

blooms, shifts in the composition of the phytoplankton community, and increase in the bacterial 

abundance and production (e.g. Fogel et al. 1999, Shiah et al. 2000, Chen et al. 2009, Chung et al. 

2012; Tables 1-1, 1-2). In fact, chlorophyll a (chl a) concentration increased up to 32-fold in open 

waters and 12-fold in coastal waters after the passage of typhoon compared with the conditions 

prior to the typhoon passage (Table 1-1). For instance, typhoon Morakot in 2009 induced upwelling 

and terrestrial runoff, and led sizeable phytoplankton blooms and composition shift from 

Trichodesmium spp. to chain-forming centric diatoms in the southern East China Sea, northeast of 

Taiwan (Chung et al. 2012). Hurricane Gordon in 1994 induced sediment resuspension, which 

caused nutrients from sedimentary pore waters to be transferred to surface waters, and resulted in 

increased heterotrophic bacterial production in the water column (Fogel et al. 1999, Table 1-2).  

Although remote-sensing observations offer high data resolution and the frequency of 

remote-sensing observations showing typhoon passages influencing chl a concentrations has 

increased (e.g. Zheng & Tang 2007, Sun et al. 2010), the observational platform is restricted to 

clear-sky conditions, one optical depth (the reciprocal of the attenuation coefficient; k, m-1) and 

limited biogeochemical parameters (Smith 1981, Chang and Gould 2006, Milutinovic 2011, Chung 

et al. 2012). In addition, chl a values derived from remote-sensing observations may be misleading 

due to the change in phytoplankton composition or the presence of suspended particles and 

chromophoric dissolved organic matter (Hoge & Lyon 2002, Shang et al. 2008, Tang et al. 2008, 

Hung et al. 2010). In situ observations can acquire robust information, from physical-chemical 

parameters, such as salinity and nutrient concentrations, and biological parameters, such as 

phytoplankton composition, primary production and bacterial production, at higher vertical 

resolutions. However, in situ observations are limited in horizontal spatial resolution and sometimes 

rough ocean conditions prevent safe samplings. Only a few in situ samplings with high temporal 

resolution, such as daily, just after the passage of typhoon have been conducted owing to danger of 

in situ sampling and difficulty in predicting typhoon track. Thus, little is known about the variations 

of physical-chemical environments and production dynamics of phytoplankton and bacteria just 

after the passage of typhoon.  
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Since the 1950s, many of the observed changes are unprecedented over decades to 

millennia, and warming of the climate system is unequivocal (Fifth assessment report of 

Intergovernmental Panel on Climate Change 2013). As the reality of climate change and global 

warming has become more apparent, the intensity of typhoons, tropical cyclones, and hurricanes 

has increased (Emanuel 2005, Webster et al. 2005, Elsner et al. 2008, Yamada et al. 2010). The 

destructiveness of typhoons has increased over the past 30 years, showing high correlation with 

rising sea surface temperatures (Emanuel 2005). There were upward trends in the wind speeds of 

the strongest typhoons in all basins for the highest quantile considered (99th percentile; Elsner et al. 

2008). A simulation using a global cloud-system-resolving model (GCRM) predicted the increase in 

the frequency of more intense typhoons with global warming (Yamada et al. 2010). Based on these 

studies, it is conceivable that intensification of typhoons will cause stronger physical disturbances 

in aquatic ecosystems, and impacts of typhoons on oceanic biogeochemistry will also be augmented 

(Hoegh-Guldberg & Bruno 2010). 

Biological responses to typhoons are possibly different among typhoons with different 

atmospheric characteristics such as translation speed, size in vortex diameter, rainfall and winds 

(Wetz & Paerl 2008, Lin 2012). Their variable characteristics influence subsequent physical 

disturbances, which determine nutrient sources, such as river water, deep sea water and sedimentary 

pore water, during the passage of typhoons. Significant alterations to marine ecosystem functions 

have been documented after the passage of large and strong typhoons (e.g. Paerl et al. 1998, Paerl et 

al. 2001, Zheng & Tang 2007). However, little effort has been put forth to understand the temporal 

evolution of dynamics of lower trophic levels following typhoons of different types and magnitudes. 

The knowledge can be fundamental and important in order to estimate the effects of typhoon on 

temperate coastal ecosystems in the future. In Chapter 2, I examined the variations of 

physical-chemical environments and responses of lower trophic levels to the passages of different 

types of typhoons in order to clarify the consistent and different biological responses. 

The effects of physical disturbances accompanied by the passage of typhoon on ocean 

environments could be different among areas with different topographic and geographic features. 

Storm-associated winds have the potential of completely mixing shallow continental shelf waters 

(20-50 m) down to the sediment surface (Ridderinkhof 1992, Fogel et al. 1999). Thus, shallow 

inshore area may be influenced strongly by sediment resuspension in addition to terrestrial runoff 
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and upwelling, while the effects of terrestrial runoff and upwelling can be dominant in deep 

offshore area (>100 m depth). Bacterial production can be enhanced by sediment resuspension 

because the resuspension results in nutrient and organic matter load to the water column (Chróst 

and Riemann 1994). Therefore, it is predicted that biological responses to the passage of typhoon 

are different between inshore and offshore areas.  

Passages of typhoon can affect not only physical-chemical environments and biological 

productions in the euphotic zone but also chemical and biological processes below the euphotic 

zone. Typhoon Herb in 1996 induced increases in particulate organic carbon (POC) and bacterial 

biomass in the whole water column in the continental shelf of the Taiwan Strait (Shiah et al. 2000). 

The POC sinking flux after the passage of typhoon Fengwong and Sinlaku in 2008 was enhanced 

up to 1.7-fold compared with that of no typhoon period in the southern East China Sea (Hung et al. 

2010). However, limited number of vertical observations with high temporal resolution (e.g. daily) 

after the passage of typhoon has been conducted (Chung et al. 2012). In Chapter 3, I examined how 

the passage of typhoon affects ocean environments vertically.  

Effects of episodic typhoon events on the dynamics of phytoplankton and bacteria should 

be examined by conducting samplings in the area where the comparable background data have been 

accumulated. Japan is located in the western North Pacific Ocean in temperate zone, and average 

typhoons of 5.5 ± 2.0 Japan annually. From 1951 to 2012, there is no significant long-term trend of 

the number of typhoons approaching Japan, indicating that several typhoons consistently approach 

Japan every year. More than half of the numbers of typhoons approach Japan in August and 

September (Fig. 1-1). Sagami Bay, located on the southern coast of central Honshu, or referred to as 

Japanese mainland, is also subject to the passage of typhoon, in other words, the annual average of 

3.1 typhoons approach Sagami Bay. Sagami Bay is one of the representative temperate waters, and 

many researchers have investigated physical, chemical and biological environments intensively 

over a long period in the bay (e.g. Ogura 1975, Hogetsu & Taga 1977, Horikoshi 1977, Nakata 1985, 

Kitazato et al. 2000, Kuwahara et al. 2000a, b, Kanda et al. 2003, Fujiki et al. 2004, Hashimoto et al. 

2005. Miyaguchi et al. 2008, Ara & Hiromi 2009, Ara et al. 2011). Sagami Bay is also well-known 

for the richness of its marine organisms, with great biodiversity (Tanaka 1953, Nakata 1985). For 

example, 25 orders, 220 families and 946 species of fishes have been recorded in Sagami Bay 

(Nakata 1985). In addition to the high biodiversity, the primary production in Sagami Bay is 
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considered to be relatively high and can be comparable to those in the Oyashio region, which is one 

of the highest primary production areas adjacent to the seas of Japan (Nakata 1985). From the 1960s 

to the present, the total annual fishery capture in Sagami Bay has been maintained at ca. 30,000 tons 

wet weight year-1; therefore, this bay can be regarded as the most stable ground for fishery 

production in Japan (Kobata 2003). The high biological productivity can be maintained owing to 

the high nutrient loadings from twenty rivers including two large rivers (Sakawa River and Sagami 

River) flowing into the bay (Hirano 1969). Those rivers may provide a large amount of nutrients to 

stratified surface water after the passage of typhoon. River discharge causes higher amounts of 

nitrogen and silicic acid loadings compared to phosphate, which results in high nitrogen to 

phosphate ratio (N/P ratio) and phosphorus limitations during the spring and summer season (Fujiki 

et al. 2004).  

Seasonal variations in biomass and production of lower trophic levels have been also well 

studied in Sagami Bay (e.g. Ara & Hiromi 2009, Baki et al. 2009). In the spring season, the water 

column is gradually stratified with ample nutrients, and spring phytoplankton blooms are dominated 

by diatoms (e.g. Aono 2001). In the summer season, the water column is highly stratified and 

nutrient is relatively depleted, which results in the dominance of dinoflagellates such as Ceratium 

furca and Ceratium fusus (Satoh et al. 2000, Baek et al. 2008). However, variations in 

physical-chemical environments and responses of lower trophic levels to episodic events such as the 

passage of typhoon are still only fragmentally understood.  

The overall goal of the present study was to examine the short-term temporal responses of 

lower trophic levels to the passage of typhoons in the temperate coastal ecosystem. To achieve this 

goal, detailed time series measurements of biological and physical-chemical variables were carried 

out at an inshore (5 m depth) station and an offshore station (120 m depth). We examined biological 

responses to the passage of four typhoons with different characteristics at the inshore station in 

Chapter 2, and biological responses in euphotic and disphotic zones to the passage of typhoon at the 

offshore station in Chapter 3. Finally, in Chapter 4, I discussed the effects of typhoon on the 

temperate coastal ecosystem, combining the results of Chapter 2 and Chapter 3. The knowledge of 

short-term temporal variations and relationships between physical-chemical parameters and 

biological responses after the passage of typhoon can be the basic and important information to 

predict how intensification of typhoons accompanied by global warming and climate change affects 
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the biological production in the coastal regions.  
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Taiwan Strait** Tropical Herb 0.28-0.48 0.42-0.91 0.89-2.1 2.2-2.6 10-50 3.9-19 Shiah et al. 2000

Pamlico Sound Temperate
Dennis, Floyd, 

Irene
4.8 5.6-20.7 1.2-4.3 Paerl 2001

Neuse River Estuary Temperate Helene 20.6 24.5 1.2 Wetz & Paerl 2008
Neuse River Estuary Temperate Isabel 27.1 31.1 1.1 Wetz & Paerl 2008

Neuse River Estuary Temperate
Alex, Bonnie, 

Charley
8 17.3 2.2 Wetz & Paerl 2008

Northeast of Taiwan Tropical Morakot 0.3-0.4 3.7 9.3-12 Chung et al. 2012

*Typhoon in the table includes tropical cyclones and hurricanes
**Ranges of data are based on individual calculations from multiple sampling stations

A/B

mg C m-2 d-1

Oceanic

Table 1-1. Summary of chlorophyll a  (Chl a ) concentration and primary production before and after typhoon passages.

Study site
Name of 
typhoon*

Chl a (mg m-3) Primary production
Reference

Before (B) After (A) A/B

Region

mg C m-3 d-1

Estuarine and coastal

Before (B) After (A)
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North Carolina*** Gordon 40.5-76.0 98.5-103 1.3-2.5 Fogel et al. 1999

Taiwan Strait*** Herb 0.29-0.41 0.63-1.26 1.9-4.3 0.77-1.13 2.74-5.06 3.1-6.4 Shiah et al. 2000

*Typhoon in the table includes tropical cyclones and hurricanes
**Bacterial production was expressed by protein synthesis rate
***Ranges of data are based on individual calculations from multiple sampling stations

mg C m-3 d-1

A/B

mg m-2 d-1 **

Table 1-2. Summary of bacterial abundance and bacterial production before and after typhoon passages.

Study site
Name of 
typhoon*

Bacgerial abundance (106 cell mL-1) Bacteria production
Reference

Before (B) After (A) A/B Before (B) After (A)
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Fig. 1-1 Number of typhoons approaching Japan excluding Okinawa Islands 
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Chapter II 

Responses of phytoplankton and bacteria to the passage of typhoons  
at inshore waters in Sagami Bay, Japan 

 

2.1. Introduction 

A passage of typhoons causes physical disturbances such as upwelling and vertical mixing, (Price 

1981, Lin et al. 2003, Zheng & Tang 2007), terrestrial runoff (Zheng & Tang 2007, Chen et al. 

2009) and sediment resuspension (Fogel et al. 1999), which supply nutrients to the euphotic zone 

(Chang et al. 1996, Chen et al. 2009, Chung et al. 2012). In open water, nutrients are loaded by 

upwelling after a passage of typhoons (e.g. Sun et al. 2010), whereas in coastal waters nutrients are 

loaded by terrestrial runoff, sediment resuspension and/or upwelling (e.g. Shiah et al. 2000). The 

nutrient loadings enhance primary production and bacterial production up to 19 and 6.4 times, 

respectively, compared to those of before the passage of typhoon or normal conditions (e.g. Fogel et 

al. 1999; Shiah et al. 2000, Chen et al. 2009).  

The roles of marine bacteria in biogeochemical cycles and foodweb energetics depend on 

bacterial utilization of organic matter produced by phytoplankton (Azam et al. 1983, Azam 1998, 

Williams 1998). Typhoon-induced perturbations load nutrients and organic substrate, which can 

enhance bacterial productivity. Fogel et al. (1999) reported that bacterial production was enhanced 

by sediment resuspension accompanied by typhoon passage in North Carolina. Sediment 

resuspension caused by simulated storms led to a dramatic short-term (one day) increase in bacterial 

production in coastal waters during a mesocosm experiment (Chróst & Riemann 1994). Although it 

is foreseeable that bacterial production and abundance might exhibit a short-term variation before 

and after the passage of typhoon based on those previous studies, little is known about the 

short-term evolution of bacterial production and abundance during the passage of typhoon. 

Contrarily, phytoplankton bloom is known to occur in 3 to 6 days after the passage of typhoons 

(Subrahmanyam et al. 2002, Lin et al. 2003, Walker et al. 2005, Hoover et al. 2006, Zheng & Tang 

2007, Tsuchiya et al. 2013a, Tsuchiya et al. 2013b). Therefore, it is predicted that relationships 

between bacteria and phytoplankton (such as the ratio of bacterial abundance to chlorophyll a 

concentration [BA/Chl a ratio] and the ratio of bacterial production to primary production [BP/PP 

ratio]; Bird & Kalff 1984, Cho et al. 2001) is temporally fluctuated with typhoon passage. The 
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elucidation of short temporal changes of the relationship between phytoplankton and bacteria is 

central to understanding and predicting the major energy pathways in the oceans during the passage 

of typhoon. 

