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ABSTRACT

Two cyclonic eddies were surveyed during the E-Flux I and ill cruises in order to
investigate the consequences of spatial and temporal variability in macronutrients and
photosynthetic pigments on particle export. Cyclone Noah, a -2.5-month-old eddy in the
. 'decay' stage that was sampled during E-Flux I, exhibited modest increases in
macronutrients and photosynthetic pigments at the center of the eddy. Cyclone Opal,
sampled during E-Flux ill and in the 'mature' stage at -1 month old, exhibited sharp
increases in macronutrient concentrations at the center of the eddy concurrent with a
dramatic 2-fold increase in total chlorophyll a (TChl a) concentration in the deep
chlorophyll maximum layer (DCML), comprised mainly of large diatoms. However,
euphotic zone depth-integrated TChl a concentration for both eddies were
indistinguishable between the center of the eddy and surrounding waters. During an
eight-day time-series in the center of Opal, TChl a concentration in the DCML decreased
by -50% with a simultaneous decrease in diatom biomass, potentially triggered by silicic
acid limitation. Despite the large diatom bloom, cyclone Opal did not produce the
expected increase in particulate carbon and nitrogen export but a -4-fold increase in silica
export. This study represents a direct observation of two eddies at different stages in
their biological life cycle, which is controlled by various factors on multiple time scales.
Results suggest that controls on the life cycle of a Hawaiian lee cyclone are likely a
combination of physical (eddy dynamics), chemical (nutrient limitation), and biological
(growth and grazing imbalance) processes. Further investigation of recently studied
cyclones in comparison with cyclones Noah and Opal yields speculation of a relationship
iv

with the spin-up duration of a cyclone and the resulting biological response. As
Hawaiian lee cyclonic eddies may influence an area loo's of km in diameter in the
subtropical North Pacific Ocean, it is clear from this study that variability in Hawaiian lee
cyclones still remains an enigma.

v

TABLE OF CONTENTS
Section
Acknowledgements..................................................................................iii
Abstract ................................................................................................iv
List of Tables ......................................................................................................................ix
List of Figures...................................................................................................................... x
1. Introduction .................................................................................................................... 1
1.1. SNPO phytoplankton community structure.................................................... .1
1.2. Mesoscale perturbations and age variability ....................................................3
1.3. Previous Hawaiian eddy studies and the E-Flux project ................................6
1.4. Objectives of this study....................................................................................8
2. Methods ........................................................................................................................ 11
2.1. Eddy detection .............................................................................................. 11
2.2. Hydrographic measurements ........................................................................ 11
2.3. Sample collection.......................................................................................... 12
2.3.1. "Star" transects and process stations................................................. !2
2.3.2. Discrete samples............................................................................... 13
2.3.3. Sediment trap array ........................................................................... 14
2.4. Analytical methods ....................................................................................... 15
2.4.1. Inorganic macronutrient determinations ........................................... 15
2.4.2. Analysis of chlorophyll and carotenoid pigments............................ 16
2.4.3. Suspended biogenic silica determinations ........................................ 17

vi

2.4.4. Particulate matter export................................................................... 18
2.5. Contour plots.................................................................................................20
3. Results ..........................................................................................................................21
3.1. E-Flux I - Cyclone Noah. .............................................................................21
3.1.1. Physical parameters.......................................................................... 21
3.1.2. Macronutrient distributions ............................................................... 22
3.1.3. Photosynthetic pigment biomarkers..................................................23
3.1.4. Phytoplankton size structure............................................................. 24
3.1.5. Particulate matter export. .................................................................. 24
3.2. E-Flux m - Cyclone Opal............................................................................25
3.2.1. Physical parameters.......................................................................... 25
3.2.2. Macronutrient distributions ............................................................... 26
3.2.3. Photosynthetic pigment biomarkers..................................................26
3.2.4. Phytoplankton size structure............................................................. 28
3.2.5. Time-series in Opal center................................................................29
3.2.6. Suspended biogenic silica profiJes.................................................... 29
3.2.7. Particulate matter export...................................................................30
4. Discussion....................................................................................................................31
4.1. Phytoplankton succession - Si limitation?...................................................31
4.2. Subtropical eddies: A silica pump?.............................................................. .34

4.3. Noah vs. Opal: The age hypothesis ..............................................................35
4.4. Noah vs. Opal: The 'spin-up rate' hypothesis .............................................37

vii

5. Conclusions................................................................................................................. .41
Appendix A: Summary of E-Flux Techniques..................................................................59
Appendix B: Protocols....................................................................................................... 60

1.

Procedures for macronutrient determinations ...............................................60

2.

Response factors and the dichromatic equation for HPLC analysis .............61

3.

Suspended biogenic silica analysis ...............................................................62

4.

Sediment trap sample coIIection...................................................................65

5.

Particulate phosphorus analysis ............ ;.......................................................67

6.

Particulate biogenic silica analysis ...............................................................69

References ..........................................................................................................................72

viii

LIST OF TABLES

1. Abbreviations and taxonomic affinities of photosynthetic pigments................... .43
2. Depth-integrated inorganic rnacronutrients during E-Flux I and ill: ....................44
3. Depth-integrated photosynthetic pigments during E-Flux I and ill......................45
4. Size-fractionated TChI a in and out of cyclones Noah and Opal..........................46

5. Particulate export fluxes from E-Flux I and ill.....................................................47

ix

LIST OF FIGURES
Figure
I. Conceptual model of the developmental stages of a cyclonic eddy ......................48
2. "Star" sampling scheme and process stations for B-Flux I and III........................49
3. Depth contours of nitrate + nitrite, phosphate, and silicic acid in cyclones Noah
and Opal from Transect 3 ......................................................................................50
4. Water column profiles ofTChl a from B-Flux I and III ........................................51
5. Depth contours of chlorophyll pigment biomarkers in cyclones Noah and Opal
from Transect 3......................................................................................................52
6. Depth contours of carotenoid pigment biomarkers in cyclones Noah and Opal
from Transect 3......................................................................................................53
7. 8-Day time-series of photosynthetic pigments at the cyclone Opal center...........54
8. Depth profile of suspended biogenic silica in and out of cyclone Opal ................55
9. Microscopic images of sediment trap samples in and out of cyclone Opal...........56
10. Scatterplots of silicic acid vs. density from B-Flux I and III .........................57
II. Cartoon schematics of various types of controls on the biological life cycle of a
cyclonic eddy .........................................................................................................58

x

1. INTRODUCTION

1.1. SNPO phytoplankton community structure
The Hawaiian archipelago is located in the SUbtropical North Pacific Ocean (SNPO),
surrounded by relatively homogeneous, oligotrophic waters in which a permanent
pycnocline forms a boundary between the nutrient-rich deep water and the upper 100 m
of the euphotic zone (Eppley et aI., 1973). Despite ample light penetration to drive
photosynthesis, the phytoplankton community in the SNPO is primarily influenced by the
supply of inorganic macronutrients (nitrogen, N; phosphorus, P; and silicon, Si) to the
upper euphotic zone. With trace amounts of growth-limiting nutrients in the surface
waters, primary productivity is supported by nitrogen-fixing organisms and recycling via
the microbial loop. These conditions set the stage for the rapid turnover of nutrients, with
90% or more of the particulate organic carbon being locally remineralized as dissolved
organic matter within the microbial food web (Karl, 2oo2a).

Minute organisms with high surface area-to-volume ratios, such as photosynthetic
bacteria (Prochlorococcus spp.) and other picophytoplankton (0.2-2 /Lm), are selected as
the 'climax community' (Clements, 1916) in the SNPO due to their efficiency in nutrient
uptake and light harvesting (Clements, 1916; Campbell and Vaulot, 1993; Anderson et

aI., 1996; Karl et aI., 2001b). The 'climax community' of the SNPO, by definition the
final stage of succession and in equilibrium with its environment, is typically distributed

in two layers: cyanobacteria (e.g. Synechococcus and Prochlorococcus spp.) dominate
the mixed layer (ML

=-$SO m) while Prochlorococcus spp. and photosynthetic pico-

and nanoeukaryotes (prymnesiophytes and pelagophytes) comprise the deep chlorophyll
1
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maximum layer (DCML

=-90-110 m) (Bidigare et aI., 1990; Ondrusek et aI., 1991;

Letelier et aI., 1993).

With a low standing stock of phytoplankton, particulate organic matter flux in the SNPO
is minimal, contributing little to organic carbon export to the deep ocean floor. Due to
the critical role of large, eukaryotic phytoplankton in export production (Eppley, 1969;
Goldman, 1993; Legendre and Le Fevre, 1995), and since organic matter production is
controlled by the nutrient available in the lowest concentration relative to the needs of
phytoplankton growth (Law of the Minimum, Justus von Liebig), lack of organic matter
export in the SNPO has been attributed to N or P deficiencies in the euphotic zone (Karl
et aI., 2001a, 2001b; Karl, 2002a; Sweeney et aI., 2003) and/or high rates of respiration
(Laws et aI., 20(0). The import of fixed N into the nutrient-limited surface waters of the
SNPO via the processes of nitrogen fixation and nitrification plays an important role in
the N:P stoichiometry of the available nutrient pools in the ecosystem. Due to controls
by nutrient dynamics and supply rates, it has been reported that the SNPO community
alternates between states of N and P limitation via EI Nii'io-Southem Oscillation (ENSO)
forcing (Karl et aI., 2001b; Karl,2002a). Under ENSO conditions, atmospheric nitrogen
fixation rate is increased and the system shifts towards P-limitation. In addition, a
summer maxima of fixed N also results in seasonal P-limitation. Therefore, the
provenance of the nutrient supply in the SNPO has large implications on nutrient
availability and the succession of subsequent events such as productivity, limitation, and
particulate matter export.

2

1.2. Mesoscale perturbations and age variability
In this ocean desert where regenerated production is the status quo, aperiodic

displacement of isopycnaI surfaces by Rossby waves and mesoscale eddies have been
reported to drive an influx of "new" nutrients into the euphotic zone, generating
significant variability in plankton biomass and planktonic processes in the surface ocean
(Eppley and Peterson, 1979; Falkowski et aI., 1991; McGillicuddy and Robinson, 1997;
Cipollini et aI., 2001; Seki et aI., 2001; Siegel et aI., 2001; Uz et aI., 2001; Bidigare et aI.,
2003; Vaillancourt et aI., 2003; Sakamoto et aI., 2004). Ftrst baroclinic mode, cold-core,
cyclonic eddies are ephemeral yet frequent during the winter months of October through
March in the lee of the 'Alenuihaha Channel between the islands of Maui and Hawai'i
(patzert, 1969; Bienfang et aI., 1990; Lumpkin, 1998). Intensified northeasterly trade
winds, localized convection, and island topography all contribute to the formation of
cyclonic eddies to the north and paired anticyclonic (warm-core) eddies to the south of
the channel (Chavanne et aI., 2002). In the case of cyclones, wind stress variations in the
lee of the islands drive divergent Ekman transports in the upper layer of the ocean,
resulting in a negative sea surface height anomaly in the eddy center which is
compensated by localized upwelling of cold, nutrient-rich waters (Chavanne et aI., 2002).
The upward displacement of isopycnal surfaces elicits an ecosystem response by 1)
relocating seed populations of nutrient-replete, light-limited phytoplankton to areas of
higher light or, 2) increasing the supply of growth-limiting nutrients in the well-lit zone
for light-replete, nutrient-limited phytoplankton. Increased rates ofbiologicaI processes
such as carbon fixation and nutrient uptake often induce large phytoplankton blooms in
which larger photosynthetic eukaryotes dominate the phytoplankton community.
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Enhanced biological activity and a shift in the size structure of the phytoplankton
community to larger eukaryotes have been reported to stimulate carbon export by means
of altered food web dynamics due to increased zooplankton grazing and hence fastsinking fecal pellets (Goldman, 1993; Legendre and Le Fevre, 1995; Seki et al., 2001;
Bidigare et al., 2(03). Recently, these episodic eddy events have been hypothesized to
account for the discrepancy between estimates of new production obtained using different
methods (i.e. shipboard measurements vs. tracer techniques) (Falkowski et al., 1991;
Allen et al., 1996). However, eddy-induced blooms are difficult at best to predict and
sample. Consequently, the influence of cyclonic eddies on biological processes has not
been clearly resolved.

