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North Pacific Subtropical Gyre?
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[1] Annually recurrent summer to fall surface blooms of the dinitrogen (N,) fixing genera
Trichodesmium and Richelia have a significant impact on biogeochemical cycling in the
North Pacific Subtropical Gyre (NPSG). Yet the environmental determinants of these
blooms have not been thoroughly resolved. Here, we combine remote sensing of ocean
color, sea surface temperature (SST), sea surface height anomalies (SSHa), wind forcing,
and integrated irradiance with the vessel-based time series of the Hawaii Ocean Time-
series (HOT) program at Station ALOHA (22.75°N, 158.00°W) and mooring data derived
from the National Data Buoy Center (NDBC) buoy 51001 (23.42°N, 162.2°W). With
these data sets we attempt to constrain the environmental window under which blooms of
large cell-sized N, fixing organisms increase in abundance in NPSG surface waters using
phycoerythrin (PE) as a proxy. For identified blooms, our analyses indicate that these
events are confined to the months of June—October, SST in the range of 25°-27°C, and
mixed layer depths less than 70 m. Neither wind forcing nor SSHa are correlated (directly

or time-lagged) with increases in PE concentrations. Furthermore, blooms do not
consistently result in increases of in situ or remotely sensed chlorophyll a. Additional
higher-resolution data sets of physical forcing, diazotroph abundance, and biochemical
properties, sampled on the timescale of bloom development (days-weeks), will be
necessary to the environmental conditions supporting annual summer-fall blooms.
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1. Introduction

[2] The export of biologically produced carbon from the
euphotic layer to the ocean interior, the biological pump, is
a major component of the Earth’s carbon cycle. Considering
that the oligotrophic subtropical gyres represent ~60% of
the global ocean area and are responsible for a significant
fraction of global ocean primary and export production
[Emerson et al., 1997], it is apparent that characterization
of these regions is critical if we hope to understand the
oceanic carbon cycle and its response to climate change.
Since October 1988, the continuous observation and study
of the oligotrophic North Pacific Subtropical Gyre (NPSG)
by the Hawaii Ocean Time series (HOT) program Station
ALOHA (22.75°N, 158.00°W) has provided a wealth of
information documenting seasonal fluctuations and interan-
nual variability in a number of water column properties
[Karl and Lukas, 1996].

[3] We now realize that oceanic gyres can account for up
to half of the total organic carbon export of the global ocean
[Emerson et al., 1997; Lee, 2001]. For the NPSG specifi-
cally, a significant fraction of annual carbon (C) and
nitrogen (N) export occurs during the summer in response
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to regular nitrogen fixation supported blooms developing
under stratified water column conditions. Dore et al. [2002]
have used a combination of direct measurements of water
column nitrogen fixation rates and analyses of the isotopic
composition of particulate material captured in sediment
traps to confirm that N,-fixation is responsible for 36—69%
of annual nitrogen export. Quay and Stutsman [2003] use
dissolved inorganic carbon (DIC) and 8§ 13C abundances to
estimate that the summer drawdown of DIC at Station
ALOHA accounts for ~60% of the total organic carbon
export in this area. Thus, given that these summer phyto-
plankton blooms are a predominant control of the oceanic
sequestration of nitrogen and atmospheric carbon in the
NPSG, a mechanistic characterization of the regulation of
these events is needed in order to enhance our knowledge of
the ocean’s role in the cycling of elements and allow us to
explore the response of these pelagic systems under climate
change scenarios.