Contribution of the increased primary production to annual primary production has been 

estimated chiefly in tropical and subtropical regions. In the oligotrophic South China Sea, Lin et al. 

(2003) observed chlorophyll a (chl a) concentrations before and after the passage of typhoon 

Kai-Tak using three remote sensing observational platforms (SeaWiFS, TRMM and Quick-SCAT), 

estimated primary production using a vertical generalized production model algorithm (VGPM; 

Behrenfeld & Falkowski 1997), and reported that the estimated primary production resulting from 

the typhoon alone contributed at least 2–4% to the annual new production, which is supported by 

nutrient inputs from outside the euphotic zone such as nitrate. Given an annual average of fourteen 

typhoons passing over the South China Sea, the contribution of typhoons to the South China Sea’s 

annual new production may be as much as 20–30% (Lin et al. 2003). Although typhoons are 

episodic events, the effect of a typhoon on primary production is significant, and should be 

considered to estimate annual primary production. However, quantitative estimates of its 

contributions to the annual primary production during typhoons are still limited. 

Recent studies have revealed some noticeable effects of typhoon disturbances on 

phytoplankton communities. After typhoon passages, diatoms, such as Skeletonema spp., 

Chaetoceros spp. and Nitzschia spp., often dominated in various regions (Glynn et al. 1964, Zeeman 

1985, Furnas 1989, Chang et al. 1996, Chen et al. 2009, Chung et al. 2012; Table 2-1). In the 

Philippine Sea, typhoon passages induced a shift in the phytoplankton community from 

Trichodesmium spp. to diatoms, which subsequently could have caused sinking enhancement of 

biogenic carbon (Chen et al. 2009) because Trichodesmium spp. are positively buoyant (Walsby 

1992), and turbulence from typhoons is a stress that increases sinking of diatoms (Ruiz et al. 2004). 

Phytoplankton successions are known to be linked to and regulated by variability of nutrients 

(Escaravage et al. 1996, Rees et al. 1999, Estrada et al. 2003, Lagus et al. 2004). The nutrient 

environment after the passage of typhoons may vary depending on the relative contribution of 

nutrient sources, i.e. terrestrial runoff, sediment resuspension and upwelling, each of which has 

inherent unique nutrient ratios (Howarth 1988). For example, terrestrial water contains rich nitrogen 

relative to phosphorus, which leads to higher nitrogen to phosphorus ratio (Hecky & Kilham 1988), 
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whereas the nitrogen to phosphorus ratios of deep sea water were relatively low (e.g. Tsunogai & 

Noriki 1983). Nutrient concentrations and stoichiometry are possibly variable depending on 

characteristic of typhoons (e.g. typhoon track, moving velocity, wind speed and rainfall). For 

instance, high wind speed and slow moving velocity of typhoon can cause stronger wind stress on 

the sea surface, and then induce significant upwelling, supplying nutrient-rich deep water to the 

surface. Upwelling is not induced by weak and/or fast moving typhoons. In addition, strength of 

rainfall might affect the nutrient amount, which can influence bloom formation of phytoplankton. 

Deep sea water and river water exhibit their own nutrient concentrations and stoichiometry (e.g. 

Hecky & Kilham 1988). Therefore nutrient sources loaded by typhoon passage could control 

phytoplankton succession.  

In this chapter, I examined the influences of typhoon disturbances on physical-chemical 

environments, phytoplankton and bacteria at inshore waters of Sagami Bay by conducting in situ 

time-series observations of typhoon Mawar (T0511), Sinlaku (T0813), Etau (T0909) and Malou 

(T1009) which occurred in 2005, 2008, 2009 and 2010, respectively. The specific objectives of the 

study were 1) to elucidate short temporal variations of relationship between phytoplankton and 

bacteria during the passage of typhoons, 2) to quantify the contribution of enhanced primary 

production to annual primary production and 3) to clarify the relationship between phytoplankton 

assemblage and nutrient stoichiometry after the passage of typhoons. 

 

2.2. Materials and methods 

2.2.1. Typhoons investigated in the present study 

Four typhoons were investigated; Mawar (T0511), Sinlaku (T0813), Etau (T0909) and Malou 

(T1009) (Fig. 1). Mawar occurred near Ogasawara Islands in southern Japan as a tropical 

depression on 20 August 2005. The lowest sea-level pressure of Mawar was 930 hPa and the 

maximum wind speed recorded approximately 50 m s–1. Mawar then moved northwestward and its 

track changed northward with an average speed of 16.3 km h–1. At 0:00 in 26 August 2005, Mawar 

passed through Sagami Bay. Mawar with the largest diameter of storm wind of approximately 260 

km coincided with heavy precipitation around the central Japan region. After Mawar passed 

through Sagami Bay, it was downgraded to an extra-tropical cyclone on 28 August 2005 off the east 

coast of Japan Islands. 
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Sinlaku occurred in the Philippine Sea at 9:00 on 8 September 2008. The lowest sea-level 

pressure of Sinlaku was 935 hPa and the maximum wind speed was approximately 50 m s–1. Sinlaku 

then moved northward and its track changed northeastward with an average speed of 16.0 km h–1. 

At 0:00 on 20 September 2008, Sinlaku approached Sagami Bay. After Sinlaku passed Sagami Bay, 

it was downgraded to a tropical depression on 21 September 2008 around the Kuroshio extension 

region.  

Etau occurred in southern Japan as a tropical depression at 9:00 on 8 August 2009. The 

lowest sea-level pressure of Etau was 992 hPa and the maximum wind speed was approximately 20 

m s–1. Etau then moved northwestward and its track changed eastward with an average speed of 

25.2 km h–1. At 9:00 on 11 August 2009, Etau approached Sagami Bay. After Etau passed Sagami 

Bay, it was downgraded to a tropical depression on 13 August 2009 around the Kuroshio extension 

region.  

Malou occurred in the East of the Philippine Sea as a tropical depression on 3 September 

2010. The lowest sea-level pressure of Malou was 992 hPa and the maximum wind speed was 

approximately 25 m s–1. Malou passed over the East China Sea, Tsushima Straits and Japan Sea, and 

then it made landfall from Japan Sea on 8 September 2010. After Malou made landfall, it was 

downgraded to a tropical depression at 12:00 on 8 September 2010. 

 

2.2.2. Study site, sampling procedures and analytical methods 

The present study was conducted in Sagami Bay, located in the central part of Japan (Fig. 2-1), 

opening towards the Pacific Ocean to the south. Sampling was conducted at Sta. A located at the 

mouth of Manazuru Port (35º 09’ 49” N, 139º 10’ 33”E, maximum depth 5 m; Fig. 2-1) in Sagami 

Bay during four typhoon passages. The sampling periods were from 25 August 2005 to 2 September 

2005 during Mawar, from 21 September 2008 to 27 September 2008 during Sinlaku, from 10 

August 2009 to 18 August 2009 during Etau, and from 8 September 2010 to 15 September 2010 

during Malou. Samplings were conducted every 12 h at 0:00 and 12:00 during Mawar, and every 24 

h at 12:00 during Sinlaku, Etau and Malou. The sampling at 0:00 on 26 August 2005 during Mawar 

could not be conducted due to safety issues. In this study, we defined the day each typhoon passed 

Sta. A as Day 0.  

Surface seawater samples were collected for analyzing salinity, nutrients, chlorophyll a 
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(chl a), particulate organic carbon (POC), phytoplankton assemblage, primary production, bacterial 

abundance and bacterial production. Surface temperature was measured with a mercury 

thermometer. Collected water samples were prescreened through 180 µm nylon mesh to remove 

large zooplankton and debris at the site, and were carried immediately to the field laboratory 

(Manazuru Marine Center for Environmental Research and Education, Yokohama National 

University) less than 2 km away from Sta. A.  

Salinity was obtained using a light-refraction salinometer (model S-10, SHIBUYA) during 

Mawar, while an inductive salinometer (Inductively coupled salinometer model 601 Mk1V, 

Watanabe Keiki MFG. Co., Ltd.) was used during the other three typhoons. Triplicate subsamples 

for nutrient analysis were filtered through a 0.45 μm pore size membrane filter (Millex SLHA, 

Millipore), placed into 10 ml plastic tubes and stored at –20ºC until analysis. The concentrations of 

nitrate (NO3), nitrite (NO2), phosphate (PO4) and silicic acid (Si(OH)4) were measured as 

described by Parsons et al. (1984) using a nutrient auto-analyzer (AACS-II, Bran + Luebbe during 

Mawar, Sinlaku and Etau, and SWAAT, BL TEC during Malou). During Malou, ammonium (NH4) 

concentration was measured as described by Hansen & Koroleff (1999) using a nutrient 

auto-analyzer (SWAAT, BL TEC). Size-fractionated chl a analysis during Mawar was conducted as 

described by Tsuchiya et al. (Tsuchiya et al. 2013a), and total chl a concentration was estimated by 

integrating the size fractions. During Sinlaku, Etau and Malou, subsamples for chl a analysis were 

filtered onto a GF/F filter (Whatman), immersed in N,N-dimethylformamide (DMF) and stored at 

4ºC for 24 h (Suzuki & Ishimaru 1990). Chl a concentration was determined fluorometrically 

(Model 10-AU, Turner Design) according to Holm-Hansen et al. (1965). In the present study, there 

was no significant difference between the integrated total chl a concentrations and GF/F chl a 

concentrations (Student t-test, p > 0.94; data not shown). For POC measurement, duplicate 

subsamples of 300 to 500 mL were filtered onto pre-combusted (450ºC, 4 h) glass fiber filters (GF/F, 

Whatman). The filters were treated with HCl fumes for 2 h to remove inorganic carbon, dried at 

60ºC for 12 h in a dry oven and stored in a desiccator until analysis. POC concentrations were 

determined using an elemental analyzer (Instruments NA-1500 CNS, Fisions during Mawar, and 

Flash EA-1112, Thermo Finningan during Sinlaku, Etau and Malou). Samples for phytoplankton 

taxonomic identification (500 mL) were fixed by 2% glutaraldehyde solution. Five to twenty mL of 

the phytoplankton sample was poured into a settling chamber (HYDRO-BIOS), and settled for 24 h 
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(Hasle, 1978). Identification and enumeration of microphytoplankton species, especially diatom and 

dinoflagellate, were conducted using an inverted microscope (Axiovert 25, Carl Zeiss) according to 

Fukuyo et al. (1990) and Chihara et al. (1997) for dinoflagellates, and Hasle & Syvertsen (1997) for 

diatoms. Cell volume of each phytoplankton species was calculated according to Hillebrand et al. 

(1999). Carbon content of diatom and dinoflagellate was also estimated using a regression equation 

between the cell volume and the carbon content of the cell according to Strathmann (1967). 

Primary production was measured using the stable isotope 13C (Hama et al. 1983). During 

Mawar, subsamples collected from the surface water at 9:00 were dispensed into acid washed 4 L 

polycarbonate bottles (two light bottles and one dark bottle). During Malou, Subsamples collected 

from the surface water were dispensed into acid washed 1 L polycarbonate bottles (three light 

bottles and one dark bottle). They were incubated in situ for 24 h after the addition of 13C-sodium 

bicarbonate (final 13C atom% of total dissolved inorganic carbon was ~10% of that in the ambient 

water, Hama et al. 1983). After incubation, particulate matter was filtered onto pre-combusted 

(450ºC, 4 h) GF/F filters (Whatman) to determine the bulk carbon fixation rate. The filters were 

treated with HCl fumes for 2 h to remove inorganic carbon, dried at 60ºC for 12 h in a dry oven, and 

stored in a desiccator until analysis. The concentration of POC and the isotopic ratios of 13C and 12C 

were determined by a mass spectrometer (TracerMat, Finnigan MAT) combined with an elemental 

analyzer (Instruments NA-1500 CNS, Fisions) during Mawar, and by a mass spectrometer 

(ANCA-MS, Europe Scientific) during Malou. Primary production of phytoplankton was calculated 

according to Hama et al. (1983). In the present study, dissolved inorganic carbon (DIC) was not 

measured, and primary production was calculated assuming DIC = 2.2 mM (Gao & MeKinley 

1994). The primary production was corrected for the rate obtained from the dark bottle. During 

Mawar, in order to calculate the amount of carbon fixed per unit of chl a per day, chl a 

concentration was measured at the start of incubation.  

Samples for bacterial abundance were fixed with pre-filtered (< 2 µm) buffered 

formaldehyde (1% final concentration). For enumeration of bacterial abundance, 1.6-2.0 mL of a 

formaldehyde-fixed sample was filtered on a 0.2 µm black membrane filter (Isopore, Millipore) and 

stained with SYBR-Gold (Molecular Probes) following Shibata et al. (2006). Bacteria were counted 

with an epifluorescence microscope (Axioskop 2 plus, Carl Zeiss). 

The sea water samples collected from the surface were dispensed into dark bottles, and 
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were incubated with 20 nM final concentration of bromodeoxyuridine (BrdU; Sigma-Aldrich) at in 

situ temperature for 3 h. BrdU incorporation was halted by adding excess thymidine (100 µM final) 

at the end of incubation time. The BrdU incorporation rate was measured by antigen-antibody 

reaction (Steward & Azam 1999), with a few modifications to the procedure (Hamasaki 2006). 

BrdU incorporation rates (pmol L-1 h-1) were converted to thymidine (TdR) incorporation rates 

(pmol L-1 h-1) using the conversion equation ([BrdU] = 0.80 × [TdR] – 0.016; Hamasaki 2006), and 

TdR incorporation rates were converted to bacterial cell production using a theoretical conversion 

factor of 2 × 1018 cell mol-1 (Ducklow & Carlson 1992). For calculating the bacterial carbon 

production, we used 20 fg C per bacterium as a cell-to-carbon conversion factor (Lee & Fuhrman 

1987). 

Wind speed and wind direction were obtained from the Japan Meteorological Agency 

(2011) at the Ajiro Office (35º 02.7’ N, 139º 05.5’ E), and precipitation data were obtained at the 

Odawara Office (35º 16.6’ N, 139º 09.3’ E). Both observatories are located less than 15 km away 

from our sampling site. Wind speed and wind direction are mean values per hour. Precipitation is 

shown as daily integrated values. 