Eddy dynamics vary significantly with developmental stages and in the time scales of
physical, biological, and biogeochemical responses (Figure 1 from Sweeney et al., 2003;
Flied and McGillicuddy, 2002). In the formation stage of cyclonic eddies, or
'intensification,' there is a doming of the isopycnals and an initiation of upwelling in
order to attain hydrostatic equilibrium (patzert, 1969). In this stage, a biological response
is stimulated due to increased availability of deep-water nutrients and irradiance
associated with the upward displacement ofisopycnal surfaces (Sweeney et al., 2(03).
After a period of 'intensification,' eddies in the 'A1enuihaha Channel reach their 'mature'
stage as they reach their maximum tangential velocity, production rate, and highest
biomass. Depending on the strength and direction of the wind, cyclones transport
potential and kinetic energy, nutrients, and biota along their path of propagation typically
in a west, northwestward direction from the sites of origin (Vaillancourt et al., 2(03). As
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wind speed diminishes or the eddy migrates from the area of strongest winds in the
'Alenuihaha Channel, the 'mature' stage of a cyclone subsides as the doming of the
isopycnals .relaxes and tangential velocity decreases. At this time, the eddy recedes into
its 'decay' stage, undergoing significant changes physically as well as biologically
towards ambient conditions (patzert, 1969; Sweeney et al., 2003). The duration of the
'mature' stage is highly variable, making a 'mature' eddy an extremely rare feature to
encounter during a research cruise. As a mesoscale cyclonic eddy may influence a
circular area ranging from 50 to 150 kIn in diameter (Patzert, 1969), it is important to
better understand the effects of cyclonic eddies in the oligotrophic SNPO during each
developmental stage of their lifetime.

For the eddy-pumping mechanism to be a significant system for export production in the
SNPO, then there must be a means to restore isopycnal nutrient concentrations on
relatively short time-scales (Garcon et al., 2001; Lewis, 2002; Sakamoto et al., 2004).
Unlike Rossby waves that are much larger in scale (1000's kIn) and lift nutrientcontaining isopycnal surfaces into the euphotic zone continuously in their line of
propagation (Cipollini et al., 2001; Siegel, 2001; Uz et al., 2001), mesoscale eddies are
nonlinear features that transport water. Essentially, the 'pumping' of water from below
would only occur once, and nutrients should reach the euphotic zone only as the eddy
forms, not as it matures or propagates. Thus, the restoring term must bring nutrient
concentrations on the uplifted isopycnal surfaces back to equilibrium on short enough
timescales to prevent the nitracline from getting 'pushed' to a deeper isopycnal surface
that would not be brought into the euphotic zone with subsequent upwelling events
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(Sakamoto et aI., 2004). If nutrients on a deeper isopycnal surface are depleted without
remineralization over shallow depths, then the biological response during the next eddy
event would be minimal due to less nutrients being injected into the euphotic zone.
Therefore, the effectiveness of the eddy mechanism depends on the relative time and
vertical length scales of nutrient regeneration and the time period of eddy recurrence in
the same general location (Garc;on et aI., 2001; Lewis, 2002). However, since restoration
would typically be done through a balance between nutrient uptake and remineralization,
little organic matter remains available to be exported. Hence, remineralization must
occur on short enough time scales, yet be spatially uncoupled from the injection of
nutrients for export production. If the eddy-pumping mechanism is to solve the apparent
discrepancies between estimations of new production based on measurements made in
the upper ocean and those made over longer time-scales of the deep sea, a full decoupling
of carbon and nitrogen remineralization is required.

1.3. Previous Hawaiian eddy studies and the E-Flux project
Previous investigations on Hawaiian lee cyclonic eddies have revealed fairly consistent
results. Minor differences between these observations have been attributed to sampling
discrepancies and possible variability in the developmental stages of the examined
eddies. Mesoscale eddies in the lee of the Hawaiian island chain were first reported by
Patzert (1969) with regards to the importance of atmospheric forcing in eddy genesis. He
reported on eddy hydrography using ern surveys and introduced theoretical analysis and
modeling of cyclonic eddies. Lobel and Robinson (1986) discovered the influence of
Hawaiian lee cyclones on coastal currents and speculated on the importance of eddies in

6

the recruitment and transport of larval fish. During the "1989 Eddy" studies, the targeted
eddy was located using aerial expendable bathythermographs (AXBT), making the
determination of the exact eddy center not only difficult, but variable (Falkowski et al.,
1991; Olaizola et al., 1993; Allen et al., 1996). Lumpkin (1998) utilized drifter, acoustic
Doppler current profiler (ADCP), sea level, TOPEX altimetry, and AVHRR satellite sea
surface temperature (SST) data to investigate Hawaiian lee eddies. Lumpkin (1998) also
developed models to describe the genesis, cyclogeostrophic balance, and propagation of
both cyclonic and anticyclonic eddies near Hawai'i, Since then, satellite-derived SST,
sea level anomaly, and ADCP measurements have been used to direct the exact timing
and location of the sampling stations in and out of these mesoscale features (Seki et al.,
2001; Bidigare et al., 2003; Vaillancourt et al., 2003).

A multi-disciplinary stody in 1999 reported significant increases in macronutrients and
phytoplankton biomass in cyclone wretta, as well as the eddy's positive influence on the
distribution of the Pacific blue marlin based on catch data from the 1995 Hawai'i
International Billfish Tournament (Seki et al., 2001, 2(02). Within cyclone Haulani, an
eddy studied between November 2000 and January 2001, enhanced carbon export (-2.6fold) and ~ export flux (-1.7-fold) were measured (Bidigare et al., 2003), concurrent
with increases in the standing stock of picophytoplankton and slight decreases in pigment
biomarkers for cyanobacteria (zeaxanthin) and Prochlorococcus spp. (divinyl chlorophyll
a) (Vaillancourt et al., 2(03). Increased carbon export and an associated increase in

dissolved inorganic carbon with depth indicated the remineralization of organic carbon
within the upper 300 m of Haulani, serving to restore nutrient inventories for future
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eddy-pumping events and improving the areal efficiency of the biological pump via
carbon export (Bidigare et al., 2(03).

To date, only a handful of studies have focused on the influence of a cyclonic eddy on
carbon export (Honojo et al., 1999; Bidigare et al., 2003; Sweeneyet al., 2003).
Therefore, the impetus for the E-Flux project was the sizeable potential of cyclonic
eddies to increase the transfer of organic carbon to the mesopelagic in the oligotrophic
North Pacific. The E-Flux group set out to determine the physical, biological, and
biogeochemical properties of the three developmental stages of the Hawaiian lee cyclonic
eddies, in order to determine the eddies' importance in facilitating organic carbon export
out of the euphotic zone. The project aimed to determine the mechanisms and the setting
in which production, planktonic community biomass, and export flux are enhanced in the
entire eddy flow field, by means of measurements that wonld answer fundamental
questions. A summary of measurement techniques utilized during the E-Flux project is
specified in Appendix A.

1.4. Objectives of this study

As an essential part of the E-Flux project, the goals of this study were to assess the agespecific variability in macronutrient and phytoplankton community distributions and
consequent influ~nces on particulate matter export within the Hawaiian lee cyclones.

Dissolved inorganic macronutrient concentrations and HPLC photosynthetic pigments
were measured along a transect across each eddy to provide horizontal and vertical
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resolution and further insight into the spatial distribution of macronutrients and the
phytoplankton community structure within cyclonic eddies. Process stations inside and
outside of each eddy were also sampled for macronutrients and phytoplankton
community structure, size distribution, and biomass. Based on previous studies, the
presence of a cyclonic eddy was expected to disrupt SNPO's typical two-layer
distribution of phytoplankton taxa, displace the DCML upwards in the euphotic zone, and
increase the standing stock of nutrient-limited microalgae such as prymnesiophytes and
pelagophytes (Olaizola et al., 1993; Vaillancourt et al., 2(03). A community shift to
larger phytoplankton (>2 ILm in diameter) was also expected within eddy-affected areas
(Bidigare et al., 2003). In tum, the altered community structure was expected to facilitate
the sinking of fecal pellets produced by mesozooplankton grazers, hence promoting a
more efficient transfer of organic carbon to the mesopelagic zone (Legendre and Le
Pevre, 1995; Bidigare et al, 2003).

Age-specific variability was assessed according to hypotheses derived from the
conceptual model in Sweeney et al. (2003) (Figure 1). Euphotic zone nutrient
concentrations were expected to be highest during 'intensification,' slightly decreased in
the 'mature' stage due to nutrient uptake and cessation of nutrient enrichment, and near
ambient concentrations in the 'decay' stage. In contrast, the phytoplankton response to
nutrient enrichment was expected to be minimal during 'intensification' due to a
physiological delay between the introduction of nutrients and community productivity
enhancement (UZ et al., 2001). Thus, the biological community in the 'decay' stage of a
cyclone would then exhibit the vestige of a phytoplankton bloom in the 'mature' stage.
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Export parameters were expected to shadow production parameters, negligible in the
'intensification' phase and highest as the eddy initiates its 'decay' from its 'mature' stage.
With a complete nutrient inventory, phytoplankton community composition, and export
production, it is possible to test the ecological predictions of the conceptual model by
Sweeney et al. (2003) in terms of three variable biological parameters.

10

2. METHODS
2.1. Eddy detection
The 'A1enuihaha Channel and the seasonal intensification of trade winds through the
channel make the lee region of Hawai'i an ideal natura1laboratory for studying cyclonic
eddies during the months of October through March. Satellite data (via the EddyWatch
section of the NOAA CoastWatch Program, http://oceanwatch.pifsc.noaa.govl) was used to
determine the timing and sampling locations of the intensive ship-based observations.
During E-Flux I (4-22 November 2004) on the University of Hawai'i's RJV Ka'imikai-O-

Kanaloa, cyclone Noah was identified using sea surface temperature (SSn
measurements obtained from Moderate Resolution Imaging Spectroradiometer (MODIS)
and Geostationary Operational Environmental Satellites (GOES) radiance sensors and
along track currents measured with a 153 kHz RDI acoustic Doppler current profiler
(ADCP) (Firing, 1996; Lumpkin, 1998; Seki et aI., 2001). Hints of two submesosca1e
eddies were detected during E-Flux I1 (10-28 January 2(05) on Oregon State University's

RJV Wecoma, but the validity of these features as seed eddies has now been discredited.
During E-Flux m (10-28 March 2005), Cyclone Opal was identified aboard RJV

Wecoma using similar methods as E-Flux I.

2.2. Hydrographic measurements
A multi-platform sampling strategy (McGillicuddy and Robinson, 1997; McGillicuddy et

aI., 1998, 1999; Seki et aI., 2001; Bidigare et aI., 2003) was utilized during the E-Flux
cruises to achieve a balance between horizontal resolution and synopticity. A "star"
sampling strategy allowed 2- and 3-dimensional characterization of eddy variability on
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both a spatial and temporal scale. This also provided a 4-dimensional (x,y,z,t) data set
for investigating linkages and temporal lags between nutrient inputs, biological
responses, and the downward flux of particulate carbon. At least two replicate stations
were sampled in the center of cyclones Noah and Opal and, as control stations, in areas
unaffected by the eddies as determined by satellite imagery and spatial variability of the

in situ hydrographic measurements. Hydrographic data (tempemture, salinity, pressure,
density, fluorescence, and oxygen) and in situ water samples were acquired using a
SeaBird SBE 9/11 + CfD system plus rosette sampler (Tupas et al., 1995; Lukas and
Karl, 1999; Fargion and Mueller, 2000). Photosynthetically available mdiation (PAR)
irmdiance (JLmol photons m·2 S·I) was measured with an attached sensor and the bottom
of the euphotic zone was calculated as the depth at which irmdiance was diminished to
I % of the surface light level.

2.3. Sample collection
2.3.1. "Star" transects and process stations
For both eddies, a single "star" sampling stmtegy was performed consisting of 3-4
tmnsects across the eddy with stations -18 km apart. For Noah, all water samples for
macronutrients and photosynthetic pigments were taken at specified depth intervals from
0-500 m during Tmnsect 3 (casts 27-34, 36, 37), with the definitive 'center' of the eddy
determined to be between casts 31 and 32 according to ADCP current velocity and
density profiles (Figure 2A). Water samples for cyclone Opal were taken at specified
depth intervals from 0-350 m during Tmnsect 3 (casts 13-18, 19A, 22-25) with cast 19A
being the definitive 'center' of the eddy (Figure 2B).
12

Process stations for cyclone Noah were sampled for macronutrients (0-1000 m; n
and n

=2 IN

=2 OUT) and photosynthetic pigments (0-150 m; n =2 IN and n =3 OUT) at

specified depth intervals. Process stations (n

=7 IN and n =3 OUT) for cyclone Opal

were sampled similarly to Noah, with the exception that the center of Opal was sampled
daily (16-22 March) for photosynthetic pigments and six of these stations (17-22 March)
were sampled for macronutrients at the same depths. Size-fractionated photosynthetic
pigment samples were taken from stations inside (n

=3) and outside (n =3) of cyclone

Noah at the depths of -11 % and -43% light levels corresponding to light levels of the ondeck dilution incubation experiments (Landry et al., submitted). For cyclone Opal, sizefractionated photosynthetic pigments were sampled from process stations inside (n
and outside (n

=2) at the same light levels as for cyclone Noah.

=3)

Size-fractionated

pigment samples were also collected at the DCML from four stations along Transect 6 of
cyclone Opal (casts 97, 99, 101, 1(3) to determine the spatial variability from the center
of the eddy (cast 97) towards the edge of cyclone Opal (-100 km). A single depth profile
to 1000 m was sampled for suspended biogenic silica inside and outside of cyclone Opal.

