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Abstract 

A multi-year study of summer diatom blooms in the North Pacific 

Subtropical Gyre 

 

 

Colbi Gabrielle Brown, M.S. Marine Sci. 

The University of Texas at Austin, 2010 

Supervisor:  Tracy A. Villareal 

 
In the North Pacific Subtropical Gyre, a nearly-annual phytoplankton bloom 

forms near the subtropical front at ~30° N. Mixed communities of nitrogen-fixing diatom 

symbioses (diatom-diazotroph associations) increase 10
2
-10

3
 fold in these blooms. In July 

2008 (31.46˚N 140.49˚W) and August 2009 (25.18 °N 154 °W), two blooms were 

sampled to determine diatom-diazotroph association species composition, physical, and 

chemical characteristics of the water column. In both 2008 and 2009, the dominant 

diatom-diazotroph association was the Hemiaulus hauckii-Richelia intracellularis 

symbiosis. The 2009 subtropical front bloom was missed; however, another bloom closer 

to Hawaii was sampled where diatom-diazotroph association abundance was 10-fold 

lower (10² cells L
-1

) than 2008 despite surface chlorophyll a values that were 3 times 

greater. Both blooms showed substantial changes in phytoplankton size structure with the 

>10 µm size chlorophyll a fraction increasing from 10 to 40 % in 2008.  In the 2009 

bloom, the non-symbiotic pennate diatom Mastogloia woodiana numerically dominated 

(>150,000 cells Lˉ¹) and formed aggregates that resulted in substantially higher % of 



 vii 

netplankton chlorophyll a fractions. Summer open ocean blooms from the two years 

share a common trend of Hemiaulus dominance of the diatom-diazotroph association 

population and size structure changes. However, non-symbiotic species can dominate the 

overall bloom, and diatom-diazotroph association species may not be responsible for the 

chlorophyll a increase. These two years may represent different types of blooms or 

temporal changes within summer diatom blooms. The increased biomass in the larger-

size fraction suggests these blooms are potential sites for carbon export from the surface 

layer.   
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Introduction 

In the oligotrophic North Pacific Subtropical Gyre (NPSG), nutrient 

concentrations are typically low and nitrogen fixation (diazotrophy; N₂-fixation) provides 

an alternative means of acquiring N through the reduction of N₂ gas to ammonia by the 

enzyme nitrogenase. N₂-fixing bacteria can play an important role in subtropical oceanic 

systems, providing up to half of the nitrogen needed to support new production (Michaels 

et al. 1996, Karl et al. 1997, Dore et al. 2002). In oligotrophic marine environments, 

diazotrophic microbes are diverse, including unicellular and filamentous cyanobacteria 

(either free-living or in symbiosis), proteobacteria, and sulfate-reducing bacteria 

associated with planktonic crustaceans (Zehr et al. 1998, Zehr et al. 2001).   

In addition to providing a limiting nutrient to primary producers, N₂ fixation plays 

an important biogeochemical role. N₂-fixation is one of several sources of new nitrogen 

in the ocean (Dugdale & Goering 1967) that include N from terrestrial sources or 

oxidized N from below the euphotic zone. In oligotrophic systems, the efficiency of the 

biological pump, defined as a process where CO₂ is fixed by primary producers in the 

euphotic zone and then transported to the deep sea in the form of sinking particulate 

material (Longhurst and Harrison 1989, Jiao et al. 2010), is limited by low new N inputs. 

N₂-fixation supports net drawdown of CO₂ and results in a more efficient biological 

pump (Eppley & Peterson 1979, Michaels et al. 1996, Karl & Yanagi 1997).  

Estimated rates of N₂-fixation vary greatly between direct measurements and 

indirect geochemical studies. Early estimates of N₂-fixation  (Capone & Carpenter 1982) 
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underestimated rates and diazotroph biomass (Mahaffey et al. 2005). Current estimates 

for global nitrogen fixation are approximately 137 x10¹² to 158  x 10¹² g  N yrˉ¹(Deutsch 

et al. 2007). Direct measurements underestimate N₂-fixation primarily because they 

document variability over short temporal and spatial scales (Mahaffey et al., 2005). In 

contrast, geochemical studies are integrated over long spatial and temporal scales and 

take into account events such as diazotroph blooms and predict N₂ fixation rates more 

accurately primarily by incorporating the contribution of  N₂- fixation by other 

diazotrophs (diatom-diazotroph associations or DDAs, coccoid bacteria, diazotrophic 

heterotrophic bacteria) as opposed to by Trichodesmium only (Mahaffey et al., 2005). 

In addition to their role in nutrient dynamics, diazotrophs have a unique role in 

oceanic carbon sequestration.  Blooms associated with large diazotroph abundances can 

contribute to atmospheric CO₂ drawdown and carbon sequestration (Subramaniam et al. 

2008) and contribute to the flux of organic matter to the deep sea (Scharek et al. 1999a, 

Scharek et al. 1999b).  Observations from paleo-ocean sediment core samples suggest a 

similar role of modern oligotrophic diazotroph blooms (Davies et al. 2009). Extensive 

deposits of Hemiaulus sp.  are noted from the Arctic (Cretaceous) (Davies et al. 2009) 

and Mediterranean (Paleocene and Cretaceous) sediment cores (Kemp et al. 1999).  Due 

to the capability of N₂-fixation, DDAs not only utilize new nitrogen in the form of N₂ 

gas, but also require CO₂ derived from the atmosphere, not from recycled sources. This, 

in combination with their large size and fast sinking rates, allowed for large amounts of 

CO₂ to be deposited to the deep sea (Davies et al. 2009). Modern blooms can provide 
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insight into the oceanic conditions favorable for such fluxes, and conversely, suggest an 

important role for DDAs in paleo-oceans with higher CO₂ concentrations. 

This thesis focuses on summer diatoms blooms in the NPSG, often dominated by 

DDAs (White et al. 2007, Dore et al. 2008, Wilson and Qiu 2008, Wilson et al. 2008) 

DDAs are comprised of a diatom host and either an endosymbiotic or exosymbiotic 

cyanobacteria. DDAs consist of the endosymbiont Richelia intracellularis Schmidt and 

the hosts Rhizosolenia and Hemiaulus (Villareal 1989), or the exosymbiont Calothrix 

with Chaetoceros sp. (Sournia, 1970). Previous studies show that R. clevei is capable of 

growing without the endosymbiont, making the symbiosis non-obligate for the host 

(Villareal 1990). Additionally, Calothrix sp. and Chaetoceros can grow independently of 

one another (Foster and Zehr 2006). However, recent studies have has been unable to 

produce the same results for the Hemiaulus sp-R. intracellularis symbiosis (Brown and 

Villareal, unpublished observation).  

Even though the endosymbiosis is non-obligate for at least one diatom host, R. 

intracelluaris has a low survival rate outside of the host (Villareal 1990, Janson et al. 

1999).  Heterocystous cyanobacteria species in general are not abundant in tropical 

oceanic waters. The glycolipid cell envelope of the heterocyst (an oxygen diffusion 

barrier) may not be advantageous in warmer water temperatures and heterocystous 

species are out-competed by free-living, non- heterocystous cyanobacteria such as 

Trichodesmium (Staal et al. 2003).  

 R. intracellularis is typically found in warm tropical and subtropical waters 

(Villareal 1992) and is thought to be the most widely distributed heterocyst-forming 



 
 

4 

cyanobacteria in the marine pelagic environment (Janson et al. 1999). R. intracellularis 

strains are associated with a specific host, either Hemiaulus sp. or Rhizosolenia clevei 

(Janson et al. 1999). In the R. clevei-R. intracellularis DDA, the symbiont may be 

capable of providing the majority of nitrogen required to sustain the host cell (Villareal 

1990, 1991). R. intracellularis abundance varies seasonally in the North Pacific Ocean 

(Venrick 1974), with summer months having a significantly larger biomass than winter 

months.  Blooms containing DDAs are assumed to occur every year but are localized, 

independent events (Venrick 1974). It is estimated that the Rhizosolena-Richelia 

relationship contributes less nitrogen globally than Trichodesmium (Villareal 1992). 

However, in specific areas, such as the NE coast of South America in the tropical 

Atlantic Ocean, local rates of Richelia nitrogen fixation can be higher than 

Trichodesmium (Carpenter et al. 1999)  

 Laboratory studies involving the R. clevei-R. intracellularis DDA have provided 

useful information about this relationship. Individual host Rhizosolenia sp. cells can 

contain more than thirty symbionts per cell (Villareal 1992). Cell growth of the host and 

symbiont is variable depending on if the cells are grown in N- deplete or N-replete 

medium. The growth rates can range from 0.44 (N-deplete) to 0.72 (N-replete) divisions 

per day for Rhizosolenia and 0.67 (N deplete) to 0.80 (N replete) divisions per day for R. 

intracellularis (Villareal 1990), indicating that the division rate of the two species are 

uncoupled. Trichome division in R. intracellularis occurs constantly during the diel 

cycle, while Rhizosolenia typically undergoes cell division in the morning.  Additionally, 

with adequate nitrogen concentrations,  Rhizosolenia can outgrow R. intracellularis, 
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making this symbiosis non-obligate, resulting in asymbiotic host cells  (Villareal 1989).  

R. intracellularis is found between the cell cytoplasm and the frustule of the host cell  

(Villareal 1989). Nitrogen fixation by R. intracellularis supports both itself and the host 

under N-deplete conditions (Villareal 1990). 

 As previously mentioned, R. intracellularis also occurs as a symbiont in the genus 

Hemiaulus. Among this genus, H. hauckii is the most common DDA host species in the 

NPSG (Venrick 1982, 1997, Brzezinski et al. 1998, Scharek et al. 1999a, Scharek et al. 

1999b, Venrick 1999). This symbiosis with Hemiaulus, unlike Rhizosolenia, is cryptic 

and epifluorescent microscopy is frequently needed in order to determine if the symbiont 

is present (Heinbokel 1986, Villareal 1994).  Hemiaulus sp. have been observed to be 

more abundant than Rhizosolenia sp. off the coast of Oahu, Hawaii (Heinbokel 1986), 

and in the Caribbean (Villareal, 1994).  In the Pacific, it was observed that approximately 

80% of H. hauckii and H. membranaceus contained  symbiotic R. intracellularis 

(Heinbokel 1986).   

DDAs are often important components of summer diatom blooms in the NPSG. 

Summer open ocean blooms are widespread but were only recently recognized in satellite 

ocean color data (Wilson 2003, Wilson and Qiu 2008, Wilson et al. 2008). Blooms in the 

NPSG are operationally defined as a satellite determined chl a concentration >0.15 mg 

mˉ³ (Wilson et al. 2008) or by rapid increase in phytoplankton biomass in the upper 

portion (0-60m) of the water column (Dore et al. 2008). In the NPSG, blooms occur 

primarily in two locations in this region: near Station ALOHA, the sampling location of 

the Hawaiian Ocean Time Series (HOT) (22.75 ˚N, 158˚W) (Dore et al. 2008) and 
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northeast of the Hawaiian Islands (~30ºN, between 140º-160ºW) in association with the 

salinity-driven subtropical front (STF) (Wilson 2003, Wilson & Qiu 2008, Wilson et al. 