 

2.2.3. Statistical analysis 

The background environmental conditions (data from non-typhoon periods) for Sta. A was 

obtained from the monthly sampling of surface water for the months from July to September 

(during typhoon seasons) from 2008 to 2010. The average background data for water temperature, 

salinity, NO2+NO3, PO4, Si(OH)4 and chl a were 25.7 ± 1.7ºC, 32.5 ± 1.8, 4.2 ± 2.1 µM, 0.12 ± 

0.18 µM, 20 ± 13 µM and 2.5 ± 1.0 mg m-3, respectively (n = 9). Statistical comparisons of 

inorganic macronutrient concentrations and chl a concentrations between typhoon and non-typhoon 

periods were conducted using a Student’s t-test.  

 

2.3. Results  

2.3.1. Meteorological and physical parameters, and nutrient stoichiometry 

Mawar 

Before Mawar passage, relatively high wind speed was observed, and reached a maximum of 14.6 

m s–1 with gusts to 31.7 m s–1 on Day 0 (Fig. 2-2a). During Mawar passage, the wind direction was 
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west-southwest. A maximum precipitation of 92 mm d–1 was observed on Day –1 (Fig. 2-2b). Water 

temperature rose from 25.5 (Day –0.5) to 27.0ºC (Day 0.5) with Mawar passage (Fig. 2-2c). Water 

temperature gradually declined to 24.0 oC until Day 6. Salinity declined significantly from 35 to 25 

on Day 0.5 during Mawar passage (Fig. 2-2d), deviating from the background data. Salinity 

stabilized at around 30.5 ± 0.7 on average from Day 4 to Day 9. After Mawar passed (Day 0.5 to 

Day 2.5), the concentration of NO2+NO3 tripled to 13.4 ± 3.2 µM, which was 3.2 times higher than 

the background data (p < 0.001; Fig. 2-2e), and declined abruptly to 1.4 ± 0.3 µM on Day 4.5. PO4 

concentrations increased during Mawar passage, and relatively high concentrations lasted until Day 

4.5 (1.08 ± 0.24 µM), which was 8.9 times higher than the background data (p < 0.001; Fig. 2-2f). It 

decreased to 0.21 ± 0.02 µM on Day 6.5. Si(OH)4 concentration also increased after Mawar 

passage, and relatively high concentrations (59.0 ± 11.8 µM) lasted until Day 7, which was 2.9 

times higher than the background data (p < 0.001; Fig. 2-2g). From Day 8 to Day 9, Si(OH)4 

decreased to 19.8 ± 4.3 µM. N/P ratio showed an average of 7.2 before Mawar passage (Fig. 2-2h). 

After Mawar passage, the N/P ratio was stabilized around 15.9 ± 8.9 except for an anomaly of 1.0 

on Day 4.5. 

 

Sinlaku 

A maximum north-northeast wind of 17 m s–1 with gusts to 24.2 m s–1 was observed on Day 0 

during Sinlaku passage (Fig. 2-2i). Precipitation lasted until Day 2, and integrated precipitation was 

89.0 mm (Fig. 2-2j). Water temperature did not fluctuate drastically, and showed the mean value of 

24.9 ± 0.6ºC during the sampling period (Fig. 2-2k). Salinity showed a minimum of 27.5 on Day 1, 

and recovered to background levels on Day 5 (Fig. 2-2l). NO2+NO3 concentration showed a 

maximum of 16.9 ± 0.1 µM on Day 1, which was 4.0 times higher than the background data (p < 

0.001; Fig. 2-2m). Afterward the concentration decreased gradually to 3.9 ± 0.1 µM until Day 5. 

The concentration of PO4 also showed a maximum of 0.54 ± 0.02 µM on Day 1, which was 4.5 

times higher than the background data (p < 0.001; Fig. 2-2n). Thereafter it declined, and the 

concentrations from Day 2 to Day 7 showed no significant difference to the background data (p > 

0.05). Si(OH)4 concentration reached a maximum of 44.8 ± 0.3 µM on Day 3, and was 2.2 times 

higher than the background data (p < 0.001; Fig. 2-2o). The N/P ratio was 31.3 on Day 1, thereafter 

increased gradually to 103.1 on Day 5 (Fig. 2-2p).  
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Etau 

A maximum north-northeast wind speed of 9.4 m s–1 with gusts to 14.7 m s–1 was observed on Day 

0 (Fig. 2-2q). Integrated precipitation between Day –1 and Day 0 was 42.2 mm (Fig. 2-2r). Water 

temperature was relatively higher than the background levels and showed a maximum of 27.8ºC on 

Day 6 (Fig. 2-2s). Salinity decreased during Etau passage and showed a minimum of 26.1 on Day 0 

(Fig. 2-2t), which was 6.4 lower than the background level. Salinity recovered to 32.3 ± 0.1 

between Day 2 and Day 4, slightly decreasing to 30.3 on Day 5. Prior to the passage of Etau, 

NO2+NO3 concentration was 10.2 ± 0.1 µM, which was 2.4 times higher than the background data 

(p < 0.001; Fig. 2-2u), decreasing to a minimum of 2.4 ± 0.1 µM on Day 2. PO4 concentration 

showed a maximum of 0.70 ± 0.02 µM on Day –1, which was 5.7 times higher than the background 

data (p < 0.001; Fig. 2-2v), decreasing to an average of 0.15 ± 0.03 from Day 4 to Day 7 (Fig. 2-2v). 

Si(OH)4 concentration showed a maximum of 58.7 ± 0.2 µM on Day –1, which was 2.9 times 

higher compared to the background data (p < 0.001; Fig. 2-2w). It showed another peak of 50.5 ± 

1.2 µM on Day 5. The N/P ratio showed relatively low value (7.6) on Day 1 (Fig. 2-2x). The N/P 

ratio increased from Day 3 and reached a maximum of 39.3 on Day 6. 

 

Malou 

During Malou approach, a west-southwest wind of 8.3 m s–1 with gusts to 18.2 m s–1 was observed 

(Fig. 2-2y). A maximum precipitation of 238.5 mm d–1 was observed on Day 0 (Fig. 2-2z). During 

Malou passage, water temperature showed a minimum of 23.7ºC on Day 0, and then increased 

gradually to 28.1ºC on Day 4 (Fig. 2-2aa). Salinity also showed a minimum of 22.1 on Day 0, 

which was 10.4 lower than the background level (Fig. 2-2ab). Salinity recovered to an average of 

32.4 ± 0.5 from Day 3 to Day 7. NO2+NO3 concentration on Day 1 was 4.3 times higher than the 

background data (p < 0.001; Fig. 2-2ac), showing a maximum of 18.1 ± 0.2 µM, and decreased to 

5.2 ± 0.0 µM on Day 6. NH4 concentration showed a maximum of 8.4 ± 0.1 µM on Day 0, and 

decreased to 1.3 ± 0.0 µM on Day 6. PO4 concentrations showed a maximum of 1.05 ± 0.01 µM on 

Day 0, which was 8.6 times higher than the background data (p < 0.001; Fig. 2-2ad), and decreased 

to 0.04 ± 0.01 µM on Day 6. Si(OH)4 concentrations showed a maximum of 61.2 ± 0.9 µM on Day 

1, which was 3.1 times higher than the background data (p < 0.001; Fig. 2-2ae), showing a 
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decreasing trend until Day 6. N/P ratio showed a minimum of 11.7 on Day 0, and a peak of 55 on 

Day 1 (Fig. 2-2af). From Day 2 to Day 5, the ratio was stabilized around 24.8 ± 3.1, and increased 

abruptly to 127.3 on Day 6. 

 

2.3.2. Primary production and bacterial production 

Mawar 

Sea surface primary production was 81.3 mg C m-3 d-1 on Day 1, just after the passage of Mawar 

(Fig. 2-3a). The highest value of 349 mg C m-3 d-1 was reached on Day 3. After that, primary 

production was relatively high until Day 9. The ratio of primary production to chl a concentration 

(PP/Chl a ratio) showed relatively high values from Day 1, and lasted to Day 9 (131 ± 29 mg C [mg 

Chl a]－1 d－1; Fig. 2-3b).  

 

Malou 

Primary production at the surface was relatively low values of 131 ± 64 mg C m-3 d-1 from Day 1 to 

Day 3 (Fig. 2-4a). From Day 4, primary production increased, and then reached a maximum of 554 

± 32 mg C m-3 d-1on Day 5. PP/Chl a ratio showed a maximum (134 mg C [mg Chl a] －1 d－1) and 

averaged 134 mg C [mg Chl a] －1 d－1 during the sampling period (Fig. 2-4b).  

 Bacterial production at the surface was relatively high values of 114 ± 21 mg C m-3 d-1 

and 132 ± 14 mg m-3 d-1 on Day 1 and Day 2, respectively (Fig. 2-4c). From Day 3, bacterial 

production was 77 ± 23 mg C m-3 d-1 from Day 3 to Day 7. The ratio of bacterial production to 

bacterial abundance (BP/BA ratio) showed relatively high value on Day 1 (85 fg C cell-1 d-1), and 

reached a maximum of 133 fg C cell-1 d-1 on Day 2 (Fig. 2-4d). From Day 3, the BP/BA ratio 

decreased and stabilized at 37 ± 12 fg C cell-1 d-1. The ratio of bacterial production to primary 

production (BP/PP ratio) showed a maximum of 1.5 on Day 1 (Fig. 2-4e). And then the ratio 

decreased and showed a minimum of 0.10 on Day 5 when the primary production was a maximum.  

 

2.3.3. Chl a concentration, ratio of POC to chl a concentration, bacterial abundance and ratio 

of bacterial abundance to chl a concentration 

Mawar 

Before Mawar passage, chl a concentration was 2.2 mg m–3 (Fig. 2-5a). Just after Mawar passage, 
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chl a concentrations decreased to 0.51 mg m–3 on Day 0.5, and then abruptly increased showing the 

highest value of 7.84 mg m–3 on Day 5. The chl a concentration from Day 4 to Day 5 (5.8 ± 1.8 mg 

m–3) were significantly higher than the background concentration (p < 0.001). Ratio of particulate 

organic carbon to chl a (POC/Chl a ratio) showed a maximum of 523 on Day 1 and then decreased 

to a minimum of 60.8 on Day 5 when chl a concentration reached a maximum (Fig. 2-5b). Bacterial 

abundance showed a minimum value of 0.48 × 106 cell mL–1 on Day 0.5 (Fig. 2-5c). And then, 

bacterial abundance slightly increased on Day 1, and showed relatively high value, 1.7 ± 0.0 × 106 

cell mL–1 on from Day 1 to Day 2. Bacterial abundance reached a maximum of 4.9 ± 0.3 × 106 cell 

mL-1 on Day 7, decreasing to 1.0 ± 0.1 × 106 cell mL–1 on Day 8. Ratio of bacterial abundance to 

chl a (BA/Chl a ratio) was 0.59 × 1012 cell mg–1 on Day –1 and then shot up to 5.3 × 1012 cell mg–1 

on Day 1.5 (Fig. 2-5d). The ratio decreased to a minimum of 0.34 × 1012 cell mg–1 on Day 5.  

 

Sinlaku 

Relatively low chl a concentrations were observed from Day 1 to Day 2 after typhoon passages 

(2.5-4.5 mg m–3; Fig. 2-5e), and then increased to abnormally high values from Day 3 to Day 5 

(15.7 ± 1.3 mg m–3), which was significantly higher than the background concentration (p < 0.001). 

POC/Chl a ratio showed a maximum of 314 on Day 1 and then decreased to a minimum of 34.5 on 

Day 3 (Fig. 2-5f). Bacterial abundance was relatively high on Day 1 and then decreased to 2.4 ± 0.5 

× 106 cell mL-1 on Day 2 (Fig. 2-5g). Bacterial abundance increased and reached a maximum of 4.6 

± 0.2 × 106 cell mL-1 on Day 4. BA/Chl a ratio showed a maximum of 1.1 × 1012 cell mg–1 on Day 1 

and then decreased to a minimum of 0.19 × 1012 cell mg–1 on Day 3 (Fig. 2-5h).  

 

Etau 

Chl a concentrations showed low values from Day –1 to Day 3 (2.7 ± 1.4 mg m–3; Fig. 2-5i), and 

relatively high values from Day 4 to Day 6 (7.0 ± 1.9 mg m–3), which was significantly higher than 

the background concentration (p < 0.001). POC/Chl a ratio showed a maximum of 299 on Day –1 

and then decreased to a minimum of 61.8 on Day 4 (Fig. 2-5j). Bacterial abundance showed the 

highest value of 3.1 ± 0.4 × 106 cell mL–1 on Day –1 (Fig. 2-5k). Thereafter, bacterial abundance 

decreased, and showed a minimum of 1.4 ± 0.1 × 106 cell mL–1 on Day 4. BA/Chl a ratio showed a 

maximum of 2.5 × 1012 cell mg–1 on Day –1 and then decreased to 0.17 × 1012 cell mg–1 on Day 4 
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(Fig. 2-5l). 

 

Malou 

Chl a concentrations showed relatively low values of 1.1 ± 0.4 mg m–3 from Day 0 to Day 3, and 

then reached a maximum of 7.7 mg m–3 on Day 6 (Fig. 2-5m). The chl a concentration from Day 5 

to Day 7 (4.8 ± 2.5 mg m–3) were significantly higher than the background concentration (p < 0.05). 

POC/Chl a ratio showed a maximum of 659 on Day 0 and then decreased to a minimum of 53.9 on 

Day 6 (Fig. 2-5n). Bacterial abundance showed relatively low values of 1.1 ± 0.2 × 106 cell mL-1 

from Day 0 to Day 3, and then reached a maximum of 2.8 ± 0.1 × 106 cell mL-1 on Day 6 (Fig. 

2-5o). BA/Chl a ratio showed relatively high values of 1.9 × 1012 cell mg–1 and 2.0 × 1012 cell mg–1 

on Day 1 and Day 3, respectively, and then showed a minimum of 0.35 × 1012 cell mg–1 on Day 6 

(Fig. 2-5p). 

 

2.3.4. Phytoplankton assemblage 

Mawar 

On Day –1, the carbon biomass of diatom Skeletonema spp. was most dominant (119 mg C m–3; Fig. 