2.3.2. Discrete samples
Water samples for macronutrient concentrations were collected in acid-washed 125-mL
HDPE bottles, immediately frozen (-20°C), and stored upright until analyzed. Samples
for photosynthetic pigment analysis were collected into brown, narrow-mouthed 2-L
HDPE bottles, immediately vacuum-filtered onto either 25-mm GFIF filters for total
pigment biomass or polycarbonate filters 0.2, 2, and 18 p.m for size-fractionated pigment
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biomass, and stored in liquid nitrogen until analysis. Water samples for biogenic silica
analysis were collected in clear, narrow-mouthed 2-L HDPE bottles and immediately
vacuum-filtered onto 25-mm 0.8-JLm polycarbonate filters. Filters were frozen (-20°C)
until analysis.

2.3.3. Sediment trap array

A sediment trap array (a.k.a. Particle Interceptor Tmps, or PITs) was suspended at 150 m
for a minimum of three days inside and outside of each eddy. The array consisted of 12
individual cylindrical polycarbonate collector tubes (labeled A-L) with a 0.0039 m2
mouth opening fitted with baffles of 25-mm diameter cells (Honjo and Doherty, 1988;
Karl et al., 1996). The tubes were affixed to a polyvinylchloride crossframe that was
attached to a 12-mm POLYPRO line (McCave, 1975; Knauer et aI., 1979). Upon
deployment, the location of the array was tracked using a RDF mdio, Argos satellite
transmitters, and strobe lights.

Collector tubes were filled with a high density seawater brine solution to prevent loss of
preservative during deployment and loss of sample materials during recovery. The brine
solution was sodium chloride-amended seawater with a final concentration of 1%
formalin solution (100% formalin =37-38% formaldehyde solution) in a total of 50 g
NaCI L-1 surface seawater. For this deployment the brine solution contained 2.5 kg NaCI
in 50 L surface seawater with 500 mL of 37-38% formaldehyde solution. To eliminate
contaminants, the brine solution was filtered through a 0.2-JLm in-line filter cartridge
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prior to use. Leftover brine solution was kept in the dark for use as blanks after array
recovery.

Upon recovery of the array, tubes containing the collected particulate matter were prefiltered through a 335-/Lm Nitex mesh onto a 47-mm glass filter to remove accidental
zooplankton swimmers. The post-filtered Nitex mesh was stored in a scintillation vial
filled with 20 mL ofleftover brine solution in 4°C. Seawater from each tube was
removed with a pipet and the brine solution alone was filtered for analyses. The heights
of the remaining brine solutions were denoted on each tube for volume calculations based
on the dimensions of the tubes. Collected samples were filtered immediately after array
recovery for specific analyses.

2.4. Analytical methods
2.4.1. Inorganic I1U1Cronutrient determinations
Samples for nitrate + nitrite, phosphate, and silicic acid were sent away to Oregon State
University for analysis using a continuous segmented flow system consisting of
components of both a Technicon AutoanaIyzer II'l'M and an Alpkem RFA 300™ (Gordon
et aI., 1994). The use of both instruments allowed for greater precision, as the Technicon
colorimeters can use a 5-cm flow cell which provides greater sensitivity for the low-level
nutrients (phosphate and nitrite) while the Alpkem system is well suited for higher
concentrations of nitrate and silicic acid typically found in seawater samples.
Additionally, slower flow rate of the Alpkem system are better suited for the use of open
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tube cadmium reductors for the nitrate analysis. Specific analysis procedures for nitrate +
nitrite, phosphate, and silicic acid can be found in Appendix B (Protocol 1).

2.4.2. Analysis of chlorophyll and carotenoid pigments
HPLC pigments were analyzed in our laboratory (POST 07) at the University of Hawai'i.
Filters for pigment analyses were extracted in 3 mL of HPLC-grade acetone in culture
tubes along with 50 p,L of an internal standard (canthaxanthin) at 4°C for 24 hours. The
extracts were then brought to room temperature, vortexed, and centrifuged for 5 minutes
prior to sample preparation in the Varian 9300 autosampler. Mixtures of 1-mL extract
(containing canthaxanthin) and 300-p,L HPLC grade water were prepared in opaque
autosampler vials and injected into the autosampler of the Varian 9012 HPLC system.
The solvent system for pigment analysis included solvent A (methanol:0.5 M ammonium
acetate, 80120, v/v), solvent B (acetonitrile:water, 87.5/12.5, v/v), and solvent C (100 %
ethyl acetate) at a flow rate of 1.0 mL min· l • Solvents A and B contained an additional
0.01 % 2,6-di-ter-butyl-p-cresol (0.01 % BHT, w/v; Sigma-Aldrich). The linear gradient
used for pigment analysis included the following combination of solvents at specific time
gradients: 0.0' (90 % A, 10 % B), 1.00' (100 % B), 11.00' (78 % B, 22 % C), 27.50' (10
% B, 90 % C), 29.00' (100 % B), 30.00' (100 % B), 31.00' (95 % A, 5 % B), 37.00' (95
% A, 5 % B), and 38.00' (90 % A, 10 % B) (Bidigare et al., 2005). Photosynthetic
pigments were separated on a reverse-phase Waters Spherisorb® 5-p,m ODS-2 (4.6 x 250
mm) CI8 column with a corresponding guard cartridge (7.5 x 4.6 mm) and a Timberline

column heater (26°C) (Wright et al., 1991; Bidigare et al., 2005). Separated pigments
were detected and the data was transferred to the attached computer system using
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SpectraSYSTEM Thermo Separation Products UV2000 (dual wavelength UVNIS) and
FL2000 (fluorescence) detectors.

Pigment identifications were based on absorbance spectra, co-chromatography with
standards, and relative retention time. Peak identity was determined by comparing
retention times with a standard (monovinyl chlorophyll a) and representative culture
extracts (Phaeodactylum tricomutum, pennate diatom, Bacillariophyceae; Emiliana

huxleyi, coccolithophore, Prymnesiophyceae; Rhodomonas spp., Cryptophyceae;
Pycnococcus spp., Prasinophyceae; Synechococcus spp., Cyanophyceae; Amphidinium
spp., dinoflagellate, Dinophyceae; and Dunaliella spp., Chlorophyceae). Spectra-Physics

WO-WS software was used to conservatively calculate peak area (Mantoura and
Llewellyn, 1983; Bidigare et al., 1989; Wright et al., 1991; Bidigare and Trees, 2000). A
dichromatic equation was used to resolve mixtures of monovinyl and divinyl chlorophyll

a spectrally (Bidigare and Trees, 2(00). The dichromatic equation and the response
factors used for this analysis are included in Appendix B (Protocol 2). Abbreviations and
significance of photosynthetic pigments discussed in this study are described in Table 1.

2.4.3. Suspended biogenic silica determinations
Suspended biogenic silica was analyzed in our laboratory (pOST 07) at the University of
Hawai'i. Samples were digested in 0.2 N NaOH solution and biogenic silica in the
samples was determined using a time-sensitive dilution technique with ammonium
molybdate and a reducing agent. The percent transmittance of the developed sample was
read on a spectrophotometer at 810 urn and compared against a standard curve made with
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a 2.5 roM silicate stock solution (NazSiF6)' Calculations were made using equations
specified in Paasche (1980) and Brzezinski and Nelson (1995). Specific suspended
biogenic silica analysis procedures are outlined in Appendix B (Protocol 3).

2.4.4. Particulate matter expon
A summary of sediment trap sample collection methods is included in Appendix B
(ProtocoI4). Three sediment trap tubes were analyzed for particulate carbon and
nitrogen samples. Filters, foil, and culture dishes were all combusted prior to use. After
array recovery, three tubes were filtered onto 25-mm GFIF filters which were folded and
placed on heavy duty aluminum foil squares. FIlters were then collected in 47-mm
plastic culture dishes. Three blanks (2 L leftover brine solution) were filtered using the
same method. The six samples (3 samples, 3 blanks) collected per trap deployment were
stored in a shipboard freezer (-20°C) and analyzed in the Isotope Biogeochemistry
Laboratory (poST 726) at the University of Hawai'i on a Carlo Erba Elemental Analyzer
(model NC2500) interfaced with a Finnigan DeltaS ion ratio-monitoring mass
spectrometer (Sharp, 1974).

Three tubes were analyzed for particulate phosphorus samples. Filters, culture tubes. and
foil squares for this analysis were all combusted and acid-washed prior to use. Tubes
were filtered onto 25-mm GFIF filters which were folded and stored in culture tubes and
covered with foil squares. Three blanks (1 L leftover brine solution) were filtered and
collected in the same manner and all six samples were stored in a shipboard freezer
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(-20°C). The six samples (3 samples, 3 blanks) collected per trap deployment were
analyzed in the Dave Karl Lab (MSB 625) following the methods of Strickland and
Parsons (1972). Specific analysis methods can be found in Appendix B (ProtocolS).

Three tubes were sampled for pigment analyses of exported material. Filters and foil for
this analysis were all combusted prior to use. Tubes were filtered onto 2S-mm GFIF
filters which were folded and stored in heavy duty aluminum foil and immediately stored
in liquid nitrogen. Three blanks (2 L leftover brine solution) were filtered and stored in
the same manner until they were analyzed in our laboratory (poST 07) per methods used
for the water column HPLC pigment analyses (Bidigare et al., 2(05). When extracting
with acetone, grinding of the filters was necessary in order to suspend all sediment and
organic material from the filters.

Each of the remaining three tubes were filtered and collected for three samples:
particulate biogenic silica, epifluorescence microscopic slides, and archival samples. The
first 250 mL of each tube were measured and filtered onto 25-mm 0.8-/Lm polycarbonate
membranes for particulate silica analysis. These filters were collected into 50-mL sterile
plastic centrifuge tubes and stored in -20°C. Laboratory analysis for particulate silica was
performed in the Dave Karl lab (MSB 625). Particulate silica was dissolved in a basic
solution with heat over time. Time course subsamples were measured colorimetrically to
distinguish lithogenic silica from biogenic silica, which dissolves more readily than silica
compounds of mineral origin. Aliquots derived from a controlled reaction mixture are
reacted with an ammonium molybdate solution, chemically reduced, incubated, and the
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absorbance was read at 810 nm (DeMaster, 1981). Specific protocols are described in
Appendix B (Protocol 6). An aliquot (400 mL) from each tube was archived in an
opaque, 500-mL Nalgene bottle and stored in refrigeration (4°C). The remaining volume
in each tube (-800 mL) was collected into clear, l-L Nalgene bottles for epifluorescence
microscopical analyses. These samples were analyzed by Dr. Susan Brown at the
University of Hawai'i per methods described in Scharek et al. (1999b) and Brown et al.
(2003).

2.5. Contour plots

Golden Software Surfer® 7.0 was used to produce contour plots for density,
macronutrient, and photosynthetic pigment profiles. Spatial data were gridded and
interpolated using the Kriging method with no anisotropy manipulation.
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3. RESULTS
3.1. E-Flux 1- Cycwne Noah

3.1.1. Physical parameters

Cyclone Noah was apparent in MODIS and GOES SST imagery during 13-21 August
2004. Noah intensified and moved to the southeast into the lee of the island of Hawai'i

over the course of the next two months. The E-Flux group encountered cyclone Noah (517 Nov 2004) within 3 months of its appearance and GOES SST imagery revealed that its
surface expression was elliptical in shape, indicative of relaxation due to decreasing
surface velocity (Kuwahara et aI., submitted). During the three weeks of observations,
Noah remained approximately in the same location (-20.1°N, 156.4°W). Cyclone Noah

disappeared from GOES imagery on -21 December 2004, -4 months after it first
appeared. Given that only eddies with surface expressions can be detected via satellite on
clear sky days, cyclone Noah and other eddies likely spun up subsurface prior to

detection of a surface expression. Satellite imagery, therefore, represents approximate
ages,

Physically. Noah appeared to be a fully developed cyclonic eddy (Kuwahara et aI.,
submitted). The physical core of Noah. according to surface current velocities and
isopycnal displacements, was -80 kin in diameter, although the entire eddy was -160 kin
in diameter. The density surface of 024 was displaced upwards to 83 ± 8 m (n =7) at the
eddy center compared to 132 ± 8 m (n

=7) in waters unaffected by the eddy. The depth

of the euphotic zone, definitively the depth of 1% light level, was 97 ± 14 m (n =8) at the
center of Noah and 104 ± 14 m (n = 14) in surrounding waters.
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3.1.2. Macronutrient distributions

Dissolved inorganic macronutrient concentrations were enhanced within the eddy center
in the upper 150 m of the surface waters (Figure 3, Table 2). Contour plots of nitrate +
nitrite, phosphate, and silicic acid all reflected the doming of isopycnal surfaces. Nitrate