2008). More recently, a bloom was operationally defined as a DDA abundance >100,000 

cells mˉ³ of the host species (Villareal et al. 2010, in press). Events occur during summer 

months (June-October) (White et al. 2007, Dore et al. 2008, Wilson et al. 2008) when 

water temperatures are warm, and the water column is well stratified (Wilson & Qiu 

2008). Additionally, NPSG blooms are typically associated with a decrease in mixed 

layer depth (Dore et al. 2008).  At 30 ºN, blooms occurred during 10 of the last 13 years 

and lasted from 4 weeks to 4 months (Wilson 2003, Wilson et al. 2008). 

  Species diversity within blooms varies by year, event and location at both Station 

ALOHA and at the STF near 30˚N (Wilson 2003, Dore et al. 2008, Wilson & Qiu 2008, 

Wilson et al. 2008). Netplankton is typically dominated by the diazotrophic filamentous 

cyanobacteria Trichodesmium (White et al. 2007, Dore et al. 2008) or DDAs (Venrick 

1974, Brzezinski et al. 1998, Singler & Villareal 2005, Wilson et al. 2008). Common 

DDAs observed in the NPSG are the heterocystous diazotroph endosymbiont Richelia 

intracellularis found in either Hemiaulus sp. or Rhizosolenia clevei (Venrick 1974, 

Brzezinski et al. 1998, Landry 2002, Letelier et al. 2004, Montoya et al. 2004, Singler & 

Villareal 2005, Dore et al. 2008, Fong et al. 2008, Wilson et al. 2008, Church et al. 2009), 

and Chaetoceros sp. with the exosymbiont Calothrix (Foster & Zehr 2006).  

An overall increase in N₂-fixation rates,  due to the increase in abundance of  

diazotrophs such as Trichodesmium sp. and DDAs, has caused  the NPSG to go from a  

nitrogen to a phosphorous controlled state (Karl et al. 1997). Due to high diazotroph 
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abundance during these NPSG blooms, N₂-fixation plays an important role (Dore et al. 

2008, Wilson & Qiu 2008, Wilson et al. 2008). The Chaetoceros-Calothrix symbiosis can 

also be the most abundant at times in this region (Foster and Zehr 2006). Other abundant 

diazotrophs include Crocosphaera watsonii, (Church et al. 2009, Zehr et al. 2007) and 

unicellular N₂-fixing cyanobacteria group A (UCYN-A) (Church et al. 2005, Trip et al. 

2010, Moisander et al. 2010).  

Differences have been observed between the Station ALOHA bloom and the 30˚ 

N blooms near the STF.  In blooms observed at station ALOHA, high abundance of R. 

intracellularis and Trichodesmium do not co-occur  (White et al. 2007). At Station 

ALOHA, the inter-annual dominant netplankton bloom species varies among 

Trichodesmium and DDAs (Dore et al. 2008), with Trichodesmium sp. typically the most 

abundant (White et al. 2007, Church et al. 2009). Warm water temperatures (White et al. 

2007) and mesoscale features such as positive sea surface height anomalies (SSHA) 

(Church et al. 2009) and anticyclonic eddies (Fong et al. 2008), can result in a significant 

increase of heterocystous cyanobacteria (such as R. intracellularis) abundance. In 

comparison to Station ALOHA blooms, 30ºN blooms are commonly associated with the 

STF (Wilson 2003, Wilson & Qiu 2008, Wilson et al. 2008). These blooms are not 

associated with SSHA or temperature (Wilson 2003, Wilson et al. 2008).   DDAs 

commonly increase during the 30˚ N blooms near the STF (Wilson et al. 2008).   

 In addition to large DDA or diazotroph abundance in the NPSG, the pennate 

species Mastogloia woodiana, is frequently one of, or the most abundant, diatom in these 

blooms (Venrick 1974, 1988, 1990, Brzezinski et al. 1998, Scharek et al. 1999a, Scharek 



 
 

8 

et al. 1999b).  M. woodiana is classified as a species occurring in the upper euphotic zone 

(above 100m), in the same category as H. hauckii (Venrick 1982, 1988). Additionally, 

they are described as the second most abundant diatom in the NPSG (H. hauckii is third) 

(Venrick 1982). Even though M. woodiana. is often observed in aggregates with small 

coccoid cyanobacteria, these species are not known to be symbiotic with diazotrophs  

(Scharek et al. 1999a). M. woodiana often co-occurs with H. hauckii  and has been 

reported as being attached to chains of this DDA host (Scharek et al. 1999b).  

DDAs are members of the netplankton and are large in comparison to the 

numerically dominant cyanobacteria and prochlorophytes in oceanic waters. Similar to 

species composition, chlorophyll a size fractionation data can tell a great deal about 

bloom characteristics. Both DDAs and pennate diatom aggregates occur in the 

netplankton size fraction. Size distribution can provide valuable information in regards to 

sinking fluxes. Typically, phytoplankton colonies and aggregates result in faster sinking 

rates below the euphotic zone (Smayda 1970). In terms of  particulate organic matter 

flux, larger netplankton species have a greater impact than nanoplankton  (Michaels & 

Silver 1988). Particle and plankton size can impact their residence time in the euphotic 

zone (Malone 1980). Additionally, size can affect the types of grazers capable of 

consuming phytoplankton species (Benitez-Nelson et al. 2001).  If, as suggested, DDA 

blooms are a major source of the satellite signal for the blooms at 30° N, there should be 

an increase in the netplankton chlorophyll fraction. However, there is no information 

available on how size distribution changes in the NPSG blooms. 
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Since blooms associated with increase in diazotroph abundance are hypothesized 

to be driven by N₂-fixation they are more likely to be limited by other nutrients (Dore et 

al. 2008). Summer blooms in the NPSG may occur when phosphate in the region is 

sufficient to support the community (Dore et al. 2008). Additionally, phosphorous 

limitation can reduce N₂-fixation rates (Mills et al. 2004, Dore et al. 2008). Therefore, 

phosphorous may have the ability to control the formation and proliferation of a 

diazotroph/DDA bloom event (Dore et al. 2008). In addition to dissolved inorganic 

phosphorous (DIP), dissolved organic phosphorous (DOP) may be available, but the 

extent of this availability is not well understood (Dyhrman et al. 2006).  The primary 

available DOP sources are monophosphate esters and phosphonates (Clark et al. 1998, 

Kolowith et al. 2001).  Monophosphate esters can be utilized via the enzyme alkaline 

phosphatase (AP). AP activity has previously been observed in NPSG (Perry 1972). 

Dyhrman et al. (2006) found that Trichodesmium is capable of utilizing phosophonates. 

Phosphonate relevant genes were not found in Hemiaulus sp-R. intracellularis (Hilton 

and Zehr,  personal communication). However, it does appear that the Chaetoceros sp. 

symbiont Calothrix does have phosphonate related genes (Hilton and Foster, personal 

communication). It is currently unknown if the R.clevei-R. intracellularis DDA is capable 

of phosphonate utilization. 

Two distinct summer diatoms events in the NPSG in 2008 and 2009 were studied 

to better understand bloom dynamics. This study has three main objectives: 1) To 

determine if there is a relation between changes in physical water characteristics such as 

salinity and temperature and the NPSG blooms studied 2) to distinguish how these 
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specific NPSG diatom blooms relate to increases in both extracted and ocean color chl a 

values, particularly in terms of size fractionated data and 3) to determine if there is 

differences in species composition and abundance in response to chl a increases.  
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Methods 

Two cruises were conducted in the North Pacific Subtropical Gyre (2008/2009 

R/V Kilo Moana) to sample satellite-detected chlorophyll a blooms. In 2008, two main 

transects were sampled across a declining bloom (Figure 1). In 2009, the bloom faded as 

the ship steamed north from Hawaii, and we arrived on location after the bloom declined 

(Figure 2).  A satellite-detected bloom feature at 25˚N and 154˚W was subsequently 

sampled.  Seawater for nutrient analysis, phytoplankton counts, symbiont counts, 

particulate and biogenic silica (bSi) and chlorophyll a (chl a) was collected from a 

Seabird 911 plus CTD with 24 12L Niskin bottles.  

SATELLITE DATA 

 Bloom station locations were determined sea based on the daily ocean color data 

from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on NASA's 

Aqua satellite.  This information was provided by Dr. Cara Wilson. The west coast 

regional node (WCRN) of NOAA’s CoastWatch program processed the NASA 

datastream and sent it to the ship every day.  The data is available at 2.7 km resolution for 

the Pacific basin, and is mapped to an equal angle grid 0.025° latitude by 0.025° 

longitude using simple arithmetic means to produce composite daily images.  A 

chlorophyll a value of 0.15 mg mˉ³ was used as a bloom threshold, based on previous 

work in this region (Wilson 2003, Wilson & Qiu 2008, Wilson et al. 2008). 
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SEA SURFACE HEIGHT DETERMINATION 

For the 2009 cruise, sea surface height was determined by utilizing the University 

of Colorado Center for Astrodynamic Research Global Near Real-Time Sea Surface 

Anomaly Viewer (http://argo.colorado.edu/~realtime/welcome/). 

 

CELL COUNTS  

 At each selected depth, 125 ml of water was collected and preserved by adding 

2.5 ml of a hexamine buffered 20% formaldehyde stock solution (Thrönsden, 1978). Fifty 

ml was settled overnight and diatom species were counted the following day using an 

inverted microscope (Hasle 1978). Identity of the pennate species Mastogloia woodiana 

was confirmed with a scanning electron microscope (Theriot 2008). 

  For symbiotic cyanobacteria counts, 2L of water were gravity filtered on a 47mm 

Isopore 10µm membrane filter directly from the CTD (Carpenter et al. 1999). Filters 

were preserved (20% formaldehyde solution) and mounted on a glass slide with Cargille 

non-drying immersion oil fluid (type DF) and a 50 x 45 mm cover slip. A drop of 

immersion oil was added to the filters, and cover slips were placed onto the filters. The 

samples were then refrigerated until examined on an Olympus BX51 epifluorescent 

microscope using the TRITC (530-560 nm excitation, 572-648 nm emission) light filter. 

NUTRIENT ANALYSIS 

Duplicates of 10 ml unfiltered water samples were frozen immediately, and 

shipped on dry ice to the University of Texas Marine Science Institute where 

nitrate+nitrite, phosphorous, ammonium, and silica were measured on a Lachat 

Quikchem 8000 system (Lachat Instruments, Milwaukee, WI, USA).  Nitrogen fixation 

http://argo.colorado.edu/~realtime/welcome/
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(N₂-fixation) was measured in 2008 only using the acetylene reduction method (Capone 

1993) on a SRI 8610c gas chromatograph. 

SILICA MEASUREMENTS 

For measurement of [Si(OH)4], 50-mL samples were drawn and analyzed 

colorimetrically (Brzezinski & Nelson 1995). For measurement of biogenic silica ( bSi) a 

2.8-L sample was filtered using a 47-mm diameter, 0.6-mm pore, polycarbonate filter and 

analyzed via NaOH digestion (Nelson et al. 2001). Samples were taken during cruises 

both 2008 and 2009.  For bSi, size fractionated data was collected (total and >10 µm). 

CHLOROPHYLL A 

Duplicates of 250 ml and 500 ml of seawater samples were filtered onto 0.4 µm 

and 10 µm filters (47mm Isopore membrane filters), respectively. Filters were placed 

directly into 10 ml methanol in a test tube and extracted in a -20˚C freezer overnight. 

Samples were read on a TD-700 Fluorometer (Turner Designs, Sunnyvale, CA, USA) 

using a non-acidification method (Welschmeyer 1994). 