2-6a), and dinoflagellate Dinophysis spp. were the second dominant group with a carbon biomass of 

66.9 mg C m–3 (included in other dinoflagellates; Fig. 2-6a). Carbon biomass showed relatively low 

levels after Mawar passage until Day 3. Carbon biomass increased abruptly from Day 4, and 

reached a maximum of 530 mg C m–3 on Day 5. At the peak, Skeletonema spp. were most dominant 

at 453 mg C m–3, accounting for 85 % of the total phytoplankton carbon biomass (Fig. 2-6b). 

Following the first peak, the most dominant taxon changed to Chaetoceros spp., which were 

dominant at 51 ± 4% from Day 7 to Day 9 (Fig. 2-6a, b). The proportion of dinoflagellates was 

highest at 85 %, dominated by Protoperidinium spp. on Day 2, and decreased with increase in 

phytoplankton biomass thereafter (Fig. 2-6c).  

 

Sinlaku 

Phytoplankton carbon biomass reached a maximum of 1002 mg C m–3 on Day 4 (Fig. 2-6d) 

composed of Chaetoceros spp., and accounted for 90% of the total phytoplankton carbon biomass 

(Fig. 2-6d, e). Phytoplankton carbon biomass decreased on Day 6. Relatively high contribution of 
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dinoflagellates to the phytoplankton biomass was observed on Day 1 and Day 3, accounting for 

44% and 57%, respectively. On Day 1, dinoflagellate Gymnodinium spp. and Dinophysis spp. were 

dominant with carbon biomasses of 28.5 mg C m–3 and 18.2 mg C m–3, respectively, and on Day 3 

Protoperidinium spp. and Gymnodinium spp. were dominant with carbon biomasses of 193 mg C 

m–3 and 120 mg C m–3, respectively. The proportions of dinoflagellates decreased and showed less 

than 10 % during the phytoplankton biomass peak from Day 4 to Day 5 (Fig. 2-6f). 

 

Etau 

Phytoplankton carbon biomass showed low values from Day –1 to Day 3 (60.1 ± 31.8 mg C m–3; 

Fig. 2-6g) and relatively high values from Day 4 to Day 6 (331.3 ± 90.2 mg C m–3). Dinoflagellates 

such as Ceratium spp. and Protoperidinium spp. dominated the phytoplankton communities on Day 

0 and Day 1, accounting for 69% (45.1 mg C m–3 and 8.2 mg C m–3 , respectively) and 83% (25.0 

mg C m–3 and 14.2 mg C m–3, respectively), respectively (Fig. 2-6g, h). As phytoplankton carbon 

biomass increased, diatoms dominated the community (84 ± 8%) from Day 2 to Day 7 (Fig. 2-6i), 

where Chaetoceros spp. were most dominant with a maximum carbon biomass of 315 mg C m–3 on 

Day 6. 

 

Malou 

Phytoplankton carbon biomass showed relatively low values (41.6 ± 30.3 mg C m–3) from Day 1 to 

Day 4 (Fig. 2-6j), when dinoflagellates such as Ceratium spp., Protoperidinium spp. Prorocentrum 

spp. and Dinophysis spp. dominated the phytoplankton community (64 ± 17%; Fig. 2-6k, l). 

Diatoms dominated the community (96 ± 3%) from Day 5 to Day 7, and phytoplankton carbon 

biomass showed a maximum of 315 mg C m–3 on Day 6 (Fig. 3j). During the carbon biomass peak, 

Chaetoceros spp. and Cerataulina spp. dominated the community at 53% and 33%, respectively.  

 

2.4. Discussion 

When concentrations of dissolved inorganic nitrogen, phosphate and silicate are <1.0, 0.2 and 2.0 

µM, respectively, they are considered limiting for phytoplankton growth (Dortch & Whitledge 1992, 

Justic et al. 1995). During summer months (background concentration) at Sta. A, NO2+NO3 and 

Si(OH)4 concentrations (4.2 ± 2.1 and 20 ± 13 µM, respectively) are generally much higher than the 



 23 

limiting concentrations, while PO4 concentrations (0.12 ± 0.18 µM) are lower than the limiting 

concentrations, suggesting phytoplankton growth limitation by PO4 during this season. Fujiki et al. 

(2004) reported that primary productivity was phosphorus limited in spring and summer in Sagami 

Bay. However, during episodic typhoon events all inorganic macronutrient concentrations especially 

PO4 significantly increased (Fig. 2). After the passage of Mawar, relatively high PO4 concentrations 

lasted until Day 4 (Fig. 2-2f). On the other hand, after the passages of Sinlaku, Etau and Malou, 

PO4 concentrations reached their maximums during the passages of typhoons (Day –1 to Day 1), 

and then decreased rapidly. Incidentally, the PO4 concentrations during Sinlaku, Etau and Malou 

were significantly lower than during Mawar (Tukey-Kramer, p < 0.01), which led to relatively 

higher N/P ratios. Remote sensing SST data derived from NOAA remote sensing data revealed a 

cold water mass prevailed around Sagami Bay along the typhoon track after the passage of Mawar 

(Kanagawa Prefectural Fisheries Technology Center, 2012; 

http://www.agri-kanagawa.jp/suisoken/noaa2/noaa2.asp). Thus, a large proportion of nutrients 

during Mawar may have originated from upwelled nutrient-rich deeper water. On the other hand, 

after the passages of Sinlaku, Etau and Malou, a cold water track similar to Mawar was not 

observed based on remote sensing SST data (Kanagawa Prefectural Fisheries Technology Center 

2012). Nutrient concentrations during these typhoons showed relatively high values with low 

salinity, suggesting a large proportion of macronutrients might be attributable to terrestrial runoff 

rather than upwelling. Higher N/P ratios during Sinlaku, Etau and Malou than that during Mawar 

can be another evidence for the high contribution of river discharge because riverine waters 

generally has higher N/P ratios than oceanic waters (Fujiki et al. 2004). 

Relatively high BA/Chl a ratio before and after the passages of typhoons suggested that the 

ecosystem might have been relatively heterotrophic system (Fig. 2-5). The residuals of observed 

BA/Chl a ratio and estimated BA/Chl a ratio according to the regression equation (log [BA; cell 

mL-1] = 5.96 + 0.524 × log [Chl a; mg m-3]; Cole et al. 1988) showed relatively large positive 

values before and after the passage of typhoons (Fig. 2-7), which suggested that bacteria might have 

depended not only upon phytoplankton-derived substrates but also upon other carbon sources. 

Typhoon-induced physical perturbations such as terrestrial runoff and sediment resuspension loaded 

allochthonous organic and inorganic substrates. The high BP/PP ratio, 1.5, on Day 1 during Malou 

evidenced that bacterial growth might have been supported by allochthonous substrates rather than 
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autochthonous substrates derived from phytoplankton (Fig. 2-6e). In the photic zone of the ocean, 

bacterial production is significantly correlated with primary production, and averages 10-30% of 

planktonic primary production (Cole et al. 1988, Ducklow 1999). Assuming a bacterial growth 

efficiency of 0.5 (Coveney & Wetzel 1995), BP/PP ratios of >0.5 indicate that daily bacterial carbon 

demand exceeded daily primary production (bacterial carbon demand = bacterial production / 

growth efficiency; Nagata et al. 1996). The POC/Chl a ratios showed relatively high values just 

before and after the passages of typhoons (Fig. 2-5b, f, j, n). High POC/Chl a ratios are caused by 

high carbon biomass of heterotrophic organisms such as bacteria, and detritus relative to 

phytoplankton carbon biomass, which indicates that the system is heterotrophic (Gasol et al. 1997, 

Vargas et al. 2007).  

 Accompanied by phytoplankton blooms, the BA/Chl a ratios decreased and the residuals 

of observed BA/Chl a ratio and estimated BA/Chl a ratio showed around zero (Fig. 2-7), which 

indicated that the environments might have been changed to autotrophic systems. During Malou, 

BP/PP ratio of around 0.2 evidenced the autotrophic environments when phytoplankton bloom 

occurred. In addition, POC/Chl a ratio decreased during phytoplankton blooms. The dynamics 

agreed with the previous studies (e.g. Vargas et al. 2007). Therefore, accompanied by typhoon 

passages, the ocean environments changed from heterotrophic to autotrophic systems within several 

days.  

 The PP/Chl a ratios during Mawar and Malou were significantly higher than the mean 

PP/Chl a ratio, 40 mg C [mg Chl a] －1 d－1, observed in August and September in Sagami Bay 

(Student’s t-test, p < 0.01) reported by Sugawara et al. (2003). Previous studies utilizing remote 

sensing measurements reported time lags of three to six days between phytoplankton blooms and 

their preceding typhoons (Subrahmanyam et al. 2002, Lin et al. 2003, Walker et al. 2005, Hoover et 

al. 2006, Zheng & Tang 2007). In the present study, phytoplankton exhibited high photosynthetic 

activity just after the passage of typhoons, due to the high nutrient concentrations following the 

passage of Mawar and Malou. The results suggest that the passage of typhoon significantly 

enhanced primary productivity for nine days during Mawar and seven days during Malou.  

The integrated primary productions for the duration of nine days after the passage of 

Mawar and for the duration of seven days after the passage of Malou were 2.10 × 103 mg C m－3 

and 2.07 × 103 mg C m－3, which accounts for 7.1–9.1% of the annual primary production in the 
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upper waters of Sagami Bay [annual primary production values were derived from Satoh et al. 2000 

(2.92 × 104 mg C m－3 yr－1), Sugawara et al. 2003 (2.30 × 104 mg C m－3 yr－1) and Ara & Hiromi 

2009 (2.82 × 104 mg C m－3 yr－1)]. Approximately 3 typhoons on average approach Sagami Bay 

annually (Japan Meteorological Agency), which implies that primary production in the upper waters 

of Sagami Bay may be enhanced in the range of 21.3–27.3% of the annual primary production. The 

present study verified that episodic events such as typhoons can make large contributions to annual 

primary production in temperate coastal regions. In the oceanic region of the South China Sea, 

integrated primary production at the bloom center after typhoon passages have been calculated, and 

accounted for 9.9–23% of the annual primary production derived from Liu et al. (2002) (Lin et al. 

2003, Zhao et al. 2008). 

Relatively high proportions of dinoflagellates just after the passage of typhoons in the 

present study agreed with prior studies conducted after the episodic events in Chesapeake Bay 

(Loftus & Seliger 1976), South Carolina (Zeeman 1985), Hellshire coast of Jamaica (Webber et al. 

1992), and Kaneohe Bay of Hawaii (Hoover et al. 2006). Typhoon-driven runoff may contribute to 

the formation of a shallow, low salinity, and nutrient-rich fresh water layer at the surface, as 

suggested by Satoh et al. (2000). It is known that the swimming behavior of dinoflagellates could 

serve to concentrate cells into the nutrient-rich fresh water layer at the surface (Donaghay & Osborn 

1997). Hoover et al. (2006) suggested that the early appearance of dinoflagellates after episodic 

events is consistent with observations (Sellner et al. 2001) that they were better adapted to utilize 

high-nutrient concentrations under low-turbulence conditions than other phytoplankton groups. 

Further, dinoflagellates have been known to utilize organic substrates for nutrition (Zeeman 1985), 

and the typhoon could have enriched the waters with organic compounds through runoff. Thus, 

these physical and physiological features may have allowed relative success of dinoflagellates just 

after the passage of typhoons in the present study.  

The dominance of dinoflagellate genera, Protoperidinium spp., Dinophysis spp., 

Prorocentrum spp., Gymnodinium spp. and Ceratium spp., in the present study after the passage of 

typhoons were consistent with those of previous studies conducted after the episodic events such as 

Protoperidinium spp. (Webber et al. 1992), Protoperidinium spp. (Hoover et al. 2006), and 

Ceratium trichoceros, Gymnodinium sp., and Dinophysis caudata (Zeeman 1985). These genera and 

species are considered as heterotrophic or mixotrophic dinoflagellates (Lessard & Swift 1985, 
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Hansen 1991, Strom & Morello 1998, Jacobson 1999, Jeong 1999, Morton 2000, Ismael 2003, 

Nishitani et al. 2003, Sherr & Sherr 2007), which suggested that typhoon passage, including 

episodic storm events, might lead phytoplankton communities to relatively heterotrophic ones. The 

ratios of mixo- and heterotrophic phytoplankton carbon biomass to autotrophic phytoplankton 

carbon biomass increased just after the passage of typhoons, and then generally decreased (Fig. 2-8). 

The results imply that after the passage of typhoon phytoplankton communities initially shifted to 

heterotrophic ones, and subsequently changed to autotrophic ones accompanied by a phytoplankton 

bloom mainly of diatoms.  

After relatively high proportions of dinoflagellates, phytoplankton biomass increased 

dramatically, dominated by diatoms. A significantly positive relationship between total 

phytoplankton biomass and proportions of diatom biomass was observed (p < 0.05, Fig. 2-9a). Prior 

studies in subtropical regions reported successions of phytoplankters after episodic events (e.g. 

Chung et al. 2012). In Kaneohe Bay of Hawaii, dinoflagellate Protoperidinium sp. dominated the 

community just after a storm; thereafter diatoms increased and dominated (Hoover et al. 2006). In 

the southern East China Sea, the diatom population was dominated by chain-forming centric 

diatoms (Chaetoceros spp.) instead of the Trichodesmium and Gymnodinium spp. that prevailed 

before the typhoon (Chung et al. 2012). In the present study, Si(OH)4 concentrations were not less 

than 12.1 µM, Si/N ratios were not less than 1 (data not shown) except for Day 0 during Malou 

(0.997) and Si/P ratio were not less than 10 (data not shown), which suggested that silica was not a 

limiting nutrient for diatom growth (Harrison et al. 1976, Harrison et al. 1977, Levasseur & 

Therriault 1987, Dortch & Whitledge 1992, Justic et al. 1995). Diatoms are superior competitors for 

light and nutrients when silicate is available (Riegman et al. 1998). Therefore, the silica-rich 

nutrient environment after typhoon passage derived from terrestrial and upwelling influences may 

allow diatoms to dominate after a brief increase of other phytoplankton groups such as 

dinoflagellates. 