+ nitrite concentrations were just above the limit of detection (0.14 #M) at -100 m in the
center of Noah compared to -120 m in ambient waters, and were negligible in the upper
water column above the isopycna1 surface of 024 (-85 m in the center). Silicic acid
concentrations were close to depletion from 0-50 m in the center of the eddy. Depthintegrated (0-150 m) values in the eddy center were modestly increased compared to
surrounding waters by 2.9-, 1.5-, and 1.3-fold in nitrate + nitrite (mmol N m·2), phosphate
(mmol P m·2), and silicic acid (mmol Si m·2) concentrations, respectively (Table 2).
Given that the uptake ratio of silicon-to-nitrogen (Si:N) in diatoms is 1 (Leynaen et al.,
2(01), the Si:N ratio in ambient waters (4.3 ± 0.5, w:w) indicated the preferential uptake
ofN by the phytoplankton community. A decrease in the ratio to 1.7 ± 0.3 (w:w) within
cyclone Noah implied enhanced uptake of Si; however, when normalized to respective
increases in each inorganic macronutrient, both ratios revealed preferential N uptake by
the resident phytoplankton community relative to Si. Based on the Redfield ratio of
106C:16N:IP (Redfield et al., 1963), nitrogen-to-phosphorus (N:P) ratios both inside (4.8

± 0.8, w:w) and outside (2.2 ± 0.1, w:w) of cyclone Noah indicated N-limitation or
excess P in the systems, even after normalization to respective increases.
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3.1.3. Photosynthetic pigment biomarkers
The water column profiles ofTChl a inside (casts 31, 32, 54, and 58) and outside (casts
3, 74, 79) of cyclone Noah did not show significant differences except for a slight upward
displacement of the DCML by -20 m (Figure 4A). Contour plots of chlorophyll and
carotenoid pigment biomarkers depict the DCML shadowing the upward displacement of
isopycnal surfaces (Figures 5 and 6). Chlorophyll pigments TChl a, MVChl a, and
DVChl a, and carotenoid pigments But-fuco and Fuco were not markedly enhanced in the
center of the eddy compared to surrounding waters, indicating that the standing stock of
pico- and nanophytoplankton (Prochlorococcus spp. and chromophytes) only modestly
increased within cyclone Noah. Hex-fuco and but-fuco, carotenoid biomarkers for small
eukaryotic phytoplankton such as prymnesiophytes and pelagophytes, respectively,
increased slightly in the periphery of the center of the eddy (Figure 6A, C).
Cyanobacterial pigment Zeax (biomarker for Synechococcus and Prochlorococcus spp.)
was concentrated in the mixed layer above the 0"24 isopycnal surface and the
concentration remained constant towards the eddy center (not shown). Pigment
distributions in the water column indicated that the two-layer distribution (cyanobacteria
in the mixed layer and small eukaryotes and Prochlorococcus spp. occupying the DCML)
was not disturbed, but displaced upwards by -20 m.

Photosynthetic pigments were depth-integrated to just below 1% light level (-D. 1% light
level), to 110 m inside versus 120 m outside for cyclone Noah. Depth-integrated TChl a
concentrations were constant between inside (casts 31, 32, 54, and 58) and outside (casts
3, 74, 79) cyclone Noah (Table 3). This consistently held true for most pigments in and
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out of the feature, given the high standard deviations. Hex-fuco (biomarker for
prymnesiophytes) and Zeax (biomarker for cyanobacteria) dominated the fraction of
xanthophyll pigments inside cyclone Noah. The fractions of TChi a attributed to DVChl
a,pigment biomarker exclusive to Prochlorococcus spp., were -50% both inside and
outside of the eddy. Pigments that were rare or below the limit of detection included
Allox, DTIC, Pras, Viola, and the chlorophyll degradation pigment MVChld a.

3.1.4. Phytoplankton size structure
There was a modest shift in phytop1ankton size structure to cells > 18 fLm at the base of
the mixed layer in cyclone Noah (Table 4). A -1.3-fold increase in TChl a concentration
was evident within the mixed layer, mainly attributed to flagellates 2-18 fLm
(nanoplankton) such as pelagophytes and prymnesiophytes. An associated -3.6-fold
increase in phytoplankton >18 fLm (microplankton) was most likely due to modest
increases in larger eukaryotes, such as pennate diatom species.

3.1.5. Particulate matter export
The sediment trap array remained within cyclone Noah for the duration of the
deployment, moving only a short distance towards the southwest (start: 19.7°N, 156.5°W;
end: 19.5°N, 156.8°W). Particulate carbon, nitrogen, and silica exports were not
significantly different inside and outside of cyclone Noah (Table 5). Particulate
phosphorus export inside Noah was 60% of that in surrounding waters, a possible
o2

indication of preferential N uptake within cyclone Noah. Exported TChl a (mg m dO')
was higher by -1.2-fold inside cyclone Noah compared to outside, with concurrent
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increases in pigment biomarkers DTX and 13-Car (not shown). All other exported
pigments within the eddy were less than those from ambient waters by -30-50%. The
negligible difference in exported pigments suggests the importance of reminera1ization in
the cyclone Noah system.

3.2. E-Flux 1II - Cyclone Opal
3.2.1. Physical parameters
Cyclone Opal became visible in MODIS and GOES SST imagery during -2-18 February
2005. Cyclone Opal was approximately a month old at the time of our study (10-22 Mar
2005) and had a distinct, cylindrical core of colder temperature evident in satellite

imagery. Over the course of our three-week study, Opal drifted -165 km southward from
its origina1location (-20.3°N, 156.3°W) while maintaining its physical structure. Opal
disappeared from satellite imagery on -25 March 2005, less than two months after it first
appeared.

At -220 km in diameter, cyclone Opal was a stronger and larger eddy than cyclone Noah
(Nencioli et aI., submitted). Doming of the isopycnals was markedly more intense, as
evidenced by the shoaling of the 0"24 density surface (52 ± 8 m inside, n

=8 compared to

=8) and depth of the 1% light level (89 ± 10 m inside, n =20 and
132 ± 19 m outside, n =18).
131 ± 15 m outside, n
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3.2.2. Macronutrient distributions

Similar to cyclone Noah, macronutrient concentrations reflected the shoaling of the
isopycnal surfaces but were much more pronounced in cyclone Opal (Figure 3). At the
initial sampling of cyclone Opal, nitrate + nitrite was present in trace amounts (but still
above the limit of detection) above the 024 isopycna1, and silicic acid concentration was
below its detection limit (0.35 /LM) within a confined area (-20 km) in the eddy center
along the 024 isopycnal surface. Depth-integrated (0-150 m) nitrate + nitrite, phosphate,
and silicic acid concentrations were higher by 4.1-fol<l, 1.8-fol<l, and 1.1-fol<l,
respectively, compared to surrounding waters (Table 2). Si:N ratios were 1.2 ± 0.3 inside
compared to 4.5 ± 0.9 outside, indicating preferential N uptake in surrounding waters and
near-equal uptake rate of Si and N inside the eddy. When nonnalized to respective
increases, decreased Si:N ratio inside Opal reflected an artifact of increased N within the
eddy. N:P ratios were 7.1 ± 0.5 and 3.3 ± 0.7, inside and out, respectively, suggesting Nlimitation for both. Individual profiles of N and P suggest the onset of seasonal Plimitation (Karl et al., 1997) due to preferential uptake of P or excess N, possibly due to
increased rates of nitrogen fixation.

3.2.3. Photosynthetic pigment biomarkers

Depth profiles ofTChl a inside (cast 19A, IN stations 1-7) and outside (OUT stations 13) of cyclone Opal showed a sharp and dramatic increase in TChl a concentration within
Opal, as indicated by a-50 m upward displacement and a peaked >2-fold increase in the

concentration at the DCML (Figure 4B). The depth of the DCML at IN stations varied
dramatically during our study; however, the DCML was confined within a narrow band
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of isopycnal surfaces 024.2 and 024.4 (Figure 4C). The DCML inside cyclone Opal also
occupied a denser isopycnal surface (024.3) than the OCML in surrounding waters (023.8;
Figure 4C). Contour plots of chlorophyll pigments (Figure 5) mirror the doming of
isopycnal surfaces, with the core TChi a biomass contained within isopycnal surfaces
024.2 and 024.3

(Figure 5B). The TChi a bloom was comprised mostly of phytoplankton

containing MVChl a (Figure 50) and xanthophyll pigments Hex-fuco (prymnesiophyte
biomarker), But-fuco (pelagophytes biomarker), and Fuco (diatom biomarker) (Figure
6B, 0, F). Most notably, diatom pigment biomarker Fuco exhibited a -60-fold increase
in the OCML in the center of Opal compared to the Fuco concentration in the OCML of
ambient waters. Prochlorococcus spp. (as represented by pigment OVChl a) did not
appear to contribute to the bloom., as the highest OVChl a concentrations were observed
at the periphery of the TChi a bloom at the Opal center (Figure 5F). Similar to cyclone

Noah, cyanobacterial pigment Zeax (biomarker for Synechococcus and Prochlorococcus
spp.) was present primarily in the mixed layer above the 024 isopycnal surface (not
shown). Zeax concentration did not change across the eddy, suggesting that eddy
processes do not change the two-layer distribution but instead displace populations
upwards by -50 m.

Euphotic zone depth-integrated (0-110 m inside and 0-150 m outside, to 0.1 % light level)
TChi a concentrations were constant inside (cast 19A, IN stations 1-7) and outside (OUT
stations 1-3) of cyclone Opal (Table 3). However, MVChl a comprised 66% of the TChi

a concentration inside the eddy as compared to 52% outside. The OVChl a fraction of
TChi a decreased 2-fold within Opal, comprising only 27% ofTChi a inside the eddy
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compared to 47% outside. The remaining fraction (7%) ofTChl a was made up of the
chlorophyll degradation pigment MVChld a, typically due to the presence of senescent
diatom cells or zooplankton fecal pellets. In comparison, ouly 0.08% ofTChl a outside
of Opal was comprised of MVChld a. This marked increase in MVChld a proportion
within the eddy center was due to a 9.4-fold increase in depth-integrated MVChld a
concentration that was associated with a 4.3-fold increase in the diatom biomarker Fuco
concentration. No associated increase was denoted in Hex-fuco (prymnesiophyte
biomarker), which signified that the enhancement in Fuco pigment inside cyclone Opal
was primarily attributed to the presence of large diatoms. Concurrent with the increase in
Fuco was a 50% decrease in cyanobacterial pigments Zeax, a-Car, and DVChl a,
indicating a change in phytoplankton dynamics in the center of the eddy.

3.2.4. Phytoplankton size structure
A -1.5-fold increase in TChl a concentration and an associated -1.3-fold increase in
picoplankton was evident at the base of the mixed layer inside cyclone Opal (Table 4).
Within that mixed layer community, there was a shift towards phytoplankton >2 /Lm in
cell size: -3-fold increase in nanoplankton and a -7-fold increase in microplankton.
Greater than 50% of the diatom community in the DCML inside Opal was due to diatoms

>18 /LIn, as represented by size-fractionated Fuco concentration. The concentration of
microplankton size fraction decreased dramatically from the center towards the edge of
the eddy in Transect 6 (not shown). In contrast, DVChl a, unique pigment biomarker for

Prochlorococcus spp., displayed a modest increase towards the edge of the eddy.
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3.2.5. Time-series in Opal center
The phytoplankton community in the center of cyclone Opal evolved substantially over
the course of 8 days from 14-22 March, 2005 (Figure 7 A-D). The center station (cast
19A) during transect 3 was included in this time-series as f{) (t
between f{) and IN Station I (t1

=0 h), therefore the gap

=58 h) is due to lack of sampled data, not lack of

pigment From f{) to tl. the DCML deepened in the water column from -50-70 m to 70-90
m, and then varied considerably during consecutive days. This variability in DCML
depth could be attributed to eddy dynamics or inertial variability, which has a -31 hour
periodicity (Karl et al., 2002b). However, the OCML remained confined within the
narrow band between isopycnal surfaces 024.2 and 024.4 (as indicated by dotted lines,
Figure 7). Within this layer, TChl a concentration decreased dramatically after four days
to half its original concentration (-1.1 to 0.5 mg m·3, Figure 7 A). The decline of this
phytoplankton bloom was largely due to the decrease in diatom concentration, as
represented by the biomarker pigment Fuco (Figure 7B). Chromophyte biomarkers Butfuco and Hex-fuco maintained the same elevated concentration throughout the eight days
at the center station, representing a continuing small eukaryote-dominated bloom (Figure
7C). OVChl a concentration remained constant over time, on which the diatom bloom
was imprinted (Figure 70).

3.2.6. Suspended biogenic silica profiles
A single profile of suspended biogeuic silica (BSi) was obtained both in and out of
cyclone Opal (Figure 8). The BSi maximum was displaced upwards from -120 m in the
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surrounding waters to -45 m within the eddy center, concurrently exhibiting a -20-fold
increase in comparison to ambient BSi concentration.