DATA ANALYSIS 

The mean values of surface chl a fluorescence (mg mˉ³) measured with the CTD 

in situ flurometer and surface extracted chl a values (mg mˉ³) were compared using a 

Student’s t-test. The same t-test was also used to compare the mean values of ocean color 

data (mg mˉ³) and surface extracted chl a values (mg mˉ³) for the various stations 

sampled. In the cases where log transformation could not normalize the data, the non-

parametric equivalent for a t-test (Mann-Whitney test) was used instead. Mixed layer 
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depth was compared to both chl a and cell abundance using a Pearson’s correlation test.  

The data was log transformed and checked for normality. 
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Results 

2008  

Physical characteristics  

The 2008 cruise track was designed to sample a satellite-detected chlorophyll a 

(chl a) bloom that occurred during the first week of July (Figure 1). Two transects were 

sampled in the bloom region. Transect 1, Stations 3-13, ran northwest to southeast 

(Figure 3 and 4). Additionally, an area located west of Transect 1 containing elevated chl 

a satellite-detected concentrations, Stations 7 and 8, was sampled (Figure 5 and 6).  This 

area contained a diatom hotspot (Station 7), with elevated diatom abundance in 

comparison to the other stations in the region. Transect 2, Stations 16-21, was oriented 

perpendicular to Transect 1, and was sampled northeast to southwest (Figure 7 and 8). 

Two different plots for Transect 1, one that does not include the stations located to the 

west of Transect 1 (Station 7 and 8) (Figure 3 and 4) and one that does (Figure 5 and 6), 

were created for an easy comparison of features associated with the ocean color chl a 

bloom region. The satellite-detected chl a bloom was sampled several days after peak 

ocean color chl a signature was detected and appeared to represent a declining phase.   

The chl a increases based on satellite detection straddled the 35.7 PSU isohaline 

that defines the STF (Figure 5b). Regional surface salinity values near the STF changed 

measurably over a relatively short time scale. Salinity changes at an individual location 

could reach 1 PSU (33.6-34.6 PSU) over the space of 1-3 days (Figure 9).   
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A complex salinity structure occurred both at the surface and at depth at and 

around the STF (Figure 3b and 5b).  In Transect 1, surface salinity at Station 3 (34.6 

PSU), decreased southward to 34.3 PSU at Station 5 (Figure 3b) and then increased again 

to > 34.5 PSU at Station 6 (Figure 3b).  Stations to the west of the transect line (Station 7; 

~20 km way) (Figure 5b) were similar to the higher salinity water (>34.7 PSU) noted 

subsurface in Transect 2 (Figure 7b).  Transect 2, normal to Transect 1, did not show any 

>34.7 PSU water at the surface (Figure 7b). However, a salinity front was also crossed in 

Transect 2 (Station 19, 20 and 21) but the surface salinity value was lower (34. 4 PSU) 

than at the STF (Station 7) (34.7 PSU) (Figure 5b and 7b). The T-S characteristics 

suggest that the intrusion of low salinity water seen at Station 5 originated north of the 

front and was part of a narrow feature that was becoming entrained into higher salinity 

water from the south.     

Strong doming of subsurface isotherms corresponded with the doming of the 34.2 

isohaline at Station 5 (Figure 3a and 3b). This cooler, lower salinity water reached the 

surface. In Transect 2, a similar water mass as seen at Station 5 was observed to the north 

and east of the surface frontal feature (Figure 7a and 7b). Additionally, the thermocline 

depth increased from north to south in Transect 2 (Figure 7a).  

At the surface of the STF, water was warmer (21.95 ˚C), and the salinity was 

higher (34.7 PSU) than the water intrusion observed at Station 5 (Figure 3a, 3b, 5a and 

5b). A change in depth of the 18˚C isotherm was observed in association with the strong 

doming of 34.6 PSU subsurface isohaline at the bloom station (Figure 5a and 5b). 
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However, this doming was not as strong as it was at Station 5, only shoaling to ~100 m 

(Figure 5a).  

Bloom species composition and abundance 

             R. intracellularis associated with H. hauckii was difficult to enumerate on the 

filters under epiflourescent microscopy due to lack of orange fluorescence in the 

symbiont and visual interference from the filters. However, phytoplankton samples 

examined from net tows showed that H. hauckii contained ~2 heterocysts cellˉ¹. Richelia 

symbionts in Rhizosolenia fluoresced orange and were easily seen on the filters.  Orange 

fluorescing R.intracellularis symbionts ranged in abundance from ~1 filament Lˉ¹ to 25 

filaments Lˉ¹ at background stations (Figure 6c and 11b). 

Background abundance of diatoms and symbionts was low in both Transect 1 and 

Transect 2 (Figure 4a-c, 6a-c, 8-c and 11b) in comparison to Station 7. Outside of Station 

7, DDA abundance (H. hauckii) reached ~ 540 cells Lˉ¹ at the surface (Figure 4a). This 

cell density was found at Station 5, located 20 km from Station 7. In Transect 2, H. 

hauckii abundance reached 420 cells Lˉ¹ at the surface (Station 18) and 1100 cells Lˉ¹ 

subsurface (~20 m; Station 19) (Figure 8a).   

Non-symbiotic diatom species were also observed during the 2008 cruise. 

Chaetoceros sp. only reached 20 cells Lˉ¹ at background stations (Figure 11b). The 

pennate species Mastogloia woodiana had a maximum abundance at subsurface, which 

reached ~100 cells Lˉ¹ outside of Station 7 (Figure 4b, 6b, 8b and 11b). R. intracellularis 

abundance followed the trend of H. hauckii and M. woodiana, having lower values at all 

background stations when compared to Station 7 (Figure 4c, 6c, 8c and 11b).  
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 Station 7 was a diatom hotspot where H. hauckii abundance was ~ 2 orders of 

magnitude greater than background station abundance. At Station 7, H. hauckii had a 

maximum abundance of > 11,000 cells Lˉ¹ at the surface (Figure 6a and 10b). Surface 

abundance of R. clevei was considerably less than H. hauckii (~58 cells Lˉ¹; determined 

using the assumption of one R. intracellularis heterocyst per R. clevei cell) (Figure 10b). 

Non-DDA diatom species were observed with elevated cell abundance at Station 7. 

Chaetoceros sp. reached 60 cells Lˉ¹ and M. woodiana reached 360 cells Lˉ¹ (Figure 6b 

and 10b). M. woodiana had a subsurface maximum at ~50m in comparison to the H. 

hauckii maximum abundance at the surface (Figure 6b).  

Station 19, also had elevated H. hauckii abundance over the other background 

stations (~1100 cells Lˉ¹ at 20 m) (Figure 8a). However, cell abundance was an order of 

magnitude less than the abundance found at Station 7.   

The greatest R. intracellularis surface abundance corresponded with the greatest 

number of H. hauckii cells at Station 7. Absolute abundance on the filters was only 

determined for the orange fluorescing R. intracellularis, reaching ~58 filaments Lˉ¹ (or 

~233 cells Lˉ¹) (Figure 6c and 10b) and > 400,000 filaments mˉ² (Table 1) at Station 7. 

Even though the surface R. intracellularis abundance was greatest at Station 7, Station 2 

located southwest of Station 7 (30˚N, 146.30˚W) had a greater integrated abundance 

(>600,000 filaments mˉ²) (Table 1).  Based on the field combined epifluorescent/light 

microscopy examination, each H. hauckii cell contained two (low fluorescing) 

R.intracellularis symbionts producing a surface R. intracellularis abundance of >22,000 

filaments Lˉ¹ at Station 7, making it the dominant symbiont type in this ocean color chl a 
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bloom.  Calothrix symbionts associated with Chaetoceros sp. were not observed in the 

2008 event.  

Chlorophyll a 

  Maximum surface chl a concentration was at Station 7 (0.10 mg mˉ³), but was 

only slightly elevated over the background surface concentrations.  Background surface 

concentrations averaged 0.08 mg mˉ³(Figure 6d, 10c and Table 3). This value co-

occurred with the greatest H. hauckii abundance (Figure 6a and 6c). Even though Station 

7 had the greatest surface chl a abundance, integrated (0-60m) chl a concentrations were 

greater at other stations (Stations 3, 4 and 8). Additionally, deep chlorophyll maximum 

(DCM) concentrations were gratest at Station 6 (>0.26 mg mˉ³) (Figure 6d).  In contrast, 

the Station 7 DCM value was 0.15 mg mˉ³.  Even though changes were observed in DCM 

chl a values, the depth of the DCM stayed consistent throughout all stations (Figure 4d, 

6d, 8d, 10c and 11c).  

The >10 µm fraction of the chl a differed between Station 7 and the background 

stations. Background concentrations of >10 µm chl a were low, (<0.01 mg mˉ³) and %> 

10 µm chl a only reached ~20% (Figure 4e, 4f, 8e, 8f and 11c). In contrast, the >10 µm 

chl a size fraction (0.04 mg mˉ³) represented ~40% of the total extracted chl a surface 

concentration at Station 7 (Figure 10c).  Additionally, the >10 µm chl a concentration 

integrated over depth was greater at Station 7 than concentrations found at background 

stations (Table 2). The increase in the >10 µm chl a in association with the increase in 

DDA cell abundance suggests an important role of the larger size fraction at Station 7 

(Figure 6f and 10c).  
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Chl a fluorescence measured by the ship’s CTD and surface ocean color data 

were obtained and compared to the extracted chl a values.  The  average surface CTD chl 

a fluorescence (0.04 mg mˉ³) was significantly less than the  average extracted chl a 

surface  (0.07 mg mˉ³; p=0.001) (Table 3). Comparatively, the average surface ocean 

color chl a concentration estimated from satellite data (0.10 mg mˉ³) was significantly 

higher than the average surface extracted chl a value (p=0.008) (Table 3).  

Nutrients 

In general, surface nutrient concentrations, with the exception of silica, were 

below detection limits. Subsurface concentrations were, however, above detection at 

depth below ~100 m for most nutrients and increased with depth (Figure 3d, 3f, 5d, 5f, 7d 

and 7f). The nutricline is defined as a sharp increase in concentrations for silica, and the 

point at which nutrient concentrations are above detection limits for nitrate+nitrite, 

phosphorous and ammonium. The nutricline depth increased from north to south for 

silica and nitrate+nitrite. The silicacline increased in depth from ~150 m to ~190 m in 

Transect 1 (Figure 3c and 5c) and ~100 m to 175 m in Transect 2 (Figure 7c). In Transect 

2, this increase was more linear than in Transect 1 where the silicacline depth abruptly 

increased at Station 12. Additionally, the nitracline had a linear increase in depth in both 

Transect 1 (from ~100m to 160m) and Transect 2 ( ~115m to ~150m) (Figure 3f and 7f).  

The phosphocline also increased in depth from north to south in Transect 1, but only until 

just south of 31.5˚N (Station 6) (Figure 3d and 5d).  Here, phosphorous levels dropped 

off abruptly in association with doming of the halocline observed at and around Station 7 

and were below detection limits south  of 31˚N (Station 10) (Figure 5d). In contrast, the 
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phosphocline in Transect 2 increased in depth from north to south from ~100m to ~160m 

(Figure 7d). Additionally, Station 6 had increased and detectable surface levels of 

phosphorous (Figure 3d and 5d).  Ammonium was at or below detection limits in the 

upper 200 m throughout the 2008 cruise (Figure 3e, 5e, and 7e).  