 When the diatom proportion to total phytoplankton biomass was higher than the median 

of 77.9% (Fig. 2-9a), the proportion of Skeletonema spp. and Chaetoceros spp. biomasses in the 

diatom community showed a significant hyperbolic curve with increases in diatom biomass (p < 

0.05; Fig. 2-9b). This relationship suggests that either Skeletonema spp. or Chaetoceros spp. 

selectively increased and dominated the diatom communities after the passage of respective 
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typhoons, possibly due to their capacity for high growth rates (e.g. Finenko & Krupatkina-Akinina 

1974, Han & Furuya 2000), euryhaline capabilities (Brand 1984, Sigaud & Aidar 1993, Balzano et 

al. 2011) and/or short time lags between nutrient uptake and growth (e.g. Collos 1986).  

There are significant relationships between Skeletonema spp. and Chaetoceros spp. 

dominances within the phytoplankton communities, and their respective N/P ratios (p < 0.05; Fig. 

2-9c, d), suggesting that Skeletonema spp. dominated under the condition of lower N/P ratio and 

Chaetoceros spp. dominated under the condition of higher N/P ratio. The N/P ratios after typhoon 

passages were 9.9 in South Carolina (Zeeman 1985) and 11.5 in northern Taiwan (Chang et al. 

1996), which are similar to the value (12.4) found after the passage of Mawar when Skeletonema 

spp. were dominant. Roden and O’Mahony (1984) conducted an outdoor experiment in an 

enclosure and reported that Skeletonema spp. favor low N/P ratios and were dominant when the N/P 

ratio was less than 30. On the other hand, Chaetoceros spp. were not phosphorus limited when the 

N/P ratio was more than 30. Alkaline phosphatase activity of Chaetoceros affinis was higher than 

that of Skeletonema costatum, especially under high N/P ratio (Møller et al. 1975). The previous 

studies support the notion that Chaetoceros spp. could dominate under higher N/P ratios, or lower 

PO4 concentrations. These relationships support the classic interpretation where the N/P ratio 

determines the dominant phytoplankton bloom (e.g. Tilman et al. 1986, Escaravage et al. 1996, 

Rees et al. 1999, Estrada et al. 2003, Lagus et al. 2004).  Temporal coupling between Chaetoceros 

blooms and increases in the N/P ratio during Sinlaku, Etau and Malou suggested drawdown of PO4 

(Figs. 2-2, 2-6). It is important to emphasize, however, that PO4 levels during these three typhoons 

were relatively low near background levels which may have contributed to the high N/P ratios. 

These results suggest that low PO4 concentrations and coupled high N/P ratios facilitated 

Chaetoceros spp. blooms, while high PO4 concentrations and associated low N/P ratios were more 

favorable conditions for Skeletonema spp. bloom formation. 

In the present study, contribution of nutrient sources was different between Mawar and the 

other three typhoons; upwelling and terrestrial runoff were likely the dominant nutrient sources in 

Mawar, and terrestrial runoff was the dominant nutrient source in Sinlaku, Etau and Malou. 

Terrestrial waters supply a large amount of nitrogen to coastal regions (Edmond et al. 1985, Turner 

et al. 1990, Fujiki et al. 2004), which results in higher N/P ratios compared to that of deep water in 

Sagami Bay (Kamatani et al. 2000). The results of the present study and the experiment suggest that 
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the proportional contribution of nutrient sources, which determines nutrient stoichiometry after the 

passage of typhoons, is an important factor in controlling phytoplankton community succession. 

In the present chapter, the responses of phytoplankton and bacteria to physical-chemical 

variations induced by the passage of typhoons at the surface of inshore waters were examined. 

Major biological production changed from bacterial production to primary production in a few days 

after the passage of typhoon, in other words, changed from heterotrophic system to autotrophic 

system. The temporally integrated primary production enhanced by the passage of typhoon 

accounted for 7.1–9.1% of the annual primary production in the upper waters of Sagami Bay. 

Phytoplankton succession from dinoflagellates to diatoms occurred. The diatom succession might 

be controlled by nutrient stoichiometry which was determined by nutrient sources after the passage 

of typhoons.    
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B A
Puerto Rico - Skeletonema spp. Glynn et al. (1964)
South Carolina Dennis Skeletonema spp. Skeletonema spp. Zeeman (1985)

Rhizosolenia alata Rhizosolenia alata
Thallasiothrix sp. Pleurosigma sp.
Ondontella autita Coscinodiscus sp.

Ceratium tirchoceros
Gymnodinium  sp.
Dinophysis caudata

- Chaetoceros curvisetum Furnas (1989)
Nitzschia  sp.
small pennate diatoms

the Reef of Tiafura Wasa - Nitzschia closterium Delessalle et al. (1993)
Nitzschia bicapitata
pennate diatoms

Northern Taiwan - Skeletonema spp. Chang et al. (1996)
Chaetoceros sp.
Nitzschia  sp.

Kuroshio Tricodesmium  sp. Hemiaulus spp. Chen et al. (2009)
Guinardia sp.

Neuse River Estuary Helene Dinoflagellates Dinoflagellates, 
cryptophytes

Wetz & Paerl 2008

Isabel Dinoflagellates Diatoms Valdes-Weaver et al. 2006
Alex, Bonnie, 
and Charley

Cyanobacteria Cyanobacteria, 
dinoflagellates

Wetz & Paerl 2008

Northeaast of Taiwan Morakot Trichodesmium Chaetoceros spp. Chung et al. 2012

Tim, Caitlin, 
Doug and 
Fred

Pabuk, 
Wutip, 
and Sepat

(Unicellular 
cyanobacteria) Chaetoceros  spp.

Table 2-1. Major phytoplankton species in the pre- and post- typhoon passage (B: Before typhoon, A: After typhoon).

Location Typhoon
Phytoplankton species

Reference

the Great Barrie Reef
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Fig. 2-1 Typhoon tracks and sampling area. Circles, triangles, squares and diamond shapes 

represents Mawar, Sinlaku, Etau and Malou passages, respectively, and each symbol shows the 

location at 3 am (Data obtained from the Japan Meteorological Agency). Solid lines and dashed 

lines show typhoons and tropical depression (including extratropical cyclone), respectively  
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Fig. 2-2 Temporal variations in wind speed, precipitation, water temperature, salinity, NO2+NO3, 

PO4, Si(OH)4 and N/P ratio in (a-h) Mawar, (i-p) Sinlaku, (q-x) Etau and (y-af) Malou. Dashed 

lines and gray shadows indicate the background data (non-typhoon) and the standard deviations, 

respectively  
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Fig. 2-2 (Continued) 
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Fig. 2-3 Temporal variations in (a) primary production and (b) ratio of primary production to 

chlorophyll a concentration (PP/Chl a ratio) during Mawar 
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Fig. 2-4 Temporal variations in (a) primary production, (b) ratio of primary production to 

chlorophyll a (PP/Chl a ratio), (c) bacterial production, (d) ratio of bacterial production to bacterial 

abundance (BP/BA ratio) and (e) ratio of bacterial production to primary production (BP/PP ratio) 

during Malou  
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Fig. 2-5 Temporal variations in chlorophyll a concentration (Chl a), ratio of particulate organic 

carbon to chl a (POC/Chl a ratio), bacterial abundance and ratio of bacterial abundance to chl a 

(BA/Chl a ratio) in (a-d) Mawar, (e-h) Sinlaku, (i-l) Etau and (m-p) Malou. Dashed lines and gray 

shadows indicate the background data (non-typhoon) and the standard deviations, respectively  
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Fig. 2-6 Temporal variations in phytoplankton biomass, relative abundance, and relative diatom and 

dinoflagellate abundance in (a-c) Mawar, (d-f) Sinlaku, (g-i) Etau and (j-l) Malou 
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Fig. 2-7 Temporal variations in residual of ratio of bacterial abundance to chlorophyll a 

concentration (BA/Chl a ratio) between observed and estimated BA/Chl a ratios in (a) Mawar, (b) 

Sinlaku, (c) Etau and (d) Malou. The estimated BA/Chl a ratio was calculated using the equation 

(log [BA; cell mL-1] = 5.96 + 0.524 × log [Chl a; mg m-3]) derived from Cole et al. (1988) 
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Fig. 2-8 Temporal variations in ratio of mixo- and heterotrophic phytoplankton carbon biomass to 

autotrophic phytoplankton carbon biomass (H/A ratio) in (a) Mawar, (b) Sinlaku, (c) Etau and (d) 

Malou 
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Fig. 2-9 Relationships between (a) Diatom proportion in total biomass and total biomass, (b) 

proportion of Skeletonema + Chaetoceros in diatom biomass and diatom biomass, (c) proportion of 

Skeletonema in total biomass and N/P ratio, and (d) proportion of Chaetoceros in total biomass and 

N/P ratio. The regression curves were (a) [Diatom proportion] = 0.31 + 0.084 * ln [Total biomass] 

(n = 33, r = 0.39, p < 0.05), (b) [Skeletonema + Chaetoceros / diatom biomass] = 0.92 * [diatom 

biomass] / (15 + [diatom biomass] (n = 17, r = 0.75, p < 0.001), (c) log ( θ / (1 – θ) ) = 3.94 × [N/P] 

/ ([N/P] + 17.8) – 1.03 (n = 16, r = 0.65, p < 0.05; θ = 1 – dominance of Skeletonema spp.) and (d) 

log ( θ / (1 – θ) ) = 3.00 × [N/P] / ([N/P] + 15.4) – 1.81 (n = 16, r = 0.60, p < 0.05; θ = dominance of 

Chaetoceros spp.). Date of (b) whose total dominance of Skeletonema spp. and Chaetoceros spp. in 

the diatom community exhibited more than 50% was used for analyses of (c) and (d) 
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Chapter III 

Vertical and temporal variations of phytoplankton, and microbial processes 
below the euphotic zone after the passage of typhoon  

at offshore waters in Sagami Bay, Japan 
 

3.1. Introduction 

Some in situ studies after the episodic events reported that dinoflagellate dominated the 

phytoplankton community in coastal regions (Loftus et al. 1972, Zeeman 1985, Webber et al. 1992, 

Hoover et al. 2006, Tsuchiya et al. 2013b). In Chesapeake Bay, dinoflagellate biomass increased to 

over 300 mg Chl m-3 following a heavy rainfall, with the populations aggregating in the thin 

buoyant lens of fresher water immediately below the surface (Loftus et al. 1972). In Kaneohe Bay, 

Hawaii, dinoflagellate Protoperidinium spp. and Ceratium spp. were dominant after the storm 

runoff (Hoover et al. 2006). After the runoff, shallow pycnocline with rich nutrients at the surface, 

and then dinoflagellates might accumulate in the layer using their swimming ability (Donaghay & 

Osborn 1997). After the dominance of dinoflagellates, diatoms such as Chaetoceros spp and 

Skeletonema spp. become dominant (Zeeman et al. 1985, Hoover et al. 2006). Collectively, 

dinoflagellates use a “swim” strategy, diatoms use a “sink” strategy (Smayda 1997), and diatom and 

dinoflagellate blooms rarely coincide in coastal systems (Smayda & Trainer 2010), which implies 

their temporal and vertical habitat segregations. However, the vertical distribution and bloom 

formation process of diatoms and dinoflagellates after the passage of typhoon are still relatively 

unknown. 

 Fates of increased phytoplankton in the euphotic zone after the passage of typhoon have 

received increased attention in recent years. Some previous studies suggested that high grazing 

pressure by micro- and mesozooplankton on phytoplankton based on the results of increase of 

meso- and macrozooplankton biomass (Hoover et al. 2006), abrupt termination of the diatom bloom 

within 24 h and increase of fecal pellets (Chung et al. 2012), and significantly positive correlation 

between phytoplankton growth rate and microzooplankton grazing rate through dilution 

experiments (Zhou et al. 2011). Especially, increase in fecal pellets can accelerate sinking of 

phytoplankton from euphotic zone to deeper waters (Turner 2002). In an incubation experiment 

conducted in the East China Sea simulating the passage of typhoon, diatom and ciliate populations 
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increased, which suggested enhancing biogenic carbon export in the water column (Yasuki et al. 

2013). Typhoon-induced diatom blooms are predicted to contribute to sinking POC flux due to their 

relatively high sinking velocity (Passow 1991, Chen et al. 2009). In the southern East China Sea, 

typhoon events caused phytoplankton bloom and enhanced POC flux up to 1.7-fold higher than that 

of the same season when no typhoons occurred (Hung et al. 2010). In addition, in a coastal region, 

river runoff transports large amount of terrigenous organic matter (e.g. Kao & Liu 1997). These 

phenomena such as grazing activity, and sinking of phytoplankton, biogenic carbon and detrital 

POC might influence chemical-biological processes below the euphotic zone. Among them, nutrient 

regeneration caused by grazing activity and microbial decomposition of organic matter might be 

progressed below the euphotic zone. However, difficulty of in situ sampling after the passage of 

typhoon have not let us shed a light on the short-temporal variations of chemical-biological 

processes below the euphotic zone.  

In this study, I conducted in situ daily observations of physical-chemical environments, 

phytoplankton and bacteria at an offshore station in Sagami Bay after the passage of typhoon Malou 

in 2010. The aim of the present study was to elucidate bloom formation process and their fate after 

the passage of typhoon.  

 

3.2. Materials and methods 

3.2.1. Typhoon investigated in the present study 

Malou occurred in the East of the Philippine Sea as a tropical depression on 3 September 2010. The 

lowest sea-level pressure of Malou was 992 hPa and the maximum wind speed was approximately 

25 m s–1. Malou passed over the East China Sea, Tsushima Straits and Japan Sea, and then it made 

landfall from Japan Sea on 8 September 2010. After Malou made landfall, it was downgraded to a 

tropical depression at 12:00 on 8 September 2010. 

 

3.2.2. Study site, sampling procedures and analytical methods 

Daily samplings were carried out after the passage of typhoon Malou in 2010, at the shelf station 

(Sta. M, 120 m depth, 35º 09.0’ N, 139º 10.5’ E) from 9 to 13 September in 2010 (Fig. 3-1). The 

sampling at Sta. M was conducted using the R.V. “Tachibana” of the Manazuru Marine Laboratory, 

Yokohama National University. Surface water was collected by means of a bucket while seawater 
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from 10, 20, 30, 40, 60 and 100 m depths by 5 L Niskin bottles. Collected water samples were 

pre-screened through 180 µm nylon mesh to remove large zooplankton and debris, and were 

immediately brought back to the field laboratory (Manazuru Marine Center for Environmental 

Research and Education, Yokohama National University). In the present study, we defined 8 

September in 2010, on which typhoon Malou made closest approach to Sagami Bay, as Day 0. 