3.2.7. Particulate matter expon
The sediment trap array remained within cyclone Opal throughout its deployment,
staying with the eddy as it traveled southward during the study (start: 19.4°N, 157.1 oW,
end: 18.9°N, 156.8°W). Particulate carbon and nitrogen export was similar in and out of
cyclone Opal (Table 5). However, particulate silica export was -4-fold higher inside
cyclone Opal (ANOVA, P =0.002). Microscopic examination of trap solution from
outside cyclone Opal showed little material whereas samples collected within Opal
contained nearly empty frustules of rare, large centric diatoms, as well as more
commonly found pennate species (Figure 9). Increased silica export within the eddy was
most likely due to the export of these frustules, containing little visible chlorophyll or
cellular protein.

Exported TChl a (mg m,2 d'l) was -1.3-fold higher inside cyclone Opal compared to
outside (not shown). An associated increase in MVChl a inside Opal was concurrent
with a -1.5-fold increase in exported Fuco with noticeable increases in Pras, DTX. and
DDX relative to outside Opal. Greater export of cyanobacteria was evidenced by -1.5fold increase in Zeax outside the eddy. Surprisingly, exported But-fuco, Hex-fuco, and
Per were also higher (-2-fold) outside Opal compared to inside, indicating greater export
of smaller chromophytes and dinoflagellates from the water column outside cyclone
Opal.
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4. DISCUSSION
4.1. Phytoplankton succession - Si limitation?

The presence oflarge, chain-forming diatoms in cyclone Opal at our initial encounter
was unexpected given previous findings (Olaizola et aI., 1993; Seki et aI., 2001; Bidigare
et aI., 2003; Vaillancourt et aI., 2003). The sudden decline in diatom populations after
the fourth day inside the eddy emphasizes the importance of timing in the sampling of
mesoscale eddy features in the open ocean. Assuming the diatom bloom began prior to
our arrival at cyclone Opal, it is difficult to assess the duration of the bloom. Regardless,
physiological stress due to nutrient limitation was most likely the initial cause of the
decline in the diatom population.

Since silicic acid is taken up by diatoms and is essential for the formation of their cell
frustuIes (Guillard, 1975; Brzezinski and Nelson, 1996), trace amounts of silicic acid
. (below the limit of detection

=0.35 f.LM) observed at the center of Opal in Transect 3

indicate that low silicic acid concentrations may have limited Si uptake by diatoms.
Studies have reported that ambient silicic acid concentrations of :51-2 f.LM limit uptake by
diatoms in surface waters of most mid-ocean gyres (Egge and Aksnes, 1992; Brzezinski
and Nelson, 1995, 1996,2001; Brzezinski et aI., 1998; Henson et aI .• 2006). Silicic acid
levels during E-Flux m were correlated with density surfaces and measured to be <2 f.LM
in the euphotic zone (above 1% light level) within cyclone Opal (Figure lOB), further

suggesting that low levels of this particular macronutrient limited uptake by diatoms and
hence growth and production. In contrast, silicic acid concentrations (0-3 f.LM) did not
limit uptake by phytoplankton in the euphotic zone of cyclone Noah because these
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populations (e.g. non-diatoms) did not require Si for growth (Figure lOA). Although low
concentrations do not necessarily prove nutrient limitation, there appears to be other
evidence for diatom physiological stress. Relative to outside the eddy, high levels of the
chlorophyll degradation pigment MVChld a, present in senescent phytoplankton and
fecal pellets, were measured in the DCML concurrent with a 60-fold increase in Fuco
pigment. A 9.4-fold increase in MVChld a concentration was apparent when integrated
over the euphotic zone in cyclone Opal. Reports regarding decreased growth rate

(Landry et aI., submitted), distinct layers of senescent versus healthy cells (Brown et aI.,
submitted), and lack of phytoplankton response to N, P, or Fe additions (Bibby et aI.,
submitted) within cyclone Opal all point to Si limitation as the primary cause of the
decrease in diatom biomass. It is likely that large, spiny diatoms with slow sinking rates,
such as Chaetoceros spp. (Brown et aI., submitted), comprised the dramatic increase in
suspended water column particulate biogenic silica at -50 m inside cyclone Opal (Figure

8).

If silicic acid limitation accounts for the decline in diatom populations, depletion of Si
would lead to the next limiting nutrient, for only one essential nutrient can limit growth
rate at a specific time (Tilman, 1980). Nutrient addition experiments during the E-Flux
cruises showed that phytoplankton in cyclone Opal did not respond to N addition,
whereas those in cyclone Noah increased their photosynthetic efficiency with the addition
of N (Bibby et aI., submitted). Populations in cyclone Noah, therefore, were assumed to

be N-Iimited while populations in cyclone Opal were not. After the demise of the diatom
bloom. the sustained background population of eukaryotes and cyanobacteria continued
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to be maintained by sufficient N and P remaining within cyclone Opal. Therefore, the
apparent succession from a diatom-dominated community to pica- and nanophytoplankton (Prochlorococcus spp. and chromophytes), as observed during the timeseries at the Opal center, was likely a result of a shift in nutrient availability from Si to N
and P. After phytoplankton with high maximum nutrient uptake rates (Vmax), such as
diatoms, 'bloom and bust' , phytoplankton with lower nutrient uptake rates (i.e.
prymnesiophytes and pelagophytes) outcompete unhealthy diatoms to dominate the
phytoplankton community. Similar phytoplankton succession has been observed in the
North Atlantic Spring Bloom event, when diatoms were outcompeted by nonsiliceous
phytoplankton due to Si depletion (Henson et al., 2006). Even though diatoms rely on Si
to form frustules, some species, like Hemiaulus and Mastogloia spp. (Scharek et al.,
1999a), produce thinner frustules (Brzezinski and Nelson, 1996) under substrate
limitation. These lightly silicified species were observed at the end of the time-series
inside cyclone Opal (Benitez-Nelson et al., submitted; Brown et al., submitted).

Presumably, once Si becomes limiting to diatom growth, production by non-siliceous
phytoplankton would continue until all remaining N or P has been consumed. However,
Henson et al. (2006) showed that although Si may limit a bloom and by extension export
production, subsequent utilization of N or P serves to ultimately restore conditions
towards production maintained by recycling. Once N reaches a minimum annual value,
all further production must rely on recycled forms of N (Henson et al., 2006), suggesting

that phytoplankton in the 'decay' stage of a cyclonic eddy would ideally return to
regenerated production. Suspended particulate N was enhanced in the DCML of cyclone
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Opal, representative of smaIl fecal pellets andlor organic matter that have not yet been

exported (obs. unpub. data). Mixed-layer depth-integrated values of particulate N
decreased significantly during the time-series at the Opal center, indicating either
remineralization or exported N (Mahaffey, C., pers. cOlmn.). However, increase in
inorganic N (nitrate, nitrite) or N export flux was not observed. Increase in inorganic N
may not be observed if available N was simultaneously taken up, which could indicate a
shift towards recycled production at the end of the time-series.

4.2. Subtropical eddies: A silica pump?

Enhanced biological activity and a shift in size structure of the phytoplankton community
to large diatoms are thought to stimulate rates of carbon export (McCave, 1975; Eppley
and Peterson, 1979; Knauer et aI., 1979; Goldman, 1988, 1993). Given modest increases
in photosynthetic pigment biomass, it is not surprising that the export fluxes in cyclone
Noah did not display significant differences between inside and outside of the eddy.

Despite variability in phytoplankton populations in cyclone Opal, the presence of large,
centric diatoms was an unusual occurrence in the SNPO and enhanced rates of carbon
export was expected. Several biases have been associated with sediment trap use, such as
hydrodynamic flow above the trap mouth and the over- or underestimation of organic
carbon attached to swimmers accidentally caught in trap tubes (Butman et aI., 1986;
Buesseler, 1991; Buesseler et aI., 2(01). However, a modest l.3-fold increase in ~
derived carbon flux (Benitez-Nelson et aI., submitted) corresponded to trap-derived
export estimates in the Opal center. Though it can be argued that we missed the timely
carbon export event of cyclone Opal, we believe that the major export event had occurred
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and consisted of biogenic silica. It was detennined that 86% of net community
production was accumulated as total organic carbon (comprised mostly of dissolved
organic carbon), leaving only -14% to be exported (Benitez-Nelson et aI., submitted),
consistent with the minima1 carbon export evidenced in the traps and in ~-derived
measurements. Hence, most of the carbon generated within cyclone Opal was
remineralized and not exported.

These results suggest that cyclonic eddies formed in subtropical waters may not
necessarily be an efficient mechanism for exporting particulate carbon to the mesopelagic
zone. This finding is consistent with a recent temperature-dependent food web model
that predicts low carbon export efficiencies in waters with surface temperatures
exceeding 25°C, as it is in the SNPO (Laws et aI., 2000; Benitez-Nelson et aI.,
submitted). The absence of a major carbon flux event is thus due to strong microbial
community coupling of production, grazing, and remineralization processes. In the case
of cyclone Opal, the minimal carbon flux was replaced by a large biogenic Si flux.
Subtropical cyclonic eddies must now be re-eValuated as potential silica pumps, which
would suggest that phytoplankton in the SNPO would be limited by Si following a major
eddy event (Benitez-Nelson et aI., submitted). The role of SUbtropical cyclonic eddies as
Si export-producing mechanisms must be investigated in future studies.

4.3. Noah vs. Opal: The age hypothesis
Cyclones Noah and Opal are assumed to represent two out of three stages in a cyclonic
eddy's biological life cycle. This study depicts cyclones Noah and Opal as two
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significantly different eddies physically as well as biologically, although only about 6
weeks apart in "age." Physical data (Kuwahara et aI., submitted) as well as nutrient
inventories and photosynthetic pigment distributions suggest that cyclone Noah was
indeed in the 'decay' stage, while cyclone Opal was a 'mature' eddy that began to enter
the 'decay' stage after supporting a short-lived, diatom bloom. Neither eddy produced
enhanced carbon export, which was hypothesized to characterize the 'decay' stage
according to the age model by Sweeney et aI. (2003). Did cyclone Noah contain a large
diatom bloom like cyclone Opal? Do all eddies develop into a fnlly 'mature' eddy with
large, chain-forming diatoms? Does the age model, with the definition of a 'mature'
eddy as having diatoms and a 'decaying' eddy as having export, apply to all eddies that
spin up in the lee of Hawai'i? These questions were addressed by specifically examining
previonsly studied cyclones Mikalele, Loretta, and Haulani (Seki et aI., 2001; Bidigare et
aI.,2003).

Cyclones Mikalele and Loretta (Seki et aI., 2001) were -I month and 6 months old,
respectively. Loretta first spun up at the mouth of the 'A1enuihaha Channel and soon
drifted northwestward. A few months later, Mikalele spun up in the same approximate
location. During their period of observations, Loretta had been a cohesive eddy for -6
months but still displayed significant -2-fold increases in Fuco, But-fuco, and Hex-fuco,
with outcroppings of isopycnal surfaces highly resembling that in cyclone Opal (Seki et
aI., 2(01). Loretta was -100 Ian in diameter and it was speculated that its mature stage
occurred three months prior to the observations according to satellite imagery, indicating
that it was in its 'decay' stage at the time of encounter. Loretta was able to maintain a
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bloom of prymnesiophyres and pelagophyres even after 6 months as a cyclonic eddy.
Cyclone Mikalele, a small eddy (100 km) that was speculated to be 'intensifying,'
expressed strong surface thermal gradients and a -lo5-fold increase in Fuco and Hexfuco. How was Loretta able to maintain a bloom for so long when Opal illustrated a
classic 'bloom and bust' situation? Why did Mikalele and Opal, both 1 month old,
support such different communities of phytoplankton? Adding to the puzzle is cyclone

Haulani, a more recent study, which exhibited a -25-fold increase in prymnesiophyres
(mostly coccolithophores) but without large, centric diatoms (Vaillancourt et al., 2003).
At 2 months old (like cyclone Noah), Haulani alternated between circular to elliptical and
back to circular within the first month, possibly due to variability in wind strength.
Despite the variability, Haulani was the only cyclone studied to date that exhibited a
-2.6-fold increase in carbon export (Bidigare et al., 2003). Furthermore, Haulani
remained visible in satellite imagery for 3 more months after the observational period,
implying that Haulani may not have been in a 'decay' phase. Why, then, was there
carbon export in Haulani if it was not in the 'decay' phase? Assessment of previously
studied cyclones leaves us with the question of whether discrepancies in the biological
responses of these cyclones are indeed due to age variability. No seemingly common
thread runs between any of these eddies, making the attribution of these differences to
age variability troublesome.