Increased surface values for ammonium, phosphorous and nitrate+nitrite were 

observed at and near Station 7, the location of the diatom hotspot (Figure 12). However, 

these values were either at or slightly above detection limits and were subject to the well-

established problems of freezing artifacts coupled with the imprecision of flow-injection 

analysis at low nutrient levels.   

Biogenic Silica 

  An increase in biogenic silica (bSi) was associated with the increase in DDA cell 

abundance. Background bSi concentrations were generally <50 nmol throughout the 

water column in both Transect 1 and 2  and decreased from surface to depth (Figure 4g, 

6g, 8g, 10e and 11e).  In comparison, Station 7 concentrations reached 211.4 nmol Lˉ¹ at 

the surface corresponding with the greatest abundance of H. hauckii (Figure 6a, 6g and 

10e). Additionally, integrated bSi values were ~3x greater at Station 7 (9405.7 µmol mˉ²) 

in comparison to the average background concentration (2974 µmol mˉ²) (Table 2). The 

greatest bSi values were associated with the increase of H. hauckii at the STF (Figure 6a, 

6g and Table 2). 

Mixed Layer Depth 

 Mixed layer depth (MLD), defined as the depth where surface density increases 

0.125 kg mˉ³ (Levitus, 1982), ranged from 11 m to 33 m in 2008. Stations 1 (30˚N, 
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150˚W) and 2 (30˚N, 146.30˚N), which were located southwest of the 30˚N bloom had 

the greatest MLD of all stations (30 m and 33 m respectively) (Figure 13a and 13b). The 

MLD shoaled in association with the H. hauckii and extracted chl a increase observed at 

Station 7 (Figure 13a and 13b). There was a negative correlation between integrated chl a 

concentrations (0-60m) and MLD (r=-0.56, p=0.04). This suggests as the MLD 

decreases, the chl a values increase. However, no significant correlation was observed 

between H. hauckii abundance and MLD. Both log normalized (r= -0.31, p=0.26) and 

absolute cell abundance (r= -0.46, p= 0.10) were compared to MLD. Additionally, due to 

the low cell abundance observed at Station 17, a correlation analysis was performed 

without this outlier. Even without this datum, no significant correlation was observed 

between both log normalized cell abundance and MLD (r= -0.44, p=0.13) or absolute cell 

abundance and MLD (r= -0.46, p=0.11). 

2009 

STF region information 

 As predicted from previous observations (Wilson 2003, Wilson and Qiu, 2008, 

Wilson et al. 2008), an ocean color chlorophyll a summer bloom formed in the 30˚N 

bloom region in association with a STF in 2009. While extensive sampling occurred in 

this region, the bloom had disappeared while the ship was steaming to this location 

(Figure 14). A front was crossed by the ship during a transect at the STF region (35.4 

PSU; Stations 3-19) (Figure 14b).  However, the surface front values were substantially 

greater than the defined value typically associated with the front (34.7 PSU) (Roden 

1970).  
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Bloom Features and Diatom Abundance 

As the ship returned to Hawaii at the conclusion of the 2009 cruise, a chl a bloom 

developed and was detected by satellite remote sensing. Time available for sampling was 

extremely limited and no transect data was possible to place the physical or nutrient field 

of the bloom in context with the surrounding environment.  Comparisons can only be 

made to stations that were ~ 1000 km away or to the previous year at a different latitude 

(Figure 14). No salinity or temperature front was observed near this bloom (25.18ºN, 

154ºW). However, the bloom was associated with a sea surface height low, suggesting 

the presence of a cyclonic eddy (Figure 15). This area of elevated ocean color chl a 

concentration had a greater surface salinity (35.4 PSU) and temperature (25.82 ˚C) than 

the averages found at the STF region (34.25 PSU; 23.47˚C) (Figure 14a, 14b and 17a).  

The diatom species and symbionts observed in the 2008 bloom were also seen in 

the 2009 bloom; however abundance and dominance were altered.  Average cell 

abundances of diatoms at the STF region (26.06˚N, 144.41˚W; ~1000 km away from the 

ocean color bloom) were low (Figure 14c and 18b). H. hauckii abundance was greatest at 

the surface, with a maximum abundance of 60 cells Lˉ¹. M. woodiana had a subsurface 

maximum value of 60 cells Lˉ¹ at ~40m in this region (Figure 14c and 18b).  Chaetoceros 

sp. and Calothrix were not observed at the STF.  Orange fluorescing R. intracellularis 

had the greatest surface abundance near the STF region; reaching 11.5 filaments Lˉ¹ 

(Figure 14d). 

  Cell abundance for the diatom species (H. hauckii, Rhizosolenia sp., M. 

woodiana, and Chaetoceros sp) at the ocean color chl a bloom northeast of Hawaii 
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(Station 22 and 23) were elevated in comparison to the cell abundance observed at the 

STF.  In the 2009 bloom, the greatest H. hauckii abundance (~1300 cells Lˉ¹ or 130,000 

cells mˉ³) (Figure 17b) occurred at the surface (Station 23). The netplankton size fraction, 

however, was numerically dominated by the pennate Mastogloia woodiana (identification 

confirmed with a scanning electron microscope). This species has a subsurface maxima 

which reached > 159,000 cells Lˉ¹at Station 23, 122x greater than the highest H. hauckii 

abundance observed in this bloom (Figure 17b). M. woodiana was observed in aggregates 

of up to 900 cells aggregateˉ¹, and 11 aggregates Lˉ¹.  

In addition to the R. intracellularis symbiont, the Chaetoceros sp-Calothrix DDA 

occurred in this ocean color chl a bloom. Chaetoceros sp. -Calothrix symbionts reached 

305 filaments Lˉ¹ at the surface of Station 23 (Figure 17b), and was less abundant than 

the estimated 2600 filaments Lˉ¹ of the H. hauckii associated R. intracellularis. R. clevei-

R. intracellularis abundance was the lowest of the three symbiont types (62 filaments 

Lˉ¹) (Figure 17b). Integrated Calothrix abundance was 26x larger at Station 23 

(10,699,250 filaments mˉ²) than the average abundance at the STF region (290,500 

filaments mˉ²), while maximum integrated R. intracellularis abundance at Station 23 

(3,690,250 filaments mˉ²) was 17x greater than the average abundance at the STF region 

(214, 900 filaments mˉ²) (Table 1).  

Both Station 22 and 23 had elevated cell concentrations in comparison to the 

stations in the STF region. However, even though Station 22 and 23 were only ~8 km 

apart, cell abundance was much lower at Station 22 (Figure 16b and 17b). M. woodiana 

abundance was <100,000 cells Lˉ¹ at Station 22 (Figure 16b), and integrated M. 
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woodiana values were 5x greater at Station 23 (Table 1). Additionally, integrated H. 

hauckii values at Station 22 were 10x less than Station 23 (Table 1).  Both R. 

intracellularis and Calothrix abundance were greater at Station 23; however, the 

difference in abundance was not as large as it was for the diatoms (Figure 16b, 17b and 

Table 1).  

Chlorophyll a 

In 2009, average surface extracted chl a background concentrations were lower 

than ocean color chl a bloom definition (0.08 mg mˉ³) (Figure 14e). Within the ocean 

color bloom, Station 22 had a surface concentration of 0.40 mg mˉ³, while the surface 

extracted chl a concentration at Station 23 was 0.25 mg mˉ³ ( Figure 16c, 17c and Table 

3). Maximum chl a concentration occurred at ~ 50 m, with a concentration of 1.03 mg 

mˉ³ (Station 23) (Figure 17c). This maximum concentration co-occurred with the 

maximum abundance of M. woodiana.  Integrated chl a had the greatest values at Station 

22 and 23, further distinguishing them from the stations near the STF region (Table 2). 

Concentrations of >10 µm chl a were <0.01 mg mˉ³ at the surface of the STF 

(Figure 14f and 18c). In comparison, surface concentrations reached >0.20 mg mˉ³ in the 

2009 bloom (Figure 17c). The >10 µm chl a concentrations were greatest at depth (50m) 

in association with the maximum M. woodiana abundance at Station 23 (Figure 17b and 

17c).  The %>10 µm chl a, however,  was highest at the surface, corresponding with the 

largest abundance of the dominant DDA species, H. hauckii (99.5%) compared to 45.8% 

corresponding with the depth of the greatest M. woodiana abundance (Figure 17c). 

Station 22 %>10 µm chl a values were lower than Station 23 (47.8% at the surface and 
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31.4% at ~50m) (Figure 16c).  In contrast, average %>10 µm chl a  was 8.6 % at the 

surface and 9.1% in the subsurface (~50m) in the STF region (Figure 14g).  Data from 

Station 22 and 23 suggests the >10 µm phytoplankton size fraction was an important 

component of the 2009 ocean color chl a bloom (Figure 16c, 17c and Table 2). 

No significant difference was found between extracted chl a surface 

concentrations and surface CTD chl a fluorescence data (p=0.31), or between extracted 

chl a surface values and ocean color data (p=0.87) (Table 3). However, at stations where 

cell counts were elevated relative to background concentrations (Stations 22 and 23) 

extracted surface chl a concentrations were greater than ocean color concentrations. At 

Station 22, surface extracted chl a (0.40 mg mˉ³) was ~3x greater than the ocean color 

concentration (0.14 mg mˉ³). At Station 23, the difference was not as great, and extracted 

chl a (0.25 mg mˉ³) was ~2x greater than the ocean color value (0.015 mg mˉ³). 

Nutrients  

Nutrient concentrations in 2009 above 200m were below detection limits with the 

exception of silica (Figure 16d, 17d and 18d).  In the upper portion (0-60m) of the water 

column at the Station 23, silica values reached 0.83 µM Lˉ¹, and corresponded with the 

greatest abundance of the larger size fraction diatoms (Figure 17b and 17d).  The 

nutricline depth in the bloom (~60m) was similar to the nutricline depth at the majority of 

the non-bloom stations (~40-60m) (Figure 16d, 17d and 18d).  Increased surface 

concentrations of ammonium and phosphorous were not observed in 2009 (Figure 17d). 

For these stations, high sensitivity ammonium analysis was used.  

Biogenic Silica 
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When compared to stations at the STF, bSi values were considerably greater at 

Station 22 and Station 23 (Figure 14h, 16e, 17e, 18e and Table 2).  Integrated bSi values 

at Station 22 were 4x greater than the average background concentration, while Station 

23 values were 7.5x greater (Table 2). When comparing Station 22 and 23, the integrated 

bSi value at Station 23 was almost 2x larger than Station 22 (Table 2). Maximum values 

of bSi (240.4 nmol Lˉ¹) corresponded with maximum M. woodiana abundance as well as 

the deep chlorophyll max at ~50m (Figure 17b, 17c and 17e).   

Mixed Layer Depth 

In 2009, the MLD did not shoal in association with the ocean color chl a bloom 

(Station 22 and 23) (Figure 19a-c). In fact, the deepest MLD was recorded at Station 23 

where extracted chl a values and DDA and M. woodiana abundance was the greatest 

(Figure 19a-c). No significant correlation between chl a and MLD (r=0.27, p=0.35), 

absolute H. hauckii abundance and MLD (r=0.27, p=0.33), nor absolute M. woodiana and 

MLD (r=0.34, p=0.22) was observed (Figure 19a-c). In addition to absolute cell numbers, 

log normalized cells numbers for both H. hauckii and M. woodiana were compared to 

MLD. No significant correlation was observed between log normalized H. hauckii and 

MLD (r= -0.28, p=0.33) or log normalized M. woodiana and MLD (r= 0.24, p= 0.4). 