Solar irradiance profiles (at 0.5 m per second) were conducted using the PUV-500 

submersible radiometer (Biospherical Instruments, Inc.) in order to determine the attenuation of 

photosynthetically available radiance (PAR) at Sta. A and Sta. M. The diffuse attenuation coefficient 

for downwelling irradiance of PAR (Kd) was determined from the slope of the linear regression of 

natural logarithm of downwelling irradiance against depth assuming that solar irradiance reduces 

exponentially, 

Ed (z) = Ed (-0) e-Kd z     (1) 

where Ed (z) is the downwelling irradiance at depth z, and Ed (-0) is the downwelling irradiance just 

below the surface. From the Kd value, 1% attenuation depth was estimated using Eq. (1). The 

calculated 1% depth was defined as the “euphotic depth”. 

Water temperature, salinity, inorganic macronutrients (NO2+NO3, NH4, PO4 and Si(OH)4), 

particulate organic carbon (POC), particulate organic nitrogen (PON), chl a concentration, 

pheopigment concentration, phytoplankton assemblage, primary production, bacterial abundance 

and bacterial production were investigated for seawater samples. As to river water, water 

temperature and inorganic macronutrients were measured.  

Salinity was obtained using an inductive salinometer (Inductively coupled salinometer 

model 601 Mk1V, Watanabe Keiki MFG. Co., Ltd.). Triplicate subsamples for inorganic 

macronutrient analyses were filtered through a 0.45 µm pore size membrane filter (Millex SLHA, 

Millipore), placed into 10 mL plastic tubes, and stored at –20ºC until analysis. The concentrations 

of NO2, NO3, NH4, PO4 and Si(OH)4 were measured as described by Parsons et al. (1984) and 

Hansen & Koroleff (1999) using a nutrient auto-analyzer (SWAAT, BL TEC). Duplicate subsamples 

of 300 to 500 mL for POC measurement were filtered onto pre-combusted (450ºC, 4 h) glass fiber 

filters (GF/F, Whatman). The filters were treated with HCl fumes for 2 h to remove inorganic 

carbon, dried at 60ºC for 12 h in a dry oven, and stored in a desiccator until analysis. POC and PON 

concentrations were determined using an elemental analyzer (Flash EA-1112, Thermo Finningan).  
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 For chl a and pheopigment measurements, the seawater subsamples of >100 mL were 

filtered onto GF/F filters (Whatman) and the filters were immersed in N,N-dimethylformamide 

(DMF) and stored at 4ºC for 24 h (Suzuki & Ishimaru 1990). Chl a and pheopigment concentrations 

were determined fluorometrically (Model 10-AU, Turner Design) according to Holm-Hansen et al. 

(1965).  

 Primary production was measured using the stable isotope 13C (Hama et al. 1983). 

Subsamples collected from the surface water were dispensed into acid washed 1 L polycarbonate 

bottles (three light bottles and one dark bottle), and were incubated in situ for 24 h after the addition 

of 13C-sodium bicarbonate (final 13C atom% of total dissolved inorganic carbon was ~10% of that in 

the ambient water, Hama et al. 1983). After incubation, particulate matter was filtered onto 

pre-combusted (450ºC, 4 h) GF/F filters (Whatman) to determine the bulk carbon fixation rate. The 

filters were treated using the same procedure as for the POC measurements described above. The 

concentration of POC and the isotopic ratios of 13C and 12C were determined by a mass 

spectrometer (ANCA-MS, Europe Scientific). The primary production was corrected for the rate 

obtained from the dark bottle.  

 Samples for phytoplankton taxonomic identification were fixed in a 2% glutaraldehyde 

solution. Twenty to fifty mL of the phytoplankton sample was poured into a settling chamber 

(HYDRO-BIOS), and settled for 24 h (Hasle 1978). Identification and enumeration of 

microphytoplankton species, especially diatoms and dinoflagellates, was conducted using an 

inverted microscope (Axiovert 25, Carl Zeiss) according to Fukuyo et al. (1990) and Chihara et al. 

(1997) for dinoflagellates, and Hasle & Syvertsen (1997) for diatoms. Cell volume of each 

phytoplankton species was calculated according to Hillebrand et al. (1999). Carbon content of 

diatom and dinoflagellate was also estimated using a regression equation between the cell volume 

and the carbon content of the cell according to Strathmann (1967). Other phytoplankton taxa were 

excluded from the analysis due to low abundance. 

 Samples for bacterial abundance were fixed with pre-filtered (<2 µm) buffered 

formaldehyde (1% final concentration). For enumeration of bacterial abundance, 1.6-2.0 mL of a 

formaldehyde-fixed sample was filtered on a 0.2 µm black membrane filter (Isopore, Millipore) and 

stained with SYBR-Gold (Molecular Probes) following Shibata et al. (2006). Bacteria were counted 

with an epifluorescence microscope (Axioskop 2 plus, Carl Zeiss).  
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The sea water samples collected from the surface were dispensed into dark bottles, and 

were incubated with 20 nM final concentration of bromodeoxyuridine (BrdU; Sigma-Aldrich) at in 

situ temperature for 3 h. BrdU incorporation was halted by adding excess thymidine (100 µM final) 

at the end of incubation time. The BrdU incorporation rate was measured by antigen-antibody 

reaction (Steward & Azam 1999), with a few modifications to the procedure (Hamasaki 2006). 

BrdU incorporation rates (pmol L-1 h-1) were converted to thymidine (TdR) incorporation rates 

(pmol L-1 h-1) using the conversion equation ([BrdU] = 0.80 × [TdR] – 0.016; Hamasaki 2006), and 

TdR incorporation rates were converted to bacterial cell production using a theoretical conversion 

factor of 2 × 1018 cell mol-1 (Ducklow & Carlson 1992). For calculating the bacterial carbon 

production, we used 20 fg C per bacterium as a cell-to-carbon conversion factor (Lee & Fuhrman 

1987). 

Wind speed and wind direction were obtained from the Japan Meteorological Agency 

(2011) at the Ajiro Office (35º 02.7’ N, 139º 05.5’ E), and precipitation data were obtained at the 

Odawara Office (35º 16.6’ N, 139º 09.3’ E). Both observatories are located less than 15 km away 

from our sampling site. Wind speed and wind direction are mean values per hour. Precipitation is 

shown as daily integrated values.  

 

3.3. Results 

3.3.1. Meteorological and optical parameters 

When Malou approached Sagami Bay, a west-southwest wind of 8.3 m s-1 with gusts to 18.2 m s-1 

was observed. A maximum precipitation of 238.5 mm d-1 was observed on Day 0. From Day 1 to 

Day 5, there was no precipitation. Before the passage of Malou, no rain was observed for 26 days 

(Japan Meteorological Agency 2011). Kd at Sta. M showed relatively low value, 0.20 m-1, on Day 1, 

and then generally increased and showed a maximum of 0.29 m-1 on Day 4 (Fig. 3-2). The euphotic 

zone depths were 23 m on Day 1 and 16 m on Day 4. 

 

3.3.2. Physical and chemical parameters 

Water temperature at the surface showed 25.2ºC on Day 1, and then increased to 28.0ºC on Day 4 

(Fig. 3-3a). Salinity decreased and reached a minimum of 23.7 on Day 2 at the surface (Fig. 3-3b). 

And then salinity recovered to 33.0 on Day 5. Based on the results of water temperature and salinity, 
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upwelling was not likely to occur. Density σt at the surface were fluctuated between 14.5 on Day 2 

and 21.4 on Day 5, and σt at 10 m depth showed values ranging between 22.0 and 22.1 (Fig. 3-3c), 

which suggested that sharp pycnocline was formed between the surface and 10 m depth. NO2+NO3 

concentration increased to 26.8 ± 0.1 µM with decrease in salinity at the surface on Day 2 (Fig. 

3-3d). The NO2+NO3 concentration decreased abruptly in the euphotic zone, and showed a 

minimum value of 0.26 ± 0.0 µM at 10 m depth on Day 5. NH4 concentration increased to 1.81 ± 

0.25 µM at the surface on Day 2 (Fig. 3-3e). As day passed after the passage of Malou, the NH4 

concentration increased below the euphotic zone. PO4 concentration showed relatively high values 

of 0.25 ± 0.05 and 0.31 ± 0.01 µM at the surface on Day 1 and Day 2, respectively (Fig. 3-3f). From 

Day 3, the PO4 concentrations were generally less than 0.05 µM in the euphotic zone. Si(OH)4 

concentration showed a maximum of 56.2 ± 4.7 µM at the surface on Day 2 (Fig. 3-3g). The 

Si(OH)4 concentrations at 10 and 20 m depths were relatively low values, 1.0 ± 0.8 µM during the 

sampling period.  

 

3.3.3. Bacterial abundance and bacterial production 

Bacterial abundance showed relatively high value mainly in the euphotic zone (Fig. 3-4a). From 

Day 4, the abundance increased and showed 1.43 ± 0.60 × 106 cell mL-1 on average below the 

euphotic depth, which was significantly higher compared to the average value, 0.85 ± 0.35 × 106 

cell mL-1, from Day 1 to Day 3 below the euphotic depth (Student t-test, p < 0.01). Bacterial 

production at the surface showed a maximum of 48 ± 10 mg C m-3 d-1 on Day 4 and a minimum of 

21 ± 7 mg C m-3 d-1 on Day 5 (Fig. 3-5a). BP/BA ratio also showed similar variations of BP, 

showing a maximum of 31.4 fg C cell-1 d-1 on Day 4 and a minimum of 10.7 fg C cell-1 d-1 on Day 5 

(Fig. 3-5a). 

 

3.3.4. Chl a concentration, pheopigment concentration, POC and primary production 

Chl a concentration in the euphotic zone from Day 1 to Day 3 showed 1.5 ± 0.6 mg m-3 on average 

(Fig. 3-4b), and showed a maximum of 8.0 mg m-3 on Day 4. From Day 4 to Day 5, relatively high 

chl a concentrations were observed below the euphotic zone. Pheopigment concentration in the 

euphotic zone from Day 1 to Day 3 showed 0.50 mg m-3 on average (Fig. 3-4c), and showed a 

maximum of 1.3 mg m-3 at 30 m depth on Day 5. From Day 4, relatively high pheopigment 
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concentrations were observed below the euphotic zone. 

POC concentration increased mainly in the euphotic zone, showing a maximum of 735 

mg C m-3 at the surface on Day 4 (Fig. 3-4d). In addition, the concentration increased below the 

euphotic zone on Day 5, and showed 197 ± 28 mg C m-3 on average below 30 m depth, which was 

significantly higher compared to the average value, 100 ± 31 mg C m-3, from Day 1 to Day 4 below 

30 m depth (Student t-test, p < 0.001). C/N ratio in the euphotic zone showed 8.2 ± 0.8 during the 

study period (Fig. 3-4e). The ratio below the euphotic zone from Day 4 (8.4 ± 1.1) was similar to 

that of the euphotic zone.  

Primary production at the surface reached a maximum of 512 mg C m-3 d-1 on Day 4, and 

showed a minimum of 99 mg C m-3 d-1 on Day 5 (Fig. 3-5b). PP/Chl a ratio showed relatively high 

values on Day 1 and reached a maximum of 135 mg C [mg Chl a]-1 d-1 on Day 2 (Fig. 3-5b). PP/Chl 

a ratio gradually decreased from Day 3, and then showed a minimum of 18 mg C [mg Chl a]-1 d-1 

on Day 5. Ratio of BP to PP (BP/PP ratio) at the surface showed 0.13 ± 0.05 during the study period 

(Fig. 3-5c). 

 

3.3.5. Phytoplankton assemblage 

Diatom biomass showed 32.6 ± 7.4 mg C m-3 on average at 10 and 20 m depths from Day 1 to Day 

2 (Fig. 3-4f). Thereafter, the diatom biomass showed maximums of 432 mg C m-3 at 10 m on Day 4 

and 531 mg C m-3 at the surface on Day 5. This diatom bloom from Day 4 was contributed to by 

Chaetoceros spp., Cerataulina spp. and Rhizosolenia spp. (Fig. 3-4g, h, i). The diatom community 

also prevailed below the euphotic zone on Day 4 and Day 5.  

Dinoflagellate communities were distributed mainly at the surface (Fig. 3-4j). The 

biomass of dinoflagellate at the surface showed 13.1 mg C m-3 on Day 1, increased to a maximum 

of 177 mg C m-3 on Day 4. In the dinoflagellate community, Protoperidinium spp. were dominant 

from Day 1 to Day 3 (Fig. 3-4k), and then Prorocentrum spp. and Ceratium spp. became dominant 

and reached maximum at the surface on Day 4 (Fig. 3-4l, m). The dinoflagellate community 

dominated the phytoplankton assemblage at the surface from Day 1 to Day 3 (81 ± 19 %, Fig. 3-4n), 

while diatom highly dominated from Day 4 in the whole water column (90.1 ± 12.4, Fig. 3-4j). 

Integrated phytoplankton carbon biomass below the disphotic zone on Day 4 and 5 (3402 mg C m-2 

on average) was higher compared to those from Day 1 to Day 3 (473 ± 159 mg C m-2 on average). 
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PC/POC ratios from Day 4 to Day 5 in the euphotic zone (0.77 ± 0.46) and below the euphotic zone 

(0.35 ± 0.34) were significantly higher compared to those from Day 1 to Day 3 in the euphotic zone 

(0.14 ± 0.11) and below the euphotic zone (0.07 ± 0.04), respectively (Student’s t-test, both are p < 

0.01; Fig. 3-4o). 

 

3.4. Discussion 

Typhoon Malou investigated in the present study was characterized by intense rainfall of 238.5 mm 

in one day. At Sta. M located 2 km off the coast, salinity minimum was observed at the surface on 

Day 2, suggesting that significant influxes of river runoff reached the offshore station in two days. 

The sharp pycnocline formed by terrestrial runoff and increase of water temperature caused by 

sunny days after the passage of Malou might increase vertical stratification at the surface at Sta. M. 