4.4. Noah vs. Opal: The 'spin-up rate' hypothesis
There are various factors to consider in investigating the forces behind cyclone variability
besides developmental stages: sampling resolution, validity of OUT stations, coastal
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water entrainment, trace metal effects, differences in grazer dynamics, and the possibility
of each cyclone being different water masses. The average lifespan of Hawaiian lee
cyclones has been reported to be between 3-8 months, significantly shorter than that of
anticyclones, which propagate farther, spin generally more slowly than cyclones, and last
for longer than a year before it merges with surrounding waters (patzert, 1969; Lumpkin,
1998). From this information, it can be hypothesized that anticyclones last for a longer
time than cyclones due to either slower spinning speed or because they are generally
weaker in strength than cyclones. Patzert (1969) reported that the distinguishing
characteristic between 'strong' and 'weak' eddies was spin-up duration: a 'weak' eddy
takes 1-2 weeks to spin up, while a 'strong' eddy is developed after a spin-up duration of
30 days or more. If this is the case, then 'strong' eddies may be "different" from 'weak'
eddies in terms of biological response. Hence, spin-up duration may directly influence
the type of bloom in a Hawaiian lee cyclone and consequently the type of export.

For this hypothesis to be assessed, 'spin-up duration' must be properly defined. Spin-up
duration has been defined in numerous ways - i.e., 1) the time when the upward flux of
nutrients stop, and 2) the time when the potential energy of an eddy is directly
proportional to the doming of the density structure (Patzert, 1969). However. for this
study, the definition of 'spin-up duration' will simply be referred to as the time which
isopycnal surfaces are upwardly displaced into the euphotic zone, introducing nutrients
into a well-lit zone. Therefore, spin-up rate, or the rate of nutrient input into the euphotic
zone, is likely directly related to wind velocity, direction, eddy shear dynamics, and
circulation dynamics within the cyclone.
38

If spin-up rate does indeed influence the type of phytoplankton bloom and consequently
export within a subtropical cyclonic eddy, then dynamics between phytoplankton and
nutrient input must be closely evaluated. Regarding the paradoxical nature of closely
competing phytoplankton species co-existing in a uniform body of water (Hutchinson,
1961), reports have shown that this co-existence occurs primarily via limitation by
different essential nutrients (petersen, 1975): e.g., while Si limits diatom growth, N may
limit growth of some diatoms as well as other phytoplankton, and P may limit entirely
other phytoplankton. In this case, a single varying nutrient concentration could lead to a
shift in phytoplankton dominance (Eppley, 1969) and thus, differences in nutrient supply
could lead to the dominance of specific types of phytoplankton (Turpin and Harrison,
1979). In the case of Rossby waves, which similarly uplift isopycnals into a well-lit zone
but continuously in their line of propagation, haptophytes and pelagophytes flourish
because their seed populatious are abundant and they are smaller organisms that grow
rapidly and can exploit excess (but less amounts of) N. Since the time-scale for the
residence of a constantly propagating Rossby wave is relatively short, phytoplankton that
are efficient at nutrient-harvesting and have a faster generation time will flourish. In
nonlinear features such as cyclonic eddies, faster input of nutrients or a single large
addition into the surface waters of a cyclone due to stronger, concentrated winds would
provide an advantage to phytoplankton with high Vmax (diatoms) over those with lower
Vmax (prymnesiophytes and pelagophytes). The intense diatom bloom would be quickly
limited by Si limitation and result in a 'bloom and bust,' followed by phytoplankton
succession (Figure IlA). Due to the lack of grazing by large zooplankton,
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remineralization processes dominate and the resultant export is opal-based, not carbonbased. However, slower input of nutrients due to weaker but longer duration of winds
would favor a sustained bloom of carbon-rich phytoplankton such as prymnesiophytes
(coccolithophores), with the result of increased carbon exported into the mesopelagic
zone (Figure liB). It is also likely that the enhanced carbon export observed in cyclone

Haulani may have been due to inorganic carbon (Cac~) contained within
coccolithophores, a type of prymnesiophytes commonly found in the subtropical North
Pacific. In fact, coccolithophores dominated the significant 25-fold increase in
prymnesiophytes within cyclone Haulani (Vaillancourt et al., 2003). Therefore, this
'spin-up rate' hypothesis attempts to explain the enhanced rate of carbon flux associated
with increased coccolithophores in cyclone Haulani, cyclone Loretta's 6-month-Iong
sustained bloom, and cyclone Opal's large centric diatom 'bloom and bust' scenario with
a marked silica export. Qualitative measurements of 'spin-up rate' or the rate of nutrient
input may be obtained with further collaboration, and may provide further insight into
investigating the hypotheses proposed in this study.

40

S. CONCLUSIONS
The two cyclones observed during this study, Noah and Opal, were very different eddies
in terms of physical and biogeochemical attributes. Cyclone Noah was a smaller, -3
month-old eddy that was elliptical in shape and was characterized to be in the 'decay'
stage. On the other hand, cyclone Opal was a large, circular eddy that was only 1 month
old and was believed to be in the 'mature' stage. The doming of isopycnal surfaces was
decidedly more pronounced in Opal, with shallower 1% light level depths and a
significant upward displacement of the DCML. Both eddies supported very different
plankton communities in response to similar enhancements in euphotic-zone integrated
'macronutrients (3-4-fold nitrate + nitrite, 1-2-fold phosphate, and -1.5-fold silicic acid).
While cyclone Noah exhibited only modest increases of the ambient phytoplankton
community (dominated by Prochlorococcus spp. and small eukaryotes), Opal consisted
of a phytoplankton bloom dominated primarily by large diatoms in the DCML, The
phytoplankton community in the mixed layer (cyanobacteria) remained unaffected within
both eddies; however, cyanobacteria in the DCML decreased in accordance with
enhanced pigment biomass representing larger eukaryotes. As expected, there was an
increase towards larger phytoplankton (nana- and microplankton) in the center of both
eddies. The diatom-dominated bloom in cyclone Opal declined dramatically (as
represented by a 50% decrease in Fuco) on the fourth day of our study period, which was
most likely caused by silicic acid limitation. Despite the presence of a large
phytoplankton bloom, enhanced rates of carbon or nitrogen export were not observed in
cyclone Opal (or in cyclone Noah). However, a 4-fold increase in silica export was
observed in Opal which was attributed to empty diatom frustules. Therefore, it is likely
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that remineralization remained the key process within both eddy systems, despite the
enhancements in photosynthetic pigment biomass.

In this study, we were able to investigate the "age" hypothesis proposed by Sweeney et

aI. (2003) by comparing cyclones Loretta, Mikalele (Seki et aI., 2(01), and Haulani
(Bidigare et aI., 2003) to Noah and Opal. Differences between these cyclones have been
attributed to differences in the developmental stages of cyclonic eddies; however, the
characteristics of each eddy and its associated "age" are not in accordance. The
characterization of Noah as being in the 'decay' stage and Opal in the 'mature' stage
implies that Noah once contained large diatoms similar to that observed in Opal. In
addition, only one eddy in the past, cyclone Haulani, showed an enhancement in carbon
export consistent with the hypothesis that Hawaiian lee cyclonic eddies are efficient
mechanisms for transferring organic carbon to the mesopelagic zone. Thus, we
hypothesize that Hawaiian lee eddies may follow very different paths of development,
depending on several factors that affect the 'intensification' stage. These factors include
physical processes, such as wind strength, tangential velocity, intensity of upwelling, and
the dynamics of surface divergence which ultimately dictate the rate of nutrient input into
the euphotic zone. Consequently, the 'mature' and 'decay' stages of a cyclone are
controlled by biogeochemical processes such as bottom-up nutrient control, physiological
limitations, top-down grazer control, and subsequent remineralization or export t1ux. By
better determining the controls on the life stages of cyclonic eddies, we can further
characterize the impacts of an eddy on nutrient cycling, plankton physiology and
variability, and both the silica and carbon budgets of the world's oceans.
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Table 1. Abbreviations and taxonomic affinities of photosynthetic pigments separated in
this study using high performance liquid chromatography. *TChl a in this study is the
sum of MVChl a and DVChl a, as well as degradation pigment MVChld a.

Pigment name

Abbreviation Primary pigment In:

Total chlorophyll a*
Monovinyl chlorophyll a

TChla

Divinyl chlorophyll a
Monovinyl chlorophyllide a
Monovinyl plus divinyl
chlorophyll b
Chlorophyll c-like pigments
19'-Butanoyloxyfucoxanthin
19'-Hexanoyloxyfucoxanthin
Fucoxanthin
Peridinin
Prasinoxanthin
Violaxanthin
Diadinoxanthin
Alloxanthin
Diatoxanthin
Zeaxanthin
p,B-Carotene

DVChla
MVChlda
TChlb
TChlc
But-fuco
Hex-fuco
Fuco
Per
Pras
Viola
DDX
Allox
DTX
Zeax
a-Car

p,p-Carotene

P-Car

MVChla

=

*TChl a MVChl a + DVChl a + Chld a
Pigment description from Jeffrey et al. (1997)
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All phytoplankton
All phytoplankton (except
Prochlorococcus spp.)
Prochlorococcus spp.
Senescent diatoms

Prochlorococcus spp.
Chromophytes
Pelagophytes
Prymnesiophytes
Diatoms
Dinoflage11ates
Prasinophytes
Chrysophytes
Chromophytes
Cryptophytes
Minor pigment in chromophytes
Cyanobacteria
Prochlorococcus spp.,
cryptophytes
All phytoplankton groups
(except Prochlorococcus spp.)

Table 2. Depth (0-150 m) integrated inorganic macronutrients during E-Flux I (Cyclone
Noah) and E-Flux ill (Cyclone Opal). N is the number of samples averaged, and the
values in columns indicate the average ± standard deviations. Averaged values from EFlux I: IN samples are from IN Stations 1-2 and the two center stations from Transect 3,
OUT samples are from OUT Stations 1-2. Averaged values from E-Flux ill: IN samples
are from IN Stations 2-7, OUT samples are from OUT Stations 1-3.

Cyclone Opal

Cyclone Noah
Parameter
02

Nitrate + nitrite (mmo1 N m
Phosphate (mmol P m02)
Silicic acid (mmol Si m02)
Si:N (w:w)
N:P(w:w)

)

IN

OUT

(N=4)

(N=2)

IN/OUT

121 ±20
26±2
199± 15

42±4
17±2
152±29

2.9
1.5
1.3

1.7 ± 0.3 4.3±0.5
4.S ±O.S 2.2±0.1
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IN

OUT

(N=6)

(N=3)

225± IS 56± 1
32±3
17 ±3
279 ±55 248±44
1.2 ±0.3 4.5±0.9
7.1 ±0.5 3.3 ±0.7

IN/OUT
4.1
I.S
1.1

Table 3. Depth-integrated photosynthetic pigments (mg m·3) during E-Flux I and E-Flux
Ill. All pigments were depth-integrated to just below depths of 1% light level: Cyclone
Noah (110 m INSIDE, 120 m OUTSIDE), Cyclone Opal (110 m INSIDE, 150 m
OUTSIDE). Parentheses indicate standard deviations. Averaged values from E-Flux I:
IN samples are from IN Stations 1-2 and the two center stations from Transect 3, OUT
samples are from OUT Stations 1-3. Averaged values from E-Flux Ill: IN samples are
from the center station from Transect 3 and IN Stations 1-7, OUT samples are from OUT
Stations 1-3.

C cIoneNoah
IN
OUT
(N-3)
(N=4)
ChloropbyUs
TChla
. MVChla
DVChla
MVChlda
TChlb
TChlc
XantbopbyUs
Allox
But-fuco
DDX
DTX
Fuco
Hex-fueo
Per
Pras

Viola
Zeax
Carotenes
a-Car

f3-Car

INJOUT

INJOUT

1.2

29.8 (4.5)
19.7 (3.6)
8.08 (Ll)
2.17 (1.3)
7.06 (1.4)
8.53 (1.5)

29.1 (1.9)
15.1 (0.7)
13.7 (Ll)
0.23 (0.2)
10.6 (1.2)
5.76 (0.1)

1.0
1.3
0.6
9.4
0.7
1.5

0.00 (0)
1.88 (0.7)
0.43 (0.1)
0.00 (0)
0.49 (0.1)
3.60 (1.2)
0.31 (0.1)
0.18 (0)
0.35 (0.1)
5.59 (1.6)

0.0
1.0
1.3
0.0
1.5
1.2
1.5
0.9
0.4
1.0

0.12 (0)
3.02 (0.4)
1.06 (0.2)
0.05 (0.1)
4.51 (1.6)
4.76 (0.6)
0.54 (0.1)
0.14 (0.1)
0.15 (0.1)
5.12 (0.5)

0.14 (0.1)
3.11 (0.2)
0.90 (0)
0.00 (0)
1.04 (0)
5.24 (0.3)
0.42 (0.1)
0.28 (0.1)
0.20 (0.1)
9.70 (0.3)

0.9
1.0
1.2
0.0
4.3
0.9
1.3
0.5
0.8
0.5

1.84 (0.8)
0.43 (0.1)

1.0
1.3

1.88 (0.4)
0.92 (0.3)

3.41 (0.4)
0.33 (0.2)

0.3
2.8

19.9 (3.3)
11.6 (2.0)
8.70 (1.6)
0.00 (0)
5.93 (1.8)
4.34 (Ll)

20.1 (6.9)
10.1 (2.2)
9.95 (4.7)
0.05 (0.1)
5.32 (2.5)
3.77 (1.3)

0.9
0.0

0.00 (0)
1.96 (0.6)
0.58 (0.1)
0.00 (0)
0.72 (0.1)
4.21 (0.9)
0.46 (0.1)
0.16 (0)
0.14 (0)
5.77 (1.0)
1.84 (0.3)
0.56 (0.0)

1.0
Ll

Ll
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Table 4. Size-fractionated TChl a in and out of cyclones Noah and Opal within and at the
base of the mixed layer. %LL refers to % of irradiance assuming a 100% at the sea
surface.