   
 
 
 
 
 
 
 

 



 
 

28 

Discussion 

SPECIES COMPOSITION AND ABUNDANCE 

   Differences in background flora and the flora observed at stations with elevated 

diatom abundance (Station 7 2008, Station 22 and 23 2009) were observed in the ocean 

color chl a blooms. Richelia intracellularis was present at every station where samples 

were taken. In contrast, Hemiaulus hauckii was not present in every station, even though 

R. intracellularis (associated with Rhizosolenia clevei) was observed at all sites in which 

samples were collected. Additionally, previous observations have shown that Mastogloia 

woodiana and H. hauckii tend to co-occur (Schareck et al. 1999a, Schareck et al. 1999b, 

Villareal et al. 2010, in press). While this was the case in stations with elevated diatom 

abundance in both 2008 (Station 7) and 2009 (Station 22 and 23), there were numerous 

background stations in which M. woodiana was present and H. hauckii was not (Table 1). 

This would suggest that certain diatoms, such as M. woodiana and R. clevei, have a more 

consistent presence, while others, like H. hauckii, tend to be more variable and require 

specific conditions.  

 The dominant diazotrophic species within the North Pacific Subtropical Gyre 

(NPSG) differed with location (Dore et al. 2008, Wilson et al. 2008) as well as with 

factors such as eddies and nutrient availability (White et al. 2007,  Dore et al. 2008, Fong 

et al. 2008, Church et al. 2009).  At Station ALOHA, DDAs or Trichodesmium can be the 

dominant species but they are not observed to co-dominate (White et al. 2007, Fong et al. 

2008, Dore et al. 2008). In this study, Trichodesmium was not observed, while DDAs 

were abundant at the majority of stations sampled. Trichodesmium grows in temperatures 
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of 20˚C-34˚C. However, optimal growth is at ~28˚C (Breitbarth et al. 2007). Therefore, 

temperature at the subtropical front (STF; 21.95˚C) in 2008 may have favored DDAs 

over Trichodesmium.  

  M. woodiana has been reported in the literature as an abundant diatom in the 

NPSG (Venrick 1974, 1990, Scharek et al. 1999a, Scharek et al 1999b). M. woodiana has 

been observed as a co-dominant species with H. hauckii (Brzezinski et al. 1998).  To date 

high abundance of this species has only been noted in regions away from 30˚N region 

(Venrick 1974, 1990, Brzezinski et al. 1998, Scharek et al. 1999a, Scharek et al. 1999b). 

Based on abundance observations from 2002, 2003 and 2008 M. woodiana abundance is 

typically low at 30˚N blooms (Figure 6b and 10b) (Villareal et al. 2010, in press). This 

study and work by Villareal et al. 2010 suggest that the 30˚N bloom region may be 

unable to support large M. woodiana blooms, perhaps due to limiting factors such as 

temperature or nutrient availability. 

Even though DDAs dominated the 2008 30˚N bloom, the chlorophyll a (chl a) 

concentration contributed by these species did not represent the entire ocean color 

signature (27% of 0.15 mg mˉ³). However, DDA species may be driving “echo” blooms 

by bringing new nitrogen via nitrogen fixation (N₂-fixation) into the system (Wilson and 

Qiu, 2008). In 2009, for example, the dominance of M. woodiana at the time of sampling 

may have been fuelled by new nitrogen provided by DDAs. The “echo” bloom theory 

may also help to explain the discrepancy in ocean color data and the DDA representation 

observed in 2008. 
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In the 2009 bloom, M. woodiana was more abundant than DDAs compared to the 

30˚N bloom studied in 2008. In the 2009 bloom, ~32x times more M. woodiana was 

found at Station 23 (Figure 17b) compared to previous studies in the NPSG (~5,000 cells 

Lˉ¹) (Brzezinski et al. 1998). This is the highest measure of cell abundance of this species 

known to be on record in this region. The difference in abundance observed between 

1995 and 2009 may be due to short-lived M. woodiana blooms in the NPSG. In contrast 

to previous observations, in 2009 M. woodiana were not attached to H. hauckii chains 

(Scharek et al. 1999a, Scharek et al. 1999b). However, they were observed in aggregates 

with coccoid bacteria, as previously reported (Scharek et al. 1999a). Diatom aggregation 

may lead to increased primary production and nutrient regeneration (Gotschalk and 

Alldredge, 1989) and may have allowed for M. woodiana being dominant in this event.   

DDA species composition also differed for blooms studied in 2008 and 2009. The 

Chaetoceros-Calothrix DDA was abundant in the 2009 bloom, but not observed in 2008 

(Figure 10b, 17b and Table 1). This observation is consistent with dominance changes in 

DDA species observed at Station ALOHA (White et al. 2007, Dore et al. 2008). 

Additionally, it has been suggested that pennates such as M. woodiana may be able to 

obtain new nitrogen directly from exosymbionts (Gomez et al. 2005). Therefore, the 

Chaetoceros-Calothrix symbiosis in 2009 may have fuelled the increase in M. woodiana 

abundance. 

Observed differences in species composition may be attributed to the progression 

or successional stage of the bloom (Smayda 1980). True succession can occur in a 

phytoplankton community when there is a change in physical, chemical, or biological 
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factors (Smayda, 1980). Within the limited duration most research vessels spend at sea, it 

is nearly impossible to sample a long term bloom from beginning to end that is occurring 

far from shore. Therefore it is difficult to conclude if species dominance is due to 

location, succession or some other factor. In 2008, the 30˚N bloom was sampled during 

the declining phase, while the 2009 bloom closer to Hawaii was in the early stages of 

formation. Water column characteristics (e.g. nutrient availability) are known to change 

as blooms progress and one species may be favored over another (Reynolds, 2006).  

Diatom abundance in these open ocean blooms can show substantial changes over 

short distances and time scales. In both 2008 and 2009, cell abundance varied 5-10x fold 

over scales <20 km (Table 1). Venrick (1974) also noted strong spatial gradients and 

rapid temporal changes resulting in short-lived pulsed events, or hotspots, associated with 

general regional features.  

CHLOROPHYLL A AND BIOGENIC SILICA 

 Maximum biogenic silica (bSi) concentrations within the 2008 and 2009 blooms 

(211.4 and 240.4 nmol Lˉ¹ respectively) were larger than average background 

concentrations  (13.4-32.9 nmol Lˉ¹)(Figure 4g, 6g, 8g, 10e, 14h and 17e) and were 

similar to bloom concentrations found in a 1995 event (90-250 nmol Lˉ¹) (Brzezinski et 

al. 1998).  Typically, the maximum bSi concentration coincides with the subsurface chl a 

maxima (Brzezinski et al. 1998). In 2008, the greatest bSi concentration at Station 7 was 

found at the surface, in association with the largest DDA abundance, while in 2009 it 

maximum abundance was at the DCM in association with the greatest M. woodiana 

abundance (Station 23) (Figure 6b, 6g, 17b, 17c and 17e). bSi is influenced by cell 
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density of diatoms and as a result the highest bSi will be associated with the highest 

density of diatoms. This is consistent with what was observed in 2008 and 2009.  

Chl a concentrations observed in the 2009 bloom were greater than the 2008 30˚N 

bloom (0.15 mg mˉ³). Subsurface concentrations were >1.0 mg mˉ³ in the 2009 bloom 

(Figure 17c), values previously observed near Station ALOHA (Fong et al. 2008). 

Previous events associated with both cyclonic and anticyclonic eddies have shown an 

increase in average chl a concentrations to >1.0 mg mˉ³ at the DCM (Dore et al. 2008, 

Fong et al. 2008, Brown et al. 2008). In 2009, a transect was not performed but the 

substantial increase in chl a was most likely the result of a cyclonic eddy, defined by an 

observed sea surface height (SSH) low (Figure 15).  

SIZE FRACTIONATED DATA: RELATION TO SPECIES COMPOSITION AND IMPORTANCE 

  Substantial >10 µm chl a concentrations were observed in relation to increased 

DDA abundance and the presence of extensive M. woodiana aggregates (Figure 6a, 6f, 

10b, 10c, 17b and 17c). Both large cell size and cell aggregation, as observed in both 

2008 and 2009,  result in faster sinking rates (Smayda, 1970), causing a drawdown of 

substantial amounts of particulate nitrogen, silica, and carbon  to the deep sea flux 

(Scharek et al. 1999a, Scharek et al. 1999b).    

 Dominance of large size fraction of phytoplankton by diatoms has also been 

observed in lee cyclonic eddies off of Hawaii (Brown et al. 2008).  In this feature, species 

composition was altered in comparison to background conditions. Even though an 

increase in DDA abundance was not observed, the dominant diatom species were large 

(>20 µm) asymbiotic Rhizosolenia and Chaetoceros sp. in comparison to ambient 
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dominance by picoplankton (Brown et al. 2008).  Therefore, cyclonic eddies in the NPSG 

may result not only in bloom formation, but may also result in dominance of the larger 

size fraction in these blooms as observed in 2009. 

NUTRIENTS AND NITROGEN FIXATION  

The NPSG was traditionally thought to be a „marine desert‟ due to the lack of 

nutrients to support phytoplankton growth (Berger 1989, Brown et al. 2008). Diazotroph 

blooms occurring at or near station ALOHA have provided evidence of sizeable rates of 

N₂-fixation, due to an increase in either Trichodesmium or DDA species (Fong et al. 

2008). Therefore, large blooms occurring in the NPSG may be fueled by N₂-fixation 

(Dore et al. 2008, Wilson and Qiu 2008, Wilson et al. 2008). 

Typically the blooms in the NPSG occur in the top 80 m, where nitrate 

concentrations are depleted, promoting increased  diazotroph abundance (along with 

associated diatoms) (Dore et al. 2008). In this study, N₂-fixation measurements were 

made on phytoplankton collected in net tows during the 2008 bloom. No evidence of N₂-

fixation was observed. Additionally, symbionts found in 2008 exhibited a faint red color 

under epifluorescent microscopy in comparison to the orange glowing symbionts 

typically found at Station ALOHA. This could suggest an altered physiological state 

between the two locations, which may have resulted in the lack of N₂-fixation observed. 

These observations suggest that N₂-fixation may not have been the main nitrogen source 

for this bloom at the time sampling occurred.  
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DDA blooms in the NPSG may be capable of leaving a nutrient signature. 

Increase in surface water values of ammonium and phosphorous were observed in 2008 

at and near the STF (Station 3, 4, 6 and 7) (Figure 12). Values were so close to detection 

limit that they were difficult to determine. Singler and Villareal (2005) also observed 

surface nutrient inputs associated with DDA blooms. A lack of temperature or salinity 

signal in association with these surface increases means that these increases were most 

likely a result of remineralization, perhaps from DDA apoptosis or direct excretion. 

Increased values of surface nutrients were not observed in 2009 (Figure 16d, 17d and 

18d).  

MIXED LAYER DEPTH 

Changes in mixed layer depth (MLD) have been associated with chl a increases 

during DDA/diazotroph blooms (White et al. 2007, Dore et al. 2008, Fong et al. 2008). In 

the NPSG, these blooms typically correspond with a shoaling of the MLD (< 70m) at 

station ALOHA (White et al. 2007, Dore et al., 2008).  This relationship was observed in 

2008, where MLD was significantly negatively correlated with chl a concentration 

(Figure 13b). However, the MLD associated with the greatest DDA abundance in 2008 

(Station 7) was considerably shallower than MLD values reported previously (11 m vs. 