According to temporal and vertical variations of water temperature and salinity at Sta. M, upwelling 

did not occur after the passage of Malou. In addition, typhoon-induced wind could not induce 

sediment resuspension at Sta. M. In order to examine the possible nutrient source, nutrient-salinity 

relationships at the surface water were plotted (Fig. 3-6). Solid lines designated conservative mixing 

relationships for nutrients assuming river and ocean end-members. Nutrient concentrations at the 

mouth of Sakawa River just after the passage of Malou were used for the river end-member, and 

concentrations of zero nutrients at salinity 34.5 were assumed for the ocean end-member. Nutrients 

at the surface of Sta. M after the passage of Malou were well related to the lines, suggesting that the 

most important possible nutrient sources might be river water.  

 The BP/PP ratios at the surface of 0.13 ± 0.05 (Fig. 3-5c) were similar to the value 

reported by Cole et al. (1988) and Ducklow (1999). They suggested two possibilities that BP/PP 

ratio generally ranges from 0.1 to 0.3: either (1) that both bacteria and phytoplankton grow in 

response to common factors (nutrient load, temperature, etc.); or (2) that phytoplankton or material 

produced by phytoplankton are important substrates for bacterial growth (Larsson & Hagström 

1979, Fallon & Brock 1980, Cole et al. 1984). After typhoon Herb in 1996 in Taiwan Strait, both 

primary production and bacterial production increased, however the BP/PP ratio showed relatively 

consistent value, 0.34 at no typhoon condition and 0.24 after typhoon (Shiah et al. 2000). They 

suggested that the increase in bacterial production was due to the consumption of (1) labile organic 

matter derived from algal cells and other fragile planktonic organisms severely damaged by 
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typhoon-induced strong turbulence, (2) dissolved organic matter (DOM) released from actively 

growing phytoplankton and other planktonic organisms and (3) DOM from terrestrial inputs and 

sediment resuspension (Shiah et al. 2000). In the present study, the BP/BA ratio at the surface was 

not correlated to salinity and terrestrial runoff could not occur due to the depth (120 m), which 

suggested that allochthonous substrates did not support the bacterial growth. The BP/BA ratio was 

significantly correlated to primary production at the surface ([BP/BA ratio] = 0.056 × [PP] + 2.1; n 

= 5, r = 0.953, p < 0.05), which evidenced the importance of autochthonous substrates derived from 

phytoplankton for bacterial growth rather than allochthonous substrates at the surface of Sta. M.  

PP/Chl a ratio at the surface from Day 1 to Day 4 (118 ± 24 mg C [mg Chl a]-1 d-1, Fig. 

3-5b) was higher than the mean assimilation number, 40 ± 28 mg C mg chl a-1 d-1, observed in 

August and September in Sagami Bay (Student’s t-test, p < 0.01) reported by Sugawara et al. (2003). 

On the other hand, the PP/Chl a ratio on Day 5 decreased to 18 mg C [mg Chl a]-1 d-1 probably due 

to the nutrient depletion (Fig. 3-3). The results suggest that the primary productivity was enhanced 

by the passage of Malou from Day 1 to Day 4. When the primary production is integrated during 

the enhanced period, the integrated primary production reaches 1.31 × 103 mg C m-3 for 4 days, 

which accounts for 4.5-5.7% of the annual primary production upper waters of Sagami Bay [annual 

primary production values were derived from Satoh et al. 2000 (2.92 × 104 mg C m－3 yr－1), 

Sugawara et al. 2003 (2.30 × 104 mg C m－3 yr－1) and Ara & Hiromi 2009 (2.82 × 104 mg C m－3 yr
－1)]. Although the Sta. M is located 2 km off the coast, the contribution of increased primary 

production of Sta. M to annual primary production is significant as well as Sta. A (Tsuchiya et al. 

2013a). 

As to phytoplankton assemblage, noticeable surface maximum of dinoflagellate was 

observed at Sta. M (Fig. 3-4j). Typhoon-induced runoff contributed to formation of low salinity 

water layer, in other words, sharp pycnocline at the surface. In addition, the surface layer contained 

high nutrient concentrations. It is known that the swimming behavior of dinoflagellates could serve 

to concentrate cells into the surface layer (Donaghay & Osborn, 1997). In addition, Ryther (1955) 

reported that harmful algal blooms is frequently formed in the pycnocline of coastal systems after 

heavy rainfall, calm sunny weather, influxes of estuarine waters, or interactions between dissimilar 

water masses. Some previous studies also reported the dominance of dinoflagellates after runoff 

induced by episodic storm events (Loftus & Seliger 1976, Zeeman 1985, Webber et al. 1992, 
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Hoover et al. 2006). Therefore, the results of the present study suggest that dinoflagellates 

accumulated and increased into the surface layer, which resulted in their dominance in the 

phytoplankton community after the passage of typhoon.  

Dinoflagellates increase their biomass through photosynthesis (autotrophic), feeding 

organic substrates (heterotrophic) and both (mixotrophic). Protoperidinium spp. are considered as 

heterotrophic dinoflagellate due to lack of chloroplasts (e.g. Jacobson & Anderson 1986). As to 

vertical distribution of the taxa, the heterotrophic dinoflagellates mainly increased in numbers with 

depth or were randomly distributed, whereas autotrophic dinoflagellates mainly decreased in 

numbers with depth or were aggregated in their distribution at Aarhus Bay, Denmark (Mouritsen & 

Richardson 2003). At Sta. M in Sagami Bay, Protoperidinium spp. formed subsurface maximum 

during the non-typhoon period (unpublished data). In the present study, however, Protoperidinium 

spp. were distributed at the surface as well as autotrophic or potentially mixotrophic dinoflagellates 

such as Prorocentrum spp., and Ceratium spp. after the passage of Malou (Fig. 3-4k, l, m). These 

phototrophic dinoflagellates were likely to accumulate into the surface layer in order to utilize the 

abundant nutrients and light, whereas Protoperidinium spp. were accumulated into the surface layer 

in order to efficiently feed on prey organisms produced at the surface and/or organic substrates 

loaded by runoff. Zeeman (1985) suggested that one of the explanations for dominance of 

dinoflagellates after the passage of typhoon was utilization of organic matter by dinoflagellates for 

nutrition. Therefore, physical (i.e. sharp pycnocline at the surface induced by runoff) and biological 

(i.e. their swimming or physiological characteristics) interactions might make the concentrated layer 

of dinoflagellates at the surface just after the passage of Malou.  

The dominant taxa at the surface started to change from dinoflagellates to diatoms from 

Day 4 at Sta. M (Fig. 3-4n). The dominances of diatoms after the passage of typhoons have been 

reported in various regions (Glynn et al. 1964, Zeeman 1985, Furnas 1989, Chang et al. 1996, Chen 

et al. 2009, Chung et al. 2012). Some prior studies imply that increased diatoms tend to sink and 

contribute to POC flux after the passage of typhoon (e.g. Chen et al. 2009). As to vertical 

distribution of diatoms, relatively high biomass was observed in the euphotic zone from Day 1 to 

Day 3. However, from Day 4 they prevailed below the euphotic zone during the bloom in addition 

to in the euphotic zone, which suggests that increased diatoms in the euphotic zone might sink or be 

advected to deeper water. In addition, the PC/POC ratio below the euphotic zone to 40 m depth on 
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Day 4 and Day 5 showed 54.3 ± 35.1%, which suggests that phytoplankton contributed to 

approximately half of the POC below the euphotic zone (Fig. 3-4o). These results might reflect 

swim strategy for dinoflagellates and sink strategy for diatoms, as suggested by Smayda (1997).   

In terms of fate of phytoplankton after the passage of typhoon, Chung et al. (2012) 

observed termination of diatom bloom and concurrent increase in copepods and fecal pellets after 

the passage of typhoon Morakot in the subtropical Northwest Pacific, and suggested that intensive 

grazing pressure was the main cause of the termination of diatom bloom. After the passage of 

typhoon Fengshen in northeastern South China Sea, the dilution experiments showed that the 

microzooplankton grazing rate was significantly positively correlated to phytoplankton growth rate 

(Zhou et al. 2011). In southern Kaneohe Bay, Hawaii, a storm-runoff event caused phytoplankton 

bloom, and then copepods and appendicularians were increased (Hoover et al. 2006). Pheopigments 

are known to be direct products of zooplankton grazing, and serve as a tag for herbivorous grazing 

(Shuman & Lorenzen 1975, Welschmeyer et al. 1984, Welschmeyer & Lorenzen 1985). In the 

present study, pheopigment concentrations increased and showed a maximum on Day 5 at Sta. M 

accompanied by phytoplankton bloom (Fig. 3-4c), which suggests that zooplankton grazing 

pressure on phytoplankton might have intensified.  

Integrated bacterial abundance in the euphotic zone and below the euphotic zone showed 

clear increasing trend at Sta. M, and reached maximum of 111 × 1012 cell m-2 below the euphotic 

zone on Day 4 and 150 × 1012 cell m-2 in the whole water column on Day 5 (Fig. 3-7a). Integrated 

NH4 also increased and reached maximum of 50.6 mmol m-2 below the euphotic zone and 67.5 

mmol m-2 in the whole water column on Day 5 (Fig. 3-7b). The results suggest that microbial 

process was activated and rapid regeneration of NH4 was occurred below the euphotic zone. There 

are significant positive correlations between bacterial abundance and pheopigment concentration 

([BA] = 1.3 × [pheopigment] + 0.5, n = 22, r = 0.78, p < 0.001; Fig. 3-8a), between bacterial 

abundance and chl a concentration ([BA] = 0.47 × [Chl a] + 0.78 (n = 21, r = 0.70, p < 0.001; Fig. 

3-8b) and between bacterial abundance and NH4 concentration ([BA] = 0.88 × [NH4] + 0.67, n = 22, 

r = 0.64, p < 0.01; Fig. 3-8c) below the euphotic zone, whereas there was no significant correlation 

between pheopigment concentration and NH4 concentration below the euphotic zone. These 

relationships suggest that bacterial activity was associated with zooplankton grazing and 

sunk/advected phytoplankton decomposition, and bacteria was a main component to contribute to 
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regeneration of NH4. Below the euphotic zone, NH4 regeneration by the <1 µm size fraction was 

approximately 75% of that in the larger size fractions, and remineralization below the euphotic zone 

can be achieved principally by bacteria (Probyn 1987). The relationship between BA and NH4 (Fig. 

3-8c) can be interpreted as evidence for a direct role of bacteria in NH4 recycling, or an indirect role 

through regeneration by bactivorous protozoa (Newell et al. 1988). An average of 80% of the 

dissolved organic nitrogen used by bacteria was converted to NH4, showing simultaneous 

assimilation and regeneration of NH4 by the natural microbial population (Tupas & Koike 1991). 

The results in the present study suggest that produced organic matter such as phytoplankton in the 

euphotic zone induced rapid microbial activity below the euphotic zone just after the passage of 

typhoon.  

In conclusion, Malou passage caused nutrient loadings to the offshore station through 

terrestrial runoff. Primary production was significantly enhanced, and might contribute up to 5.7% 

of the annual primary production in the upper waters of Sagami Bay as well as the inshore station. 

Bacterial production at the surface might depend on autochthonous substrate derived from 

phytoplankton. As to phytoplankton community, dinoflagellates dominated at the surface just after 

the passage of typhoon, which suggested that dinoflagellates swam and accumulated into the 

nutrient-rich surface pycnocline layer formed by typhoon-induced runoff. From Day 4, diatoms 

dominated the phytoplankton community in whole water column, and a certain part of the produced 

diatoms in the euphotic zone contributed to increase of POC below the euphotic zone. Accompanied 

by phytoplankton bloom, increase in pheopigment concentration indicated intensification of 

zooplankton grazing pressure on phytoplankton. Below the euphotic zone, both of NH4 

concentration and bacterial abundance increased, and showed significant positive correlation 

between them, which suggested that bacterial NH4 regeneration was progressed. The present study 

suggested that typhoon passage could profoundly affect biogeochemical cycles not only in the 

euphotic zone but also even below the euphotic zone in coastal waters.   
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Fig. 3-1 Typhoon tracks and sampling area. Circles, triangles, squares and cross marks represents 

Mawar, Sinlaku, Etau and Malou passages, respectively, and each symbol shows the location at 3 

am (Data obtained from the Japan Meteorological Agency). Solid lines and dashed lines show 

typhoons and extratropical cyclone, respectively  
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Fig. 3-2 Temporal variations in diffuse attenuation coefficient at PAR (Kd) and euphotic depth. 

Closed and open circles represent Kd and euphotic depth, respectively  
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Fig. 3-3 Temporal and vertical variations in (a) water temperature (ºC), (b) salinity, (c) density σt, 

(d) NO2+NO3 (µM), (e) NH4 (µM) (f) PO4 (µM) and (g) Si(OH)4 (µM) at Sta. M. Solid lines with 

gray symbols indicate the euphotic depth (1%) 
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Fig. 3-4 Temporal and vertical variations in (a) bacterial abundance (BA, 106 cell mL-1), (b) chl a 

concentration (mg m-3), (c) pheopigment concentration (mg m-3), (d) particulate organic carbon 

(POC, mg C m-3), (e) ratio of POC to particulate organic nitrogen (C/N ratio, atomic ratio), (f) 

diatom (mg C m-3), (g) Chaetoceros spp. (mg C m-3), (h) Cerataulina spp. (mg C m-3), (i) 

Rhizosolenia spp. (mg C m-3), (j) dinoflagellate (mg C m-3), (k) Protoperidinium spp. (mg C m-3), 

(l) Prorocentrum spp. (mg C m-3), (m) Ceratium spp. (mg C m-3), (n) ratio of dinoflagellate to total 

phytoplankton (dinoflagellate dominance) and (o) ratio of phytoplankton carbon to POC (PC/POC 

ratio) at Sta. M. Solid lines with gray symbols indicate the euphotic depth (1%)  
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Fig. 3-4 (Continued) 
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Fig. 3-5 Temporal variations in (a) bacterial production (BP; filled bar) and ratio of BP to bacterial 

abundance (BP/BA ratio; open circle), (b) primary production (PP; filled bar) and ratio of PP to chl 

a concentration (PP/Chl a ratio; open circle) and (c) ratio of BP to PP (BP/PP ratio) at the surface  
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Fig. 3-6 Relationships between salinity and nutrient concentrations of (a) NO2+NO3, (b) NH4, (c) 

PO4 and (d) Si(OH)4. Closed circle and open circle represent Sta. M and end-members, respectively 
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Fig. 3-7 Vertically integrated values of (a) bacterial abundance (BA) and (b) NH4 concentration in 

the euphotic zone (open bar) and below the euphotic zone (filled bar)  
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Fig. 3-8 Relationships between (a) bacterial abundance (BA) and pheopigment concentration, (b) 

BA and chlorophyll a (chl a) concentration and (c) BA and NH4 concentration below the euphotic 

zone during the study period at Sta. M. The relationships were significantly positive, and the 

regressions were (a) [BA] = 1.3 × [pheopigment] + 0.5 (n = 21, r = 0.77, p < 0.001), (b) [BA] = 

0.47 × [Chl a] + 0.78 (n = 21, r = 0.70, p < 0.001) and (c) [BA] = 0.89 × [NH4] + 0.66 (n = 21, r = 

0.64, p < 0.01) 
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Chapter IV 

General discussion 
 

This study described responses of lower trophic levels to variations of physical and 

chemical environments induced by the passage of typhoons in the temperate coastal waters in 

Sagami Bay, conducting daily samplings. Previous studies have been conducted focusing on 

relatively large typhoons that resulted in significant, prolonged disruptions to ecosystem functioning 

(e.g. Fogel et al. 1999, Zheng & Tang 2007). Intensities of typhoons investigated in the present 

study ranged from strong (i.e. Mawar and Sinlaku) to relatively weak (i.e. Etau and Malou). Results 

from this study demonstrated that smaller but more frequent typhoons may also induce significant 

ecological changes as strong typhoons do, although the degree and the area of effect varied 

depending on the topographic features and the typhoon characteristics.  