De~th

16m
39m
20m
50m
15m
35m
20m
SSm

[TChla)
Noah IN
Noah OUT

Opal IN
Opal OUT

%LL
43%
11%
43%
11%
43%
11%
43%
11%

Size-fractionated ~hotosynthetic piwneuts
O.7.2(!m
2-18(!m
>18(!m
Total
90.6
117.2
69.9
117.5
120.9
175.3
88.5
129.7
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69.5
99.6
60.1
102.7
98.6
120.1
75.3
115.3

13.5
11.3
7.8
11.6
16.1
39.5
10.2
11.8

7.5
6.4
2.1
3.2
6.2
15.7
3.0
2.7

Table 5. Particulate export fluxes (± standard deviation) obtained using a sediment trap
array deployed in and out of cyclones Noah and Opal. N sample quantity.

=

Parameter
Particulate Silica
(mmo) Si m'z d·l )
Cyclone Noah
Cyclone Opal
Particulate Carbon
(mmo) C m'z d'l)
Cyclone Noah
Cyclone Opal
Particulate Nitrogen
(mmo) N m'z d'l)
Cyclone Noah
Cyclone Opal
Particulate
Phosphorus
(J£mo) P m'z d'l)
Cyclone Noah
Cyclone Opal

IN

OUT

ANOVA'"

N

INIOUT

0.12 (0.04)
0.43 (0.03)

0.10 (0.0)
0.11 (0.06)

p=0.5 NO
p=O.OO2 YES

3
3

1.2
3.9

2.20 (0.2)
1.54 (0.1)

2.31 (0.3)
1.52 (0.2)

p=0.6NO
p=0.9NO

3
3

1.0
1.0

0.24 (0.03)
0.15 (0.01)

0.27 (0.03)
0.16 (0.02)

p=05NO
p=0.3NO

3
3

0.9
0.9

2.57 (0.3)

4.28 (0.7)
2.07 (1.1)

P =0.02 YES
p=0.5NO

3
3

0.6
1.3

2.69 (1.0)

"Single factor analysis of variance tested whether the means are significantly different from
one another with 95% confidence.
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Figure 3. Depth contours of nitrate + nitrite (J.lM, A-B), phosphate (J.lM, C-D), and silicic
acid (J.lM, E-F) in cyclones Noah and Opal from Transect 3. Contours of isopycnal
surfaces (crt) and crosses indicating sampling depths are overlaid on each figure.
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TChl a (mg m-3)
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E-Flux I (Cyclone Noah)

E-F1ux [[[ (Cyclone Opal)
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E-Flux ill (Cyclone Opaf)
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Figure 7. 8-Day time-series of photosynthetic pigments at the Cyclone Opal center
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Figure 9. Microscopic images of sediment trap samples at 150 m inside and outside of
Cyclone Opal. Panels A and B show nearly empty diatom fiustules of an unknown
centric species and Rhizosolenia spp., respectively, from inside Opal, Panel C shows a
typical slide of waters at control stations, Images courtesy of Dr. Susan Brown,
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Figure 10. Scatterplots of silicic acid and density from all samples (transect 3 and
process stations) during E-Flux I (cyclone Noah , A) and E-Flux III (cyclone Opal, B):
silicic acid concentrations in the euphotic zone (above 1% light level , dark blue
diamonds) and below the euphotic zone (below I % light level, pink squares) are specified
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APPENDIX A: SUMMARY OF E-FLUX TECHNIQUES

Summary of the comprehensive techniques utilized during the E-Flux project to identify
and quantify physical-chemical-biological interactions on a variety of time and space
scales. Parameters measured for this thesis project is marked by bold font

it
..
If .9

J=

i

'alI
j~
~

jl

f'fa
J
I

.:!

Measurement Tvoe

Aonroacl!

Temperature. Salinity. Density
Eddy location
Macronntrlenl8
Micronutrients
Dissolved organic matter
ChI Fluorescence
[Chlorophyll a)
ChI Fluorescence
[Chlorophyll a)
ChI Fluorescence
Absorption
Radiance RatIos
Radiance RatIos
Radiance RatIos

SBE-IlSeabird CID
<JOES Satellite ImageIY
TeclmIoon AutoanaIyzer
LLNILLP Analysis
DOC and TN Analvsis
Flow CytometIy
FInorometry
FRRF
BPLC
In situ F1uorometers
AC-9 and AC-S

Bacteria

Phytoplankton I Bacteria
Phytoplankton
Phytoplankton
Microzooplankton
Mesozoonlankton
Maximum Quantum Yield «(II....)
FPm (dimensionless)
O
Gross Production (mol C m ' dO')
Gross Production (malO, mo'do')
Gross Production (malO, mo'do')
Intrinsic Growth Rate (Il)
Carbon Dux (mol C mo' cr')
Carbon flux (mol C mo'do')
Carbon flux (mol C mO
' dO')
O
Carbon flux (mol C m ' dO')
O
NItrogen Dux (mol N m ' cr')
O
Nitrogen flux (mol N m ' dO')
Nitrate flux (mol N mO' dO')
Phosphorus Dux (mol P mo' cr')
Silica Dux (mol SI m" cr')
Suspended biogenic sIJIca (JlM)
AutoIHeterotrophic Balance
Growth-Grazlng Balance (k)
Carbon and Nitrogen Fluxes

METOCN Drifter
HtpeIspectral Radiometer
MODIS
rONA Sequencing
Flow CytometIy
Microscopy
Slze.fradlonatlon &: BPLC
Size-fractionation &: Microscopy
Nets
Pvs.E
FRRF
Bio-opticnllllOdel
0, measurements
·6,"'''0 isotopes
Dilution Ex
Sedhnent Traps
"'Th Inventories
I3C/C Mass Balnnce
APOC
Sediment Traps

"N I N Mass Balnnce
SLAModel
Sedhnent Traps
Sedhnent Traps
Paasclte DIgestIon Method
0, Measurements
Dilution Experiments
Ecosystem Model
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InvestiRll!mS

Dickey
Leonard
RB &: BldIgare
McAndrew &: Karl
Carlson &: Bidll!8le
Landry &: Brown
RII &: BldIgare
Bibby &: Falkowski
RII &: BIdIgare

Dickey
Dickey
Bidlgare
Leonard

Leonard
Becker &: Rap¢

Brown &: Landry
Brown &: Landry
RB &: BIdIgare
Brown &: Landry
Landrv &: Simmons
McAndrew. Bidlgare &: Karl
Bibby &: Falkowski
Bidlgare &: Leonard
McAndrew &: Karl
Quay
Landrv &: Brown
RB &: BldIgare
Maiti &: Benitez:Nelson
Quay &: Chen
Bidlgare
RII &: BIdIgare
Mshaffey &: Bidlgare
CallI &: Bldlgare
RII &: BIdIgare
RB &: BldIgare
RII &: BldIgare
McAndrew &: Karl
Landry &: Brown
Chai &:Chao

APPENDIX B: PROTOCOL 1
Continuous segmented flow procedures for determinations of macronutrients
Revised 08/02/06 by Y. Rii and J. Jennings, original procedures in Gordon et al. (1994)

Nitrate + nitrite
The method described in Armstrong et al. (1967) with modifications were used for the
determinations of nitrate and nitrite. Sulfanilamide and N-(1-Napthyl)ethylenediamine
dihydrochloride react with nitrite to form a colored diazo compound For the nitrate +
nitrite analysis, nitrate is first reduced to nitrite using an OTCR and imidazole buffer
(Patton, 1983). Nitrite analysis is then performed on a separate channel, omitting the
cadmium reductor and the buffer.

Phosphate
The phosphate method is a modification of the molybdenum blue procedure of Bernhardt
and Wilhelms (1967), in which phosphate is determined as reduced phosphomolybdic
acid employing hydrazine as the reductant.
Silicic Acid
Silicon (Si) is present in seawater primarily as Si(OH)", which is a macronutrient required
by certain algae such as diatoms. The method used for the determination of silicic acid
concentration is based on that of Armstrong et al. (1967) as adapted by Atlas et al.
(1971). Addition of an acidic molybdate reagent forms silicomolybdic acid which is then
reduced by stannous chloride.
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APPENDIX B: PROTOCOL 2

Response factors and the dichromatic equation utilized for HPLC analysis
Created 08/02106 by Y. Rii and S. Christensen

Responsefactors (Rf) usedfor this HPLC analysis
Pigment
Chlorophyll c2 or cJ
Peridinin
19' -Butanoyloxyfucoxanthin
Fucoxanthin
19' -Hexanoyloxyfucoxanthin
Prasinoxanthin
Violaxanthin
Diadinoxanthin.
Alloxanthin
Diatoxanthin
Lutein
Zeaxanthin
Monovinyl chlorophyll b
Monovinyl chlorophyll a
& chlorophyllide a
Divinyl chlorophyll a
p,s-carotene (a-Car)
p,p-carotene (P-Car)
Cis-carotene

0.3233 (average)
0.5269
0.3669
0.3678
0.3650
0.4024
0.2675
0.2750
0.2794
0.2978
0.2847
0.3042
0.9612
0.7185
0.4979
0.2824
0.3040
0.2932

Dichromatic equation used to spectrally resolve mixtures of monovinyl and divinyl
chlorophyll a
Monovinyl chi a =k~rea436 - k,jArea4S0
Divinyl chi a klArea4S0 - k:zArea436

=

kJ-4 = Reciprocals of the response factors calculated for monovinyl and divinyl
chlorophyll a
kJ = 1.171
k2 = 0.156
k3 = 0.943
14 = 1.689
Area436
Area450

=Peak area of pigment at I.. =436 nm

=Peak area of pigment at I.. =450 nm
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APPENDIX B: PROTOCOL 3
Suspended biogenic silica digestion. sample development. and analysis
Revised 08/02106 by Y. Rii and V. Franck, original method by Brzezinski and Nelson
(1995) and Paasche (1980)
Precautions:
•

To clean plastic, rinse it at least 4 times with Nanopure and protect it from dust
(e.g. cover with Saran wrap). If the plastic tubes or bottles you are using are brand
new, first clean with Micro@ soap and then with a 10% HCl acid soak.

•

Filters should be stored frozen or dry. Dry tilters for 3 days in a 65·C oven,
keeping them covered to protect from dust. (Filters stored in petri dishes should
be secured with Scotch tape or in uncapped plastic tubes covered with a large
petri dish.)

Biogenic silica digestion:
1. Place dry filter into a clean 15-mL polystyrene centrifuge tube. NO GLASS.
2. Cover filter with 4 mL of 0.2N NaOH, vortex and cap. The caps should have a
small pin hole so that air can vent while in the water bath. (NaOH dissolves the
BSi (converting SiD! to Si(OHM, leaving the lithogenic silica behind A weak
solution of NaOH is important since NaOH tends to have a lot of contaminant Si
and because a stronger solution will dissolve the lithogenic silica as well.)

3. Cover caps with a small piece of tin foil to keep water bath drips out and to
prevent caps from detaching.

4. Place in 95°C water bath and start the timer for 1-2 hours (for Hawai'i samples).
5. After digestion is complete, remove tubes from water bath and immediately place
in an ice bath. While cooling, remove foil caps.
6. Immediately add 1 mL of 1 N HCl and vortex. (HCl neutra1izes the NaOH and
together with the cooling, stops the digest).

7. Gently scrunch the filter to the bottom of the tube with a clean spatula or a pair of
forceps. Rinse with Nanopure between samples.

8. Centrifuge samples for 10 min at -2500 rpm. (This allows LSi particles to settle
at the bottom).

9. Withdraw only the top 4 mL from each tube. (Do not disturb the lithogenics at the
bottom).
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10. lSI Dilution: Place 4 mL of each sample into a clean, labeled plastic tube with 20
mL of Nanopure and mix. Rinse pipet tip AT LEAST TWICE between samples.
11. Place 10 mL of the dilution into clean labeled plastic tubes for dissolved silica
analysis. H the sample is too blue (too much Si in container to match with the
standard curve), then the sample must be diluted a second time with 5 mL of the
first dilution and 5 mL of Nanopure.

Reagents:
•

Nl4-Moly (remake monthly):
Dissolve 12 g ammonium molybdate in -950 mL Nanopure. Add 24 mL
concentrated HC!. Mix. Make to I L with Nanopure. Clean the bottle with
NaOH and Nanopure rinses between batches.