~20-50 m) (White et al. 2007, Dore et al. 2008, Fong et al. 2008). 

In the 2008 30˚N bloom, the greatest DDA abundance was also associated with 

the shallowest MLD (Figure 13a). However, no significant correlation was observed 

between the two. Therefore, the response to MLD shoaling differed between chl a and 

DDA abundance in the 2008 bloom. In this region, DDAs represented 33.3% of the ocean 
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color chl a value and 40% of the extracted surface chl a concentration. This suggests that 

differences in correlation between MLD:chl a and MLD:DDA  ratios may be due to the 

fact that the chl a value was not solely represented by DDAs. 

In the 2009 bloom, no correlation was observed between MLD and chl a or MLD 

and diatom abundance. Station 23 had the deepest MLD (~50m).  A lack of correlation 

between bloom characteristics and MLD in 2009 may be related to phyotplankton species 

composition. While considered a shallow water species (0-60m), M. woodiana typically 

has a subsurface maximum abundance, while H. hauckii is most abundant at the surface 

(Venrick 1982). Therefore, the species may be able to tolerate a deeper MLD than H. 

hauckii, and is not as dependent on a shallow MLD for bloom formation.  

A shallow MLD is not a requirement for bloom formation in the NPSG. Shoaling 

of the MLD does not always promote an increase chl a concentration and diazotroph or 

diatom abundance, suggesting that shallow MLD may play a role in the development and 

persistence of the bloom events, but other factors are also important (Dore et al. 2008). 

Additionally, the MLD is not critical, as a larger bloom was found in 2009 in association 

with a deeper MLD in comparison to 2008. 

A direct comparison of MLD and blooms at Station ALOHA is difficult to make 

for this study because Station ALOHA is a fixed location that is sampled monthly, while 

the 2008 and 2009 cruises sampled many sites over a short period of time. Changes in 

MLD at Station ALOHA can be detected throughout the bloom event. In the 2008 and 

2009 bloom, temporal changes in MLD were not determined. Instead, changes in MLD 

were determined over a spatial scale.  
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COMPARISON OF FEATURES ASSOCIATED WITH STATION ALOHA AND THE 2008 

AND 2009 BLOOMS 

Differences observed between bloom characteristics and changes in species 

abundance at Station ALOHA and this study may be attributed to the differences in 

sampling described above. Mesoscale changes at Station ALOHA are part of a time 

series, while the 2008 and 2009 studies observed changes in bloom dynamics over a large 

spatial scale and short time scale.  

Blooms in the NPSG are typically associated with physical features, such as 

changing salinity characteristics.  DDA and Trichodesmium blooms at Station ALOHA 

correlated with physical properties such as temperature and mesoscale features (White et 

al. 2007, Fong et al. 2008). In these diazotroph dominated events, formation occurred 

during the summer months (between June-October).  Station ALOHA diazotroph blooms 

are associated with warm sea surface temperatures (SST) of 25.7-26.8˚C (White et al. 

2007).  The SST value for the 2009 bloom, located northeast of Hawaii, was within this 

range (Figure 17a). However, SST in the 30˚N bloom in 2008 was ~21.9 ˚C (Figure 5a 

and 10a), cooler than the values associated with blooms near Station ALOHA. Therefore 

temperature, per se, is not limiting DDA bloom events at Station ALOHA. 

 A salinity-driven STF was present in the 30˚N bloom in 2008. The STF feature 

has been linked to DDA blooms in this region but not directly observed (Wilson, 2003, 

Wilson et al. 2008). This was first confirmed in 2008, when increased DDA abundance 

was directly associated with the STF (Figure 5b and 6a). In 2009, the bloom northeast of 

Hawaii was associated with a SSH suggesting an eddy may have also been involved in 

bloom formation (Figure 15). 
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DDA BLOOMS AND THE FUTURE: PREDICTIONS FOR CONTINUED CLIMATE CHANGE 

AND INCREASED ATMOSPHERIC CO₂  

   NPSG DDA blooms are not only of interest because they occur in an 

oligotrophic system, but also because of the important role they may play in terms of 

atmospheric carbon dioxide (CO₂) uptake and sequestration.  Nitrogen-fixers are not only 

utilizing new nitrogen in the form of N₂ gas, but they are also using atmospheric CO₂ as 

opposed to carbon recycled in the water column. This role is particularly important for 

the larger size fraction (>10 µm) which include DDAs, due to their faster sinking rates 

and thus their capability to drawdown atmospheric CO₂ (Scharek et al. 1999a, Scharek et 

al. 1999b).   

The host genus Hemiaulus was an important diatom bloom species in the Arctic 

Ocean during the late Cretaceous (Davies et al. 2009). During this time, the earth was in a 

period of greenhouse warming and the Arctic Ocean was warm and stratified (Davies et 

al. 2009). Seasonally stratified oligotrophic water has the capability to promote DDA 

blooms (Villareal 1991). These characteristics have been compared to the water column 

during summer blooms in the NPSG. Species analogous to R. intracellularis were also 

present in these events (Davies et al. 2009).  During temperature increases, Hemiaulus sp. 

served an important role in the biological carbon pump (Davies et al. 2009). Since water 

conditions associated with modern summer DDA blooms in the NPSG closely resemble 

late Cretaceous Arctic waters, events such as the blooms described here may become 

more widespread (Davies et al. 2009) and play an important role in terms of deep sea 

carbon flux with the continuation of increased global temperatures and CO₂ levels. 
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CONCLUSION 

 The bloom events in 2008 and 2009 were markedly different in terms of species 

composition, species abundance and physical water column characteristics. H. hauckii 

dominance prior to the 2008 bloom had been previously observed (Brzezinski et al., 

1998, White et al. 2007, Dore et al. 2008, Fong et al. 2008, Wilson and Qiu, 2008, 

Wilson et al. 2008); however, only two other studies report an abundance near the density 

of cells observed in this study (13,000 cells Lˉ¹; Venrick 1982) (20,000 cells Lˉ¹; 

Brzezinski et al. 1998). M. woodiana abundance observed in the 2009 bloom has not 

been documented.   

Bloom distribution in these features was shifted towards the larger phytoplankton 

size fraction. Large cell size (2008) or cell aggregates (2009) sink more rapidly than 

single, small cells and may result in a quick, substantial flux of carbon to the deep sea as 

they sink from surface waters above (Scharek et al. 1999a, Scharek et al. 1999b). Blooms 

in the NPSG show a wide range of variability not only in terms of species composition, 

but also in regards to temperature, salinity and mesoscale features. It is important to 

further study these NPSG blooms since they have the potential to serve an important role 

in the continuation of rising global temperatures and atmospheric CO₂ values. 
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Table 1:        Integration of data from 0-60 m for diatoms and symbionts. Stations with 
elevated diatom abundance are bolded. R. intracellularis is the symbiont 
associated with R.clevi. Not applicable (N/A) is where data was not 
collected.  

Station Date 
Lat. 
(ºN) 

Lon. 
(ºW) 

Surface 
salinity 
(PSU) 

H. hauckii 
(Cells mˉ²) 

Rhizosolenia 
(Cells mˉ²) 

M. woodiana 
(Cells mˉ²) 

Chaetoceros 
sp. 
(Cells mˉ²) 

R.intracellularis 
(Filaments mˉ²) 

Calothrix 
(Filaments 
mˉ²) 

2008           

1 
 

4-Jul 30.00 150.00 35.22 4,610,000 
 

800,000 
 

1,520,000 
 
 

0 174,793 
 

N/A 

2 
 

5-Jul 30.00 146.30 35.34 9,710,000 
 

170,000 
 

3,440,000 
 
 

3,430,000 
 

610,333 N/A 

3 
 

7-Jul 32.21 140.51 34.54 9,970,000 
 

200,000 
 
 

2,160,000 
 

80,000 
 

176,231 N/A 

5 
 

8-Jul 31.46 140.28 34.12 11,460,000 
 

1,160,000 
 

900,000 
 

0 113,731 N/A 

7 
 

9-Jul 31.46 140.49 34.67 116,950,000 
 
 

4,780,000 
 

10,600,000 
 

1,010,000 
 

427,762 
 

N/A 

9 
 

10-Jul 31.11 140.04 34.42 11,783,600 
 
 

270,000 
 

3,010,000 
 

0 94,443 
 

N/A 

12 
 

12-Jul 30.36 139.42 34.40 4,870,000 
 

0 1,040,000 
 

0 53,506 N/A 

14 
 

13-Jul 28.45 141.15 35.33 6,608,000 
 

200,000 
 
 

2,570,000 
 

0 471,613 N/A 

15 14-Jul 31.31 140.34 34.69 N/A N/A N/A N/A 126,900 N/A 

16 15-Jul 32.00 138.59 34.23 2,020,000 0 880,000 
 

0 
 

171,706 N/A 

17 16-Jul 31.40 139.19 34.32 250,000 
 
 

0 400,000 
 

0 N/A N/A 

18 
 

16-Jul 31.19 139.40 34.38 13,050,000 
 
 

0 350,000 
 

0 N/A N/A 

19 
 

16-Jul 30.59 140.00 34.50 28,550,000 
 

0 1,300,000 
 

0 N/A N/A 

20 
 

16-Jul 30.40 140.20 34.42 13,100,000 
 

0 450,000 
 

0 N/A N/A 

21 
 

16-Jul 30.19 140.40 34.43 5,400,000 
 

0 0 400,000 
 
 

N/A N/A 

2009           

1 
 

30-Jul 20.30 153.41 35.08 4,300,000 
 

0 1,9240,000 
 

0 335,000 1,565,000 

2 
 

1-Aug 25.11 147.00 35.41 0 0 350000 0 N/A N/A 

3 
 

2-Aug 26.06 144.41 35.44 0 0 660,000 
 

0 219,750 
 

131,000 
 

4 
 

2-Aug 26.05 144.20 35.47 0 0 3,110,000 
 

0 N/A N/A 

7 
 

3-Aug 26.06 143.59 35.50 0 0 270,000 0 167,250 
 

47,000 
 

8 
 

3-Aug 26.06 143.48 35.43 350,000 280,000 
 

350,000 0 N/A N/A 

11 
 

4-Aug 26.06 143.17 35.23 280,000 
 

0 
 

1,220,000 
 

0 167,250 
 

0 

12 
 

4-Aug 26.06 142.57 35.26 1,300,000 0 2,970,000 
 

0 N/A N/A 

13 
 

5-Aug 25.29 142.59 35.51 0 0 770,000 
 

0  183,000 
 

0 

14 
 

6-Aug 26.06 142.57 34.51 0 0 300,000 0 N/A N/A 

17 
 

6-Aug 26.06 141.53 35.13 870,000 
 

130,000 
 

2,310,000 
 

0 N/A N/A 

18 
 

6-Aug 26.05 141.33 35.20 0 130,000 
 

1,630,000 
 

0 N/A N/A 

20 
 

7-Aug 27.30 141.59 35.22 0 0 0 0 N/A N/A 

21 
 

9-Aug 23.29 140.00 35.04 0 0 3,380,000 
 

10,340  185,250 
 

0 

22 
 

12-Aug 25.06 154.41 35.38 1,460,000 
 

1,380,000 
 

586,530,000 
 

3,180,000 
 

 1,762,250 
 

7,570,000 
 

23 
 

12-Aug 25.10 154.35 35.40 14,930,000 
 

6,300,000 
 

2,954,280,000 
 

6,040,000 
 

 3,690,250 
 

10,699,250 
 



 
 

40 

 

Table 2:  Integration of data from 0-60 m for cholrophyll a and biogenic silica. 
Stations with elevated diatom abundance are bolded. Not applicable (N/A) is 
where data was not collected.  