A clear difference in the bacterial response against nutrient enrichment was observed 

between inshore and offshore stations, which could be attributed to the difference in the types of 

physical disturbances. In Sta. A, bacterial production showed relatively high values of 114 ± 21 mg 

C m-3 d-1 and 132 ± 14 mg m-3 d-1 on Day 1 and Day 2, respectively, after the passage of Malou. The 

BP/PP ratio exhibited a maximum of 1.5 on Day 1. On the other hand, the BP/PP ratio at Sta. M was 

0.13 ± 0.05, which indicated that bacterial production did not exceed primary production. As to 

productivity, the BP/BA ratio of all data from Chapter 2 and Chapter 3 significantly correlated with 

nutrient concentration (p < 0.001, Fig. 4-1) and followed an exponential curve with the increase of 

NH4 concentration, which indicated that higher nutrient loading could enhance BP more strongly. 

Storm-associated winds have the potential of completely mixing shallow continental shelf waters 

(20-50 m) down to the sediment surface (Ridderinkhof 1992), providing sedimentary pore 

water-related nutrients and organic matters, and particle-attached bacterial population to the water 

column (Fogel et al. 1999). In a mesocosm experiment, sediment resuspension enhanced bacterial 

production rapidly by entrainment of nutrients and organic matter (Chróst & Riemann 1994). In 

addition, since the condition several centimeters below the sediment surface is anaerobic, bacterial 

productivity is expected to be relatively low. Once sediment resuspension occurs, the bacteria in the 

sediment can be loaded to the water column where is the aerobic condition, which might lead to 

abrupt increase in bacterial production. Therefore, the fast response and the increase of bacterial 
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production at Sta. A might have been induced by sediment resuspension. On the other hand, 

sediment resuspension should not have occurred at Sta. M where the water depth is 120 m. The 

difference in topographical features between the two stations generated the difference in 

typhoon-related physical disturbances, and consequently the difference in bacterial responses.  

Nutrient concentrations significantly increased in response to the passage of typhoons 

compared to the background data. The amount, duration and stoichiometry of nutrient loading were 

different among typhoons. During the passage of Mawar, upwelling occurred and loaded much 

amount of nutrients to the euphotic zone in addition to the contributions from terrestrial runoff and 

sediment resuspension. On the other hand, during Sinlaku, Etau and Malou, terrestrial runoff and 

sediment resuspension might have been the major nutrient source since upwelling was not observed 

in Sagami Bay. The difference in nutrient sources among typhoons determined nutrient 

stoichiometry at the inshore station, and consequently influenced the succession of phytoplankton 

assemblage after the passage of typhoons; i.e., Skeletonema spp. and Chaetoceros spp. dominated 

the phytoplankton communities under lower and higher N/P ratios, respectively. 

Although phytoplankton assemblage responded differently to typhoons with different 

characteristics, chl a concentration, phytoplankton biomass and primary production significantly 

increased after the passage of each typhoon. The integrated primary productions for 9 days after the 

passage of Mawar and for 7 days after the passage of Malou accounted for 7.1–9.1% of the annual 

primary production in the upper waters of Sagami Bay. According to the data from Chapter 2 and 

Chapter 3, the PP/Chl a ratio significantly correlated with Si(OH)4 concentration and followed a 

hyperbolic curve with the increase in Si(OH)4 concentration (Fig. 4-2). River water and deep sea 

water can load much amount of Si(OH)4 to the euphotic zone (e.g. Kamatani et al. 2000, Fujiki et al. 

2004). Primary productivity would be saturated when Si(OH)4 concentration was higher than 10.2 

µM (Fig. 4-2). Therefore, during Mawar and Malou, although their nutrient sources were different, 

contributions of typhoon-induced increase in primary production to the annual primary production 

were equivalent and consistent. Similarly, Wetz and Paerl (2008) examined phytoplankton 

responses to hurricanes and tropical storms with different characteristics at Neuse R. Estuary in 

North Carolina, US, and concluded that relatively small tropical storms and hurricanes can lead to 

significant increase in phytoplankton biomass. However, in open ocean such as western North 

Pacific subtropical ocean, significant increases in chl a concentration were induced by only two of 
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eleven typhoons in 2003 (Lin 2012). In open waters, since possible nutrient source is limited to 

nutrient-rich deep water, upwelling is necessary to enhance phytoplankton growth in upper waters. 

There are four factors to be considered for inducing upwelling; (1) typhoon intensity, (2) typhoon 

translation speed, (3) typhoon size and (4) ocean precondition (Lin 2012). Therefore, relatively 

weak typhoons cannot induce phytoplankton blooms in open waters, while they can consistently do 

in coastal and estuarine ecosystems, which have various nutrient sources. In other words, terrestrial 

runoff and/or sediment resuspension considerably contribute to the enhancement of biological 

production in coastal ecosystem after the passage of typhoons that are not strong enough to induce 

upwelling.  

After the passage of typhoon, diatom blooms consistently occurred in coastal areas of 

Pacific Ocean such as in the Great Barrie Reef (Furnas 1989), the Reef of Tiafura (Delesalle et al. 

1993), Northern Taiwan (Chang et al. 1996), Philippine Sea (Chen et al. 2009), Northeast of Taiwan 

(Chung et al. 2012) and Sagami Bay (present study). In Atlantic Ocean, some studies reported 

diatom blooms after the passage of typhoon in Puerto Rico (Glynn et al. 1964), South Carolina 

(Zeeman 1985) and Neuse River Estuary (Valdes-Weaver et al. 2006). On the other hand, Wetz & 

Paerl (2008) reported dominances of dinoflagellates and cryptophytes after the passage of Helene 

and dominances of cyanobacteria and dinoflagellates after the passage of Alex, Bonnie and Charley 

in Neuse River Estuary. Diatom blooms require plenty of Si(OH)4 because diatoms cannot 

accumulate Si(OH)4 into their large central vacuoles (Tozzi et al. 2004), and it is known that 

diatoms are superior competitors for light ant nutrients when Si(OH)4 is available (Riegman et al. 

1988). Helene, Alex, Bonnie and Charley were so small and weak that these typhoons could not 

cause enough silicate loading. Si/N ratio in North Pacific Ocean is approximately 2 (Kamatani et al. 

2000), while that in North Atlantic Ocean is 0.93 (Millero 1996), suggesting that Pacific Ocean 

potentially serves as favorable environment for diatoms.  

In order to discuss whether the passage of typhoons affected the entire area of Sagami Bay, 

chl a data around Sagami Bay derived from remote sensing (moderate resolution imaging 

spectroradiometer: MODIS) during Mawar, Sinlaku, Etau and Malou were shown in Fig. 4-3 (Japan 

Aerospace Exploration Agency 2014, http://kuroshio.eorc.jaxa.jp/ADEOS/mod_nrt_new/). High chl 

a concentrations were observed in the entire area of Sagami Bay after the passage of Mawar. This 

typhoon might have induced upwelling and nutrients could have been supplied entirely to the upper 
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area of Sagami Bay, which induced phytoplankton bloom in the whole area of Sagami Bay. During 

Sinlaku, relatively high chl a concentrations were distributed all over Sagami Bay on Day 3 and 

Day 4. These Days agreed to the timing of chl a peaks observed by in situ sampling in the present 

study. During Etau, although relatively high chl a concentrations were observed on Day 4 and Day 

6, their distributions were limited in the nearshore area. After the passage of Malou, high chl a 

concentrations were observed in the entire area of Sagami Bay. Since major nutrient sources could 

have been terrestrial runoff during Sinlaku, Etau and Malou, the area affected by the passage of 

typhoon can be attributable to the amount of precipitation. Integrated precipitation during Etau was 

42.2 mm, which was smallest of the all typhoons investigated in the present study. Therefore, the 

area affected by the passage of Etau might have been limited to nearshore regions. The results 

suggest that the threshold of whether a typhoon passage affects the entire area of Sagami Bay may 

be in the range of 42.2 mm and 89.0 mm in terms of integrated precipitation.  

In Sagami Bay, one typhoon passage may enhance primary production, accounting up to 

9.1% at the inshore station and up to 5.7% at the offshore station of the annual primary production 

in upper waters. Based on the annual average (three) of typhoon approaching Sagami Bay, the 

contribution to annual primary production is assumed to be up to 27.3%. The typhoon-induced high 

phytoplankton biomass is either consumed by herbivorous mesozooplankton (e.g. copepods) and 

efficiently transferred to higher trophic levels through a grazing food chain (Calbet and Landry 

2004), or transported from the euphotic zone to deeper waters (Dugdale and Wilkerson, 1998). 

During the summer season, there are abundant tintinnids, heterotrophic dinoflagellates, copepod 

nauplii and copepod (CI-CVI) in Sagami Bay (Ara & Hiromi 2009), suggesting high predation 

pressure on phytoplankton. Moreover, zooplankton grazing becomes more active in a turbulent 

environment (Kiørboe 1993, Hwang et al. 1994). In the present study, increase in pheopigment 

concentrations over time was observed, which suggests possible grazing by zooplankton on 

phytoplankton. In addition, a large amount of fish larvae occurs in Sagami Bay and Tokyo Bay from 

summer to autumn, such as Japanese anchovy Engraulis japonicas, Japanese sardine Sardinops 

melanostictus, Sardinella zunasi, Sillago japonica and Perciformes species (Nakata & Mitani 1979, 

Kudo 1991, Nagaiwa et al. 2005, Sassa & Kawaguchi 2006). Most of the mortality occurs during 

the pelagic larval stage, and the rate of larval mortality is directly reflected in the population 

dynamics of fishes (e.g. May 1974). After the absorption of the yolk sac, fish-larvae must obtain 
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sufficient food to meet their metabolic requirements within 2-3 days or they will die (Smith and 

Lasker 1978). The survival of first-feeding larvae is affected by food concentrations (e.g. Houde 

1977, Lasker & Smith 1977). Anchovy larvae were stimulated to feed when the phytoplankton 

concentration was more than > 20-30 cells mL-1 (Lasker 1975). The phytoplankton cell density after 

the passage of typhoons in the present study reached up to 1.5 × 104 cells mL-1 (Tsuchiya et al. 

2013a), which might be a favorable condition for first-feeding fish larvae and enhance their survival 

rate. Therefore, the passage of typhoons might also contribute to the stabilization of high fishery 

production in Sagami Bay.  

Recent analyses of past typhoons (including tropical cyclones and hurricanes) have 

suggested that global warming leads to increasing intensities of wind and rainfall of these episodic 

events (Emanuel 2005, Webster et al. 2005, Elsner et al. 2008, Knutson et al. 2010, Yamada et al. 

2010). With the intensification of typhoons, diatom blooms and associated carbon export are 

expected to increase in magnitude since loading of nutrients and organic matter could be augmented. 

The higher production and more efficient carbon export to deeper water may result in CO2 draw 

down from atmosphere, and the process is known as ocean storage of CO2 through biological pump. 

The process can lead to a negative feedback of natural earth system on global warming (Fig. 4-4), in 

other words, leading to global cooling as a result of organic carbon-rich sedimentation.  

In further study, fates of biological production induced by typhoon should be investigated 

in order to better understand the effects of typhoon on ocean biogeochemical cycles: (1) to measure 

primary production and POC export flux using a sediment trap before and after the passage of 

typhoon in order to assess how much typhoon-derived biogenic carbon is exported to deeper waters, 

(2) to examine grazing rates of nano-, micro- and mesozooplankton on primary producer and 

bacteria before and after the passage of typhoon in order to assess the functional changes of food 

web and (3) to determine the degradation rate of POM and regeneration rate of nutrients in order to 

predict the biogeochemical cycle in the water column after the passage of typhoon.   
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Fig. 4-1 Relationship between ratio of bacterial production to bacterial abundance (BP/BA ratio) 

and NH4 concentration ([BP/BA ratio] = 12.7 × e0.409 × [NH4], r = 0.83, n = 12, p < 0.001)   
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Fig. 4-2 Relationship between ratio of primary production to chlorophyll a concentration (PP/Chl a 

ratio) and Si(OH)4 concentration ([PP/Chl a ratio] = 149 × [Si(OH)4] / ([Si(OH)4] + 10.2), r = 0.68, 

n = 19, p < 0.01).  
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Fig. 4-3 Distribution of chlorophyll a concentration during Mawar, Sinlaku, Etau and Malou. These 

data were derived from remote sensing platform (MODIS) 
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Fig. 4-3 (Continued)  
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Fig. 4-4 Potential negative feedback with global warming. The paths show mechanisms for 

increased diatom production leading to increased carbon export and consequent enhanced CO2 

draw down, promoting cooling. This figure was modified from Kemp & Villareal (2013) 
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