•

Metol (store in dark):
Dissovle 12 g sodium sulfite (Na2S03) in -950 mL Nanopure. Add 20 g pmethylamino-phenol sulfate. Dissolve. Make to 1 L with Nanopure.

•

Oxalic acid (saturated):
Dissolve 100 g dehydrate oxalic acid crystals in 1 L Nanopure.

•

50% H2S04:
Add 500 mL concentrated (98%) sulfuric acid to 500 mL Nanopure. Add the
acid in TWO OR THREE SMALL BATCHES IN AN ICE BATH since this
reaction gets really hot and may melt the bottle. Leave the cap loose or burp
the bottle.

•

Reagent blank:
To 10 mL Nanopure add 6 mL reducing reagent first, then 4 mL Nl4-Moly.
Mix. (This corrects for the absorbance due to any color in your reagents).

•

Reducing reagent:
For each sample (including the standard curve samples, 6 samples for the
dispeuser and any projected dilutions), add: 2 mL Metol, 1.6 mL Nanopure,
1.2 mL oxalic acid, and 1.2 mL 50% H2S04. Mix well. Make new batch each

day.
Standard Curve:
•

2.5mM Si stock solution:
Add 0.4751 g 99% pure Na2SiF6 to 1 L Nanopure and dissolve.
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•

Add 10 mL Nanopure to 10 clean bottles (that will hold 25 mL) and add the
appropriate amount of Si stock solution:

Si standard (uM)

2.5 mM stock (uL)

reagent blank x 2

o
o

Ox2
2.5
3.75
5
10

20
30

10
15

20
40
80
120

Sample development:
1. Make reagent blanks.
Start timer for 10 minutes.
To each 10 mL sample, add 4 mL NJ4-Moly. Mix.
After 10 minutes, add 6 mL reducing reagent Mix. (Do this in a fume hood).
Warm up the spec until stable (-30 min).
Read %transmittance at 810 run 2.5 - 3.5 hours later.

2.
3.
4.
5.
6.

Dissolved Si concentration calculation:
For calculations, use the same equations specified in Brzezinski and Nelson (1995) and
Paasche (1980).
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APPENDIX B: PROTOCOL 4
Sediment trap samnle collection
Revised January 2005 by Y. Rii, original method in HOT Protocols, Chapter 33.
The free-floating sediment trap array, or particle interceptor traps, used for the E-Flux
project belonged to Dr. David Karl of the Hawaii Ocean Time-Series program.

1. Do BLANKS first (label them as To):
Tube Labels

Analysis

Materials Needed

A,B,C

PClPN:

N=3

2L
Combusted GFIF 25 mm
Combusted foil
Combusted Petri dishes on combusted squares
D,E,F

N=3

lL
Combusted, acid-washed GFIF 25 mm
Combusted, acid-washed culture tubes covered with
Combusted foil squares

G,H,I

Pigments:

N=3

2L
Combusted GFIF 25 rom
Combusted foil

J,K,L

N=3
250 mL measured from graduated cylinder
0.8 p.m polycarbonate membranes 25 rom
50 mL centrifuge tubes
Archive

N=3
400mL
5OO-mL dark Nalgene bottles

Microscopy

N 3
Remaining (-800 mL) into l-L bottles

=

2. Gently rock the tubes to determine the formalin/seawater line. Mark it with a pen.
Also mark a second line 2 inches above.
3. Using the vacuum filter and a pipet tip, suck tube content up to the second line (2
inches above the formalin/seawater line). Avoid any disturbance or removal of the
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trap solution. Measure the length from bottom to the top mark and report it in the
sediment trap log sheet.
4. Shake and mix tube to disrupt all large particles. Then, disclude swimmers through a
NITEX mesh 335 /Lm on a 47 mm glass filter. (After processing, store Nitex mesh in
a scintillation vial filled with 20 mL of original trap solution. Refrigerate in 4°C.)
After pouring all of the trap sample into the filtration carboy, rinse the tube again with
the filtered trap sample to make sure all particles are captured.
5. Repeat Step 1 with samples from trap tubes A-L. For A-F, use the entire trap sample
available. For J-L, pour trap sample into a 2-L transfer bottle, measure with a
graduated cylinder, then filter. Rinse graduated cylinder with deionized water
between each measurement.
6. Archive 500 mL of original brine solution in the prepared bottle. Store in 4°C.
7. Store:

PCIPN, PP, and PSi in the freezer (-20°C)
Pigments in the liquid nitrogen dewar
Archives, Microscopy, and Nitex mesh in the refrigerator (4°C)

8. Fill a 50-L carboy with seawater for next trap deployment.
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APPENDIX B: PROTOCOL 5
Particulate phosphorus analysis
Revised 08/02/06 by Y. Rii and T. Clemente, original method by Strickland and Parsons
(1972)

1. Calibrate the CAHN microbalance using the 200 mg calibration weight Set
range to 250 mg by pressing on the Range button. Once weight is on, allow
weighting dish to stabilize and hit the calibrate button. This forces it to 200 mg ±
0.001. You may have to hit the calibrate button two or more times.

2. Once you are finished calibrating the CAHN microbalance, set the range to 25
mg. Use combusted 25 mm GFIF filters cut in half as weighting paper. You must
put a counterbalancing half on the other weighing dish before you start your
measurements. Press the tare and then add your phytoplankton and/or orchard
leaves to be weighed. Three to four replicates should be made, each weighting
approximately 0.2 mg. Following their measurement, place the filter and its
contents very carefully so as not to lose any contents into a combusted acid rinsed
16 x 100 mm glass test tube which is then covered with a 3.5 em square piece of
combusted foi!.
3. All samples are combusted in 16 x 100 mm test tubes at 450°C for 4.5 hours in a
muffle furnace. The samples are then allowed to cool and are immersed in 10 mL
of 0.15 M HC!.
4. Turn on the spectrophotometer and set the wavelength to 880 DIn. The
spectrophotometer must be turned on for at least one hour before samples can be

run.
5. All samples are then centrifuged for 30 minutes at 2800 g.
6. A standard curve is prepared while samples are being centrifuged: Label 15 mL
plastic disposable centrifuge tubes A, B, C, D, E, F, G, H, 1°, and 2°. Create a
chart in your lab notebook that looks as follows: (This is an example of ideal
gravimetric measurements.)
-[] (JLm)

0
0.5
1
3
5

Vol. Std.

-

10

25
50
150
250
50

12
15

75

60

Mass 1°

-

0.0500
0.0600
0.0750

Mass 2°

Total Mass

-

-

0.0250
0.0500
0.1500
0.2500

5.0
5.0
5.0
5.0
5.0
5.0
5.0

-
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Tube
A
B

C
D
E
F
G
H

Absorbance

7. In creating the standard curve you will remove 2 ml of the stock phosphate
standard solution (KH2PO", 1000 JLM) from the fridge and place it into the 15 mL
centrifuge tube labeled 10. Dissolve 0.1361 g of dry KH2P04 in 1000 mL of
deionized distilled water (DOW). Store in a dark bottle with 1 mL of chloroform.
Solution can be stored in the fridge and used continually throughout the year.
8. Place 1 mL of the 10 into the 15 mL centrifuge tube labeled 20 and dilute up to 10
mL with 0.15 M HC!. You now have your 10 and 20 stock phosphate standard
solution to make up the standard curve as indicated in the above chart. Use the 5
mL, I mL and 0.1 mL pipettes. Once the 10 and 20 stock phosphate standard
solution is added to its respective centrifuge tube and measurements are recorded,
dilute up to 5 mL with 0.15 M HC!. Record this measurement in the Total Mass
column.
9. Prepare the mixed reagent next Mix together 10 mL ammonium molybdate, 25
mL sulfuric acid (5N), 10 mL 5.4% ascorbic acid and 5 mL potassium antimonyltartrate. This must be prepared fresh in a 50 mL plastic disposable centrifuge tube.
• Ammonium molybdate solution: Dissolve 15 g of ACS grade ammonium
paramolybdate l<NH4MMO,)24 . 4 H20], in 500 mL DOW. Store in plastic
bottle in the dark. Solution will become unstable indefinitely (white chunks
will appear) and will need to be remade.
• Sulfuric acid solution (5 N)
• Ascorbic acid solution: Dissolve 0.54 g of ACS ascorbic acid in 10 mL
DOW (5.4% wtlvo!.). Prepare fresh for each analysis run.
• Potassium antimonyl-tartrate solution: Dissolve 0.34 g of ACS potassium
antimonyl-tartrate (tartaremetic) in 250 mL DOW. Solution will remain
stable for many months.
10. Once samples are centrifuged, 5 mL of the supernatant is volumetrically
subsampled into a 15 mL plastic disposable centrifuge tube.
11. 0.5 mL of the mixed reagent is added to the samples and standards and vortexed
thoroughly. Once color is developed after 60 minutes, absorbance is read at 880
nm against a 0.15 M HCI reference. Record measurements in lab notebook.
Add data to P04 spreadsheet for data reduction and calculations.
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APPENDIX B: PROTOCOL 6
Particulate biogenic silica analysis
Revised 08/09/05 by Y. Rii and H. Rodriguez, original method by DeMaster (1981)

Precautions:
Glass, a Si product, is the most likely contamination source, and thus samples are
collected in plastic bottles, filtered in plastic units onto polycarbonate (PC) filters and
stored in POLYPOR or polystyrene (PS) tubes. All reagents and solutions must be made
up in plastic containers.
DAY 0:

1. Dry sample filters in drying oven at 60°C with caps loose

2. Prep subsample tubes:
a. Pipet 4 mL of Si-free seawater into subsample tubes
b. Pipet 5 mL of DI water into DI BLANK
c. Pipet 4 mL of Si-free seawater into Reagent (RGT) BLANK
d. Pipet 5 mL of Si-free seawater into SO --> S8 (standard curve tubes)
e. Store all tubes in 4°C
3. Prep:

a. TUBE BLANK (empty PS tube)
b. PC FILTER BLANK (same PC filter as sample in same PS tube)
c. Diatomaceous Earth (DE)
DAY 1:

1. Turn water bath and heat it up to 85°C.

2. Add

10 mL of 1% Na2C03 to each tube
1 mL of 1% Na2C~ to RGT BLANK

3. Make up SPIKE
4. Tubes are loosely capped. then placed into the water bath with shaker ON
5. Tubes are subsampled at t = 1.5, 3, 4.5, 6.5, 24 hours
SUbsampling procedures: Centrifuge for 2 min @ 3000 rpm
Vortex (do not get in caps)
Remove 1 mL into prepared tube
Store at 4°C
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DAY 2:
1. Prep standard curve tubes by adding stock solution Na2SiF6.

2.
3.
4.
5.
6.
7.

Vortex each sample.
Add 200 p.L of molybdate mix, then vortex. Wait 10 minutes
Add 200 p.L of oxalic acid solution, then vortex.
Add 100 p.L of ascorbic acid solution, then vortex.
Incubate samples for 60 minutes - should turn blue in color if silica is present.
Vortex. then read on mass spectrometer.

Reagents:
•

1% Na2C03 solution:
10 g Na2C03 dissolved in 1 L distilled water

•

Molybdate mix (remake daily):
Equal parts ammonium molybdate solution and 4.5 M H2S04

•

Ammonium molybdate solution (remade monthly):
19 g ammonium molybdate dissolved in 150 mL distilled water

•

4.5 M H2S04:
125 mL concentrated H2S04 is added to 375 mL distilled water in a
chemical hood and allowed to cool

•

Oxalic acid solution:
10 g oxalic acid dissolved in 100 mL distilled water

•

Ascorbic acid solution (make month, keep refrigerated):
2.8 g ascorbic acid dissolved in 100 mL distilled water

•

Si-free seawater:
160 mL of 1 M NaOH is added to 3.84 L surface seawater. This solution
is shaken and allowed to settle for at least 24 hours.

Standards:

•

Standard stock solution (2500 p.M):
0.1175 g Na2SiF6 is added per 250 mL distilled water.

•

Positive control (diatomaceous earth =DE):
5 mg of diatomaceous earth is weighed out and placed in 500 mL distilled
water. The solution is stirred with a stir bar while 1 mL of the suspension
is removed and filtered onto a 25 mm diameter 0.2 p.m Nuc1eopore filter.
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Filters are placed in 50 mL plastic tubes, dried for 12 hours at 60°C in a
drying oven, capped, and stored at room temperature until use.
•

SPIKE:
80 pJ of Na2SiF6 stock solution, 25 mm diameter 0.2 p.m PC membrane
filter, and 10 mL 1% Na2C03 in a 50 mL PS tube

•

Standard curve preparation:
To 5.0 mL of Si-free seawater add:
Conc(uM)

SO

o

SI
S2
S3
S4
S5
S6

1.0
2.5
5.0
7.5
15
30
60
90

S7

S8

Vol of Si std (uL) added

o

2
5
10
15
30
60
120
180

Calculations:
Calculations for the estimate of biogenic Si are specified in DeMaster (1981)
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