Station Date 
Lat. 
(ºN) 

Lon. 
(ºW) 

Extracted Chl 
a  
(mg mˉ²) 

>10µm  
Extracted Chl a 
(mg mˉ²) 

%>10µm  
Extracted Chl 
a 

bSi 
(µM) 

2008        

1 
 

4-Jul 30.00 150.00 4.59 
 

0.54 
 

11.83 1313.6 

2 
 

5-Jul 30.00 146.30 4.64 
 

0.61 
 

13.04 N/A 

3 
 

7-Jul 32.21 140.51 6.53 
 

0.65 
 

9.98 4793.2 

4 
 

7-Jul 32.03 140.40 6.33 
 

0.90 
 

14.17 6357.9 

5 
 

8-Jul 31.46 140.28 5.76 
 

0.62 
 

10.78 N/A 

6 
 

8-Jul 31.28 140.16 5.58 
 

0.78 
 

13.98 2436 

7 
 

9-Jul 31.46   140.49 6.28 
 

1.44 
 

22.95 9405.7 

8 
 

9-Jul 31.40 140.55 6.44 
 

1.01 
 

15.71 3948.3 

9 
 

10-Jul 31.11 140.04 4.72 
 

0.71 
 

15.03 N/A 

10 
 

11-Jul 30.53 139.53 6.28 
 

0.68 
 

10.76 3094.5 

12 
 

12-Jul 30.36 139.42 4.41 
 

0.61 
 

13.88 N/A 

13 
 

12-Jul 30.19 139.30 5.17 
 

0.67 
 

12.98 N/A 

14 
 

13-Jul 28.45 141.15 4.74 
 

0.78 
 

16.47 N/A 

15 
 

14-Jul 31.31 140.34 5.49 
 

0.73 
 

13.20 N/A 

16 
 

15-Jul 32.00 138.59 4.87 
 

0.66 
 

13.47 N/A 

17 
 

16-Jul 31.40 139.19 5.88 
 

0.69 
 

11.71 1412.9 

18 
 

16-Jul 31.19 139.40 6.14 
 

0.82 
 

13.43 2072.3 

19 
 

16-Jul 30.59 140.00 6.14 
 

0.87 
 

14.13 3207.3 

20 
 

16-Jul 30.40 140.20 5.85 
 

0.77 
 

13.08 1103.6 

21 
 

16-Jul 30.19 140.40 5.49 
 

0.62 
 

11.36 N/A 

2009        

1 
 

30-Jul 20.30 153.41 5.7 
 

0.8827 
 

15.47 1257.1 

2 
 

1-Aug 25.11 147.00 4.73 
 

0.44 
 

9.35 617.6 

3 
 

2-Aug 26.06 144.41 4.10 
 

0.37 
 

9.15 1114.4 

4 
 

2-Aug 26.05 144.20 4.74 
 

0.80 
 

16.82 1117.1 

7 
 

3-Aug 26.06 143.59 1.20 
 

0.15 
 

12.76 984.6 

8 
 

3-Aug 26.06 143.48 3.82 
 

0.27 
 

7.07 826 

11 
 

4-Aug 26.06 143.17 3.79 
 

0.26 
 

6.86 797.2 

12 
 

4-Aug 26.06 142.57 3.36 
 

0.22 
 

6.55 948.4 

13 
 

5-Aug 25.29 142.59 3.49 
 

0.29 8.40 
 

1026.7 

15 
 

6-Aug 26.05 142.35 3.76 
 

0.24 
 

6.36 1086.1 

16 
 

6-Aug 26.06 142.15 4.58 
 

0.39 
 

8.44 1065.2 

17 
 

6-Aug 26.06 141.53 6.75 
 

0.47 
 

7.81 1147 

18 
 

6-Aug 26.05 141.33 3.51 
 

0.27 7.81 1006.2 

20 
 

7-Aug 27.30 141.59 4.35 
 

0.39 
 

8.90 1149.9 

21 
 

9-Aug 23.29 140.00 4.49 
 

0.37 
 

8.17 764.7 

22 
 

12-Aug 25.06 154.41 26.27 
 

11.50 
 

43.79 4134.5 

23 
 

12-Aug 25.10 154.35 26.70 
 

16.63 
 

62.29 7318.9 
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Table 3:        Comparison of surface extracted chlorophyll a, CTD chlorophyll a 
fluorescence, and ocean color chlorophyll a estimates. Not applicable (N/A) 
is where data was not obtained.  

Station Extracted Chl a 
(mg mˉ³) 

CTD Chl a Fluorescence 
(mg mˉ³) 

Ocean Color  Chl a 
(mg mˉ³) 

2008    
1 0.06 0.03 N/A 
2 0.04 0.03 0.08 
3 0.09 0.04 0.12 
4 0.07 0.03 0.13 
5 0.08 0.04 0.09 
6 0.09 0.04 0.09 
7 0.10 0.04 0.12 
8 0.08 0.04 0.13 
9 0.08 0.04 N/A 
10 0.07 0.07 0.09 
12 0.06 0.04 0.08 
13 0.06 0.04 0.08 
14 0.07 0.04 N/A 
15 0.08 0.04 0.09 
16 0.07 0.04 N/A 
17 0.09 0.04 0.08 
18 0.09 0.04 0.08 
19 0.08 0.03 0.08 
20 0.08 0.04 0.09 
21 0.04 0.04 N/A 
2009     
1 0.06 0.05 N/A 
2 0.05 0.04 0.07 
3 0.05 0.04 N/A 
4 0.05 0.05 N/A 
7 0.01 0.04 0.08 
8 0.04 0.04 0.07 
11 0.05 0.05 0.08 
12 0.04 0.04 0.07 
13 0.05 0.05 0.08 
15 0.04 0.05 0.07 
16 0.05 0.04 0.09 
17 0.15 0.05 0.07 
18 0.04 0.06 N/A 
20 0.04 0.05 0.06 
21 0.06 0.07 0.07 
22 0.40 0.10 0.14 
23 0.25 0.17 0.15 
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Figure 1:       Satellite chlorophyll a estimate with overlying cruise track for 2008. 
Stations 3-15 were sampled July 7

th
-July 14

th
, 2008. Station 7 was sampled 

on July 9
th

, 2009. Station numbers highlighted in gray represent Transect 2. 
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Figure 2:      Satellite chlorophyll a estimate with overlying cruise track for 2009. Station 
23 was sampled on August 12th, 2009. 
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Figure 3:       Transect 1: temperature, salinity, nutrients and chlorophyll a fluorescence.  
Stations are labeled above the figure. A. Salinity (PSU) B. Temperature (˚C) 
C. [Si(OH)4] (µM) D. Phosphorous (µM) E. Ammonium (µM) F. Nitrate 
+Nitrite (µM) G. CTD chl a fluorescence (mg mˉ³). H. Cruise track with 
represented stations outlined in red.  
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Figure 4:      Transect 1 2008: cell counts, chlorophyll a and biogenic silica. Stations are 
 labeled above the figure. Note that µg Lˉ¹ = mg mˉ³ A. H. hauckii (Cells 
 Lˉ¹) B. M. woodiana. (Cells Lˉ¹) C. R. intracellularis (associated with R. 
  clevei) (Filaments  Lˉ¹) D. Chl a (µg  Lˉ¹)  E. >10 µm chl a (µg Lˉ¹  ) F. 
 %>10 µm chl a G. bSi total (nmol Lˉ¹). H. Cruise track with represented 
 stations outlined in red.   
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Figure 5:      Transect 1 (including Station 7 and 8, excluding Station 5) 2008: 
 temperature, salinity, nutrients and chlorophyll a fluorescence. Stations 
 are labeled above the figure. A. Salinity (PSU) B. Temperature (˚C) C. 
 [Si(OH)4] (µM) D. Phosphorous (µM) E. Ammonium (µM) F. Nitrate 
 +Nitrite (µM) G. CTD chl a fluorescence (mg mˉ³). H. Cruise track with 
 represented stations outlined in red.   
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Figure 6:       Transect 1 (including Station 7 and 8, excluding Station 5) 2008: cell 
counts, chlorophyll a and biogenic silica. Stations are labeled above the 
figure. Note that µg Lˉ¹ = mg mˉ³ A. H. hauckii (Cells Lˉ¹) B. M. woodiana. 
(Cells Lˉ¹) C. R. intracellularis (associated with R. clevei) (Filaments  Lˉ¹) 
D. Chl a (µg Lˉ¹)  E. >10 µm chl a (µg Lˉ¹ ) F. %>10 µm chl a G. bSi total 
(nmol Lˉ¹). H. Cruise track with represented stations outlined in red.  
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Figure 7:      Transect 2 2008: temperature, salinity, nutrients, and chlorophyll a 
fluorescence (stations labeled as    in Figure 2). Stations are labeled above 
the figure. A. Salinity (PSU) B. Temperature (˚C) C. [Si(OH)4] (µM) D. 
Phosphorous (µM) E. Ammonium (µM) F. Nitrate +Nitrite (µM) G. CTD 
fluorescence (mg mˉ³). H.Cruise track with represented stations outlined in 
red.  
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Figure 8:       Transect 2 2008: cell counts, chlorophyll a and biogenic silica (stations 
labeled as    in Figure 2). Stations are labeled above the figure. Note that µg 
Lˉ¹ = mg mˉ³ A. H. hauckii (Cells Lˉ¹) B. M. woodiana. (Cells Lˉ¹) C. R. 
intracellularis (associated with R. clevei) (Filaments Lˉ¹) D. Chl a (µg Lˉ¹) 
E. >10 µm chl a (µg Lˉ¹) F. %>10 µm chl a G. bSi total (nmol Lˉ¹). H. 
Cruise track with represented stations outlined in red.  
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Figure 9:       Sea surface salinity in ocean color detected blooms from 2002, 2008 and 
2009. Bloom areas are outlined in gray 2002 is included for additional 
comparison, but the data from that cruise is not presented here. Additionally, 
stations in the ocean color chl a event located closer to Hawaii in 2009 are 
labeled (22 and 23).  