2. Scientific Background and Research Objectives

[4] Contemporary subtropical gyre systems consist of an
autotrophic community structure dominated by small cell
size phytoplankton assemblages and regenerated production
[Letelier et al., 1996]. In the stratified, oligotrophic North
Pacific subtropical gyre, it is thought that only relatively
short-lived perturbations such as deep vertical mixing
events followed by water column stratification [DiTullio
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and Laws, 1991], the passage of cyclonic eddies [Letelier et
al., 2000; Wilson and Adamec, 2001], Rossby waves
[Sakamoto et al., 2004] and the breaking of internal waves
can allow for an uncoupling of autotrophic production and
community respiration by lessening nutrient limitation in
the euphotic zone. Such uncoupling may lead to increases in
autotrophic biomass and export fluxes. However, large cell
size, surface and subsurface phytoplankton blooms recorded
at Station ALOHA and surrounding waters during summer
months appear to contradict the above scenario [Brzezinski
et al., 1998; Karl et al.,. 2001; Wilson, 2003]. From an
ecological perspective, these blooms represent an important
shift in our conceptual model of how productivity is
enhanced in oligotrophic marine environs. NPSG blooms
typically occur under calm conditions, after extended sum-
mer and early fall stratification periods [Dore et al., 2002;
Karl et al., 1992], indicating that deep mixing events are not
the dominant mechanism driving bloom formation. Chloro-
phyll @ (chl @) concentrations during these blooms can reach
>40 mg m > [Karl et al., 1992] and the subsequent carbon
and silicate export represents the largest biogenic flux
reaching the benthic environment in this area [Karl et al.,
1992; Scharek et al., 1999; Smith et al., 2002]. Repeated
sampling of bloom events throughout the HOT program has
allowed for their characterization as phytoplankton
corresponding to the diazotrophic genus 7richodesmium
and/or the diatom-cyanobacteria symbioses Rhizosolenia-
Richelia and Hemiaulus-Richelia. All identified bloom-
forming taxa possess the capacity to fix N, [Karl et al.,
1997], directly or via symbiosis [Brzezinski et al., 1998].

[5] It has been shown by several authors that surface
bloom forming genera Trichodesmium and Richelia have a
significant impact on the biogeochemical cycling and fluxes
of elements in the NPSG [Capone, 2001; Karl et al., 1992;
Venrick, 1974]. Yet, the physiochemical forcing of these
bloom events has not been thoroughly resolved by regular
monthly field sampling. Within the past five years, two
quantitative bio-optical models have been developed to
detect one of the major bloom-forming genera in this
region, Trichodesmium, via remote sensing [Subramaniam
et al., 2002; Westberry et al., 2005]. Subramaniam et al.
[2002] proposed a multispectral classification scheme to
detect Trichodesmium blooms from SeaWiFS imagery
based on the magnitude of the 490-channel reflectance
and the spectral shape of remote sensing reflectance at
443, 490 and 555 nm. This classification scheme was only
valid for moderate chl a concentrations of Trichodesmium in
coastal waters. More recently, Westberry et al. [2005] have
developed an inverse semi-analytic model to retrieve
Trichodesmium concentrations from ocean color. While this
later model is capable of indicating the presence or absence
of Trichodesmium blooms (>3200 trichomes L™'), it is
unable to distinguish Trichodesmium from other phyto-
plankton at the low to moderate chl a values typical of
subtropical gyres.

[6] Given that direct remote sensing approaches have yet
to be successful in the detection of diazotrophs occurring in
oligotrophic oceanic gyres, we have tried to quantitatively
define the environmental determinants of bloom formation
(here defined as accumulation or growth per unit volume)
specific to N,-fixing organisms using a combination of in
situ, moored and satellite-derived data. The Hawaii Ocean
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Time series (HOT) program provides an impressive clima-
tology of biochemical and physical variables at Station
ALOHA in the NPSG. Using this composite data set, we
define bloom events and describe the corresponding envi-
ronmental conditions. In this regard, a well-worn paradigm
is already in place: it has been noted for almost 200 years
that blooms in subtropical open ocean regions are coinci-
dent with calm, warm, well-stratified and well-lit surface
waters [Darwin, 1839; Karl et al., 2002]. Many of the
forcing agents that are seemingly driving these diazotrophic
blooms can be measured remotely from space (e.g., sca
surface temperature (SST), photosynthetically active radi-
ance (PAR), sea surface height anomalies (SSHa), wind
speed) and/or obtained from local moorings. Given the
availability of these data sets, we have examined existing
remotely sensed and moored time series to determine
whether or not significant relationships between previously
hypothesized physical determinants of bloom formation
(e.g., SST, wind speed, PAR) and episodic increases in
the relative abundance of the key-bloom forming genera of
the NPSG (Trichodesmium and/or Richelia symbioses) can
be defined.