 

 

 

22&23 



 
 

51 

 

 

 

 

Figure 10:    Station 7 2008 (9-July). A. Temperature and Salinity CTD profiles.   
=Salinity (PSU)     =Temperature (˚C). B. Cell and symbiont counts.   =H. 
hauckii    =Rhizosolenia sp.    =M. woodiana  =Chaetoceros sp. X =R. 
intracellularis.  C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 
µm chl a   =CTD  chl a fluorescence. D.Nutrient concentrations.  =Si   =P    
=N+N     = NH4

+
.  E. bSi concentrations.   =total bSi.  
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Figure 11:     Station 3 2008 (7-July) A. Temperature and Salinity CTD profiles.   
=Salinity (PSU)     =Temperature (˚C). B. Cell and symbiont counts.   =H. 

hauckii    =Rhizosolenia sp.    =M. woodiana  =Chaetoceros sp.  X=R. 
intracellularis.  C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 
µm chl a    =CTD  chl a fluorescence. D. Nutrient concentrations.  =Si   =P    
=N+N     = NH4

+
.  E. bSi concentrations.   =total bSi. 
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Figure 12:  Increases in surface nutrient concentrations above detection limits.     
=Increase in both ammonium (>0.05 µM), phosphorous (> 0.1 µM) and 
nitrate+nitrite (>0.15 µM      =Increase in phosphorous (>0.1 µM) and 
nitrate+nitrite (>0.15 µM)      =Increase in ammonium only (above 0.05 
µM). Station numbers highlighted in gray represent Transect 2. 
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Figure 13:    Mixed layer depth 2008.A. H. hauckii abundance (integrated from 0-60m) 
vs. mixed layer depth (MLD). MLD is defined by where density increases 
by 0.125 kg mˉ³ from the average (5-10m) of the surface value.    = H. 
hauckii  =. B. Chl a concentration (integrated from 0-60m) vs. mixed 
layer depth (MLD).       = chl a  =MLD. 
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Figure 14:    Main transect at 30˚N bloom region for 2009. Stations are labeled above the 
figure Note x-axis is in longitude, not latitude. Also, µg Lˉ1=mg mˉ³. A. 
Temperature (˚C). B. Salinity (PSU) C. Total diatom abundance (Cells Lˉ¹) 
D. R. intracellularis (associated with R. clevei) (Filaments Lˉ¹). E. Chl a (µg 
Lˉ1). F. >10 µm chl a (µg Lˉ1). G. % >10 µm chl a. H. bSi (nmol Lˉ¹). I. 
Cruise track with represented stations outlined in red.  
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Figure 15:     Sea surface height at the beginning of bloom formation in 2009. X=bloom 
station (Station 23), and is associated with a sea surface height low. The x-
axis is longitude and the y-axis is latitude. 
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Figure 16:     Station 22 2009 (12-Aug) A. Temperature and Salinity CTD profiles.   
=Salinity (PSU)     =Temperature (˚C). B. Cell and symbiont cournts.   =H. 
hauckii    =Rhizosolenia sp.    =M. woodiana    =Chaetoceros sp.  X=R. 
intracellularis  =Calothrix .  C. Chl a values.  =total chl a    = > 10 µm chl 
a     = % > 10 µm chl a     =CTD chl a fluorescence. D. Nutrient 
concentrations.   =Si    =P    =N+N     = NH4

+
.  E. bSi concentrations.   

=total bSi.   
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Figure 17:    Station 23 2009 (12-August). A. Temperature and Salinity CTD profiles.   
=Salinity (PSU)     =Temperature (˚C). B. Cell and symbiont counts.   =H. 

hauckii    =Rhizosolenia sp.    =M. woodiana    =Chaetoceros sp.  X =R. 
intracellularis  =Calothrix.  C. Chl a values.  =total chl a    = > 10 µm chl 
a     = % > 10 µm chl a     =CTD  chl a fluorescence.  D. Nutrient 
concentrations .  =Si    =P    =N+N     = NH4

+
.  E. bSi concentrations.  =total 

bSi.   
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Figure 18:     Station 13 2009 (5-August). A. Temperature and Salinity CTD profiles.   
=Salinity (PSU)     =Temperature (˚C). B. Cell counts.   =H. hauckii    

=Rhizosolenia sp.    =M. woodiana   =Chaetoceros sp X =R. intracellularis  
=Calothrix.  C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 
µm chl a      =CTD chl a fluorescence.  D. Nutrient concentrations.   =Si    
=P    =N+N     = NH4

+
.  E. bSi concentrations.   =total bSi.   
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Figure 19:     Mixed layer depth 2009. A. H. hauckii abundance (integrated from 0-60m) 
vs. mixed layer depth (MLD). MLD is defined by where density increases 
by 0.125 kg mˉ³ from the average (5-10m) of the surface value.    = H. 
hauckii  =MLD. B. Chl a concentration (integrated from 0-60m) vs. mixed 
layer depth (MLD).    = chl a  =MLD. C. M. woodiana abundance 
(integrated from 0-60m) vs. mixed layer depth (MLD).     =M. woodiana  
=MLD. 
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  Appendix A 

Water profiles for 2008 stations (when applicable) 

 

 
 
Station 1 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp. X=R. intracellularis.  C. Chl a values.  =total chl a    = > 
10 µm chl a     = % > 10 µm chl a    =CTD chl a fluorescence.  D. Nutrient 
concentrations.   =Si    =P    =N+N     = NH4

+
.  E. bSi concentration   = total bSi. 
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Station 2 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 
woodiana    =Chaetoceros sp.  X  =R. intracellularis.  Note greater cell abundance. C. 
Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a     =CTD chl a 
fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
. 
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Station 4 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Chl a values.   =total chl a    = > 10 µm chl a     = % > 10 µm chl 
a   =CTD chl a fluorescence.  C. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
. 

D. bSi concentration.   =total bSi. Note the larger scale bar. 
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Station 5 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp.  X=R. intracellularis  =Calothrix .  C. Chl a values.  
=total chl a    = > 10 µm chl a     = % > 10 µm chl a    =CTD chl a fluorescence.  D. 
Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.   
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Station 6 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Chl a values.   =total chl a    = > 10 µm chl a     = % > 10 µm chl 
a    =CTD  chl a fluorescence.  C. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  

D. bSi concentrations.   =total bSi. Note the larger scale bar. 
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Station 8 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Chl a values.   =total chl a    = > 10 µm chl a     = % > 10 µm chl 
a    =CTD  chl a fluorescence.  C. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  

D. bSi concentrations.   =total bSi. Note the larger scale bar. 
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Station 9 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp.  X =R. intracellularis. Note greater cell abundance.  C. Chl 
a values.   =total chl a    = > 10 µm chl a     = % > 10 µm chl a   =CTD chl a 
fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N   = NH4

+
. 
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Station 13 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Chl a values.   =total chl a    = > 10 µm chl a     = % > 10 µm chl 
a    =CTD chl a fluorescence.  C. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  

D. bSi concentration.   =total bSi. 
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Station 14 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp. X =R. intracellularis.  C. Chl a values.  =total chl a    = > 
10 µm chl a     = % > 10 µm chl a   =CTD  chl a fluorescence.  D. Nutrient 
concentrations.  =Si    =P    =N+N     = NH4

+
.   
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Station 15 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     

=Temperature (˚C). B.Symbiont counts  X=R. intracellularis C. Chl a values.   =total chl 
a    = > 10 µm chl a     = % > 10 µm chl a    =CTD chl a  fluorescence.  D. Nutrient. 
concentrations   =Si    =P    =N+N     = NH4

+
.   
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Station 16 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp.  X=R. intracellularis.  C. Chl a values.  =total chl a    = > 
10 µm chl a     = % > 10 µm chl a   =CTD  chl afluorescence.  D. Nutrient 
concentrations.  =Si    =P    =N+N     = NH4

+
. Note the larger scale bar.   
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Station 17 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp.  X =R. intracellularis.  C. Chl a values.  =total chl a    = > 
10 µm chl a     = % > 10 µm chl a    =CTD chl a fluorescence.  D. Nutrient 
concentrations.   =Si    =P    =N+N     = NH4

+
.  E. bSi concentration.   =total bSi.  
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Station 18 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp. X=R. intracellularis. Note greater cell abundance. C. Chl a 
values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a    =CTD  chl a fluorescence.  
D. Nutrient concentrations.   =Si    =P    =N+N    = NH4

+
.  E. bSi concentration.    =total 

bSi.   
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Station 19 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 
woodiana    =Chaetoceros sp. X=R. intracellularis. Note greater cell abundance. C. Chl a 
values.   =total chl a    = > 10 µm chl a     = % > 10 µm chl a    =CTD chl a fluorescence.  
D. Nutrient concentrations.   =Si    =P    =N+N    = NH4

+
.  E. bSi concentration.    =total 

bSi.  Note the larger scale. 
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Station 20 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana    =Chaetoceros sp. X=R. intracellularis. Note greater cell abundance. C. Chl a 
values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a    =CTD  chl a fluorescence.  
D. Nutrient concentrations.   =Si    =P    =N+N    = NH4

+
.  E. bSi concentration.    =total 

bSi.   
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Station 21 2008: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values.     =total Chl a    = > 10 µm chl a     = % > 10 µm chl 
a   =CTD chl a fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.   
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Appendix B 

Water profiles for all stations 2009 (when applicable) 

 
Station 1 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 

woodiana.    =Chaetoceros sp.  X=R. intracellularis  =Calothrix .  C. Chl a values.  
=total chl a    = > 10 µm chl a     = % > 10 µm chl a    =CTD chl a fluorescence.  D. 
Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.   
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Station 2 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 
woodiana    =Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 
10 µm chl a     =CTD chl a fluorescence. D. Nutrient concentrations.   =Si    =P    =N+N     
= NH4

+
.   
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Station 3  2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 
woodiana    =Chaetoceros sp. X =R. intracellularis  =Calothrix    C. Chl a values.  
=total chl a    = > 10 µm chl a     = % > 10 µm chl a     =CTD chl a fluorescence.  D. 
Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  
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Station 4 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values. =total chl a    = > 10 µm chl a     = % > 10 µm chl a   
=CTD  chl a fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  E. 

bSi concentration.   =total bSi.  
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Station 7  2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a   
=CTD  chl a fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  E. 

bSi concentration.   =total bSi. 
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Station 8 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    =M. 
woodiana    =Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 
10 µm chl a     =CTD chl a fluorescence. D.Nutrient concentrations.   =Si    =P    =N+N     
= NH4

+
.   
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Station 11 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.   =M. 

woodiana    =Chaetoceros sp. X=Richelia intracellularis.  C.   =CTD chl a fluorescence.   
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Station 12 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a   
=CTD  chl a fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  E. 

bSi concentration.   =total bSi. 
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Station 15 2009:A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell and symbiont counts.   =H. hauckii    =Rhizosolenia sp.    

=Pennate sp.    =Chaetoceros sp.  X=R. intracellularis  =Calothrix .  C. Chl a values.  
=total chl a    = > 10 µm chl a     = % > 10 µm chl a     =CTD chl a fluorescence.  D. bSi 
concentration.    =total bSi. 
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Station 16 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a    
=CTD chl a fluorescence.  C. Nutrient concentrations   =Si. D. bSi concentration.   =total 
bSi.  
 
 
 
 
 
 
 
 
 

 



 
 

87 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Station 17 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a   
=CTD chl a fluorescence.  D. Nutrient concentrations   =Si    =P    =N+N     = NH4

+
.  E. 

bSi concentration.   =total bSi.   
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Station 18 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a   
=CTD chl a fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  E. 

bSi concentration.     =total bSi.   
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Station 20 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a   
=CTD chl a fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  E. 

bSi concentration.   =total bSi.   
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Station 21 2009: A. Temperature and Salinity CTD profiles.   =Salinity (PSU)     
=Temperature (˚C). B. Cell counts.   =H. hauckii    =Rhizosolenia sp.    =M. woodiana    
=Chaetoceros sp. C. Chl a values.  =total chl a    = > 10 µm chl a     = % > 10 µm chl a   
=CTD  chl a fluorescence.  D. Nutrient concentrations.   =Si    =P    =N+N     = NH4

+
.  E. 

bSi concentration.   =total bSi. 
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