3. Methods
3.1. In Situ Data and Bloom Identification

3.1.1. Shipboard Observations

[7] Concentrations of the size-fractionated cyanobacterial
pigment phycoerythrin, the diatom-specific pigment fuco-
xanthin, dissolved nutrients and the isotopic composition of
the particulate nitrogen pool (6'°Npy) were obtained from
the Web-based data extraction program of the Hawaii Ocean
Time series (HOT) project. All methods can be found on the
HOT Web site: http://hahana.soest.hawaii.edu/hot. For each
of these biochemical properties, we present the mean
surface ocean (<25 m) values at the near monthly sampling
resolution of the HOT program over the full period of
phycoerythrin data availability (June 2000 to December
2005). HOT data are used to define instances of large
cell-sized cyanobacterial surface blooms. Additionally, time
series of attenuation coefficients (Kpag), the position of the
thermocline and mixed layer depth (MLD) were obtained
from HOT data. The MLD was calculated as the depth at
which potential density has increased by 0.125 kg m > of
the surface value [Huang and Russell, 1994].

3.1.2. Bloom Identification

[8] Since June of 2000, the HOT program has routinely
measured concentrations of the water-soluble cyanobacterial
pigment, phycoerythrin (PE), in multiple size-fractions
>0.4 pm, >5 pm, and >10 pum) following the in vivo
methodology of Wyman [1992] with the minor modifica-
tions described by Dore et al. [2002]. All of these measure-
ments are conducted at Station ALOHA at standard HOT
sampling depths (5—-200 m). Given the relatively large cell
sizes of Trichodesmium and Richelia symbioses (tens to
hundreds of pzm), these organisms would be retrieved in the
>10 pm size fraction of PE (PE;q.).

[v] The composite upper ocean PE,q. data collected at
Station ALOHA are log-normally distributed (Figure 1) with
near annual peaks in abundance occurring in summer to
early fall months (June through October). From the distri-
bution of these data, we define mean 0-25 m PEy.
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Figure 1. Mean surface water PE;(. concentrations
measured in the upper 25 m versus depth-integrated (0—
200 m) PE;; concentrations (note: axes are on a log scale).
The top panel shows the frequency distribution of surface
concentrations of PE . Individual columns are labeled with
the number of observations for that particular range. Bloom
events (filled circles, n = 8) are defined as those PE;q.
observations that are significantly greater than 6.5 ng L™
(dashed line).

concentrations that are significantly greater than 6.5 ng L™
as a threshold for the identification of surface blooms of
the large diazotrophs Trichodesmium and Richelia. This
threshold value is equivalent to one positive standard devi-
ation from the overall time series mean (=13 ngL™', o=
5.2 ng L™'; calculated from log-normalized data). Of the
61 PE,o+ profiles measured between June 2000 and
Dec. 2005, eight surface blooms are identified using this
criterion (Table 1). While values of this magnitude are rela-
tively rare over the entire time series (8/61 = 13%), they are
more frequent in summer-fall (8/24 = 33%). The
corresponding fucoxanthin time series is used for general
discrimination of diatom-Richelia versus Trichodesmium
blooms.

[10] Because these in vivo measurements of PE o, have
not been compared to extracted PE(., the absolute [PE ;]
values can only be considered to be estimates of the true PE
concentrations (as noted by Dore et al. [2002]). For this
reason, we cannot exclude the possibility that the observed
increases in [PE;q.] are in some part increases in PE per
cell. It is unlikely, however, that this is entirely the case. The
relative magnitude of defined PE,q. blooms appears too
large to be due to packaging effects alone. For individual
species of Trichodesmium, Carpenter et al. [1993] report
that PE per colony does not vary by more than a factor of 4.
In contrast, these defined blooms represent a 5—35 fold
increase above the nearest preceding non-bloom [PE;q.]
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measurement, much greater than would be expected by
observed PE per colony variations alone. Furthermore, as
shown in Figure 1, surface [PE;q.] are strongly correlated
with integrated (0-200 m) PE o+ (r = 0.99, p < 0.01),
suggesting that increases occurring in the uppermost water
column are representative of the top 200 m. This finding is
not consistent with large light-driven variations in pigment
per cell. Given the above reasoning, we assume that PE;q.
concentrations can be used to discriminate between bloom
and non-bloom concentrations of large diazotrophs, with
6.5 ng L™" as a conservative threshold for identification.

3.2. Satellite and Moored Data Sources

3.2.1. Ocean Color

[11] Chlorophyll a (chl a) data for the region between
15-30°N and 165-150°W were obtained from the daily
and 8-day, 9-km, level-3 MODIS (MODerate resolution
Imaging Spectoradiometer) AQUA data records for the
period from July 2002 to present. Daily and 8-day, 9-km,
level 3 SeaWiFS (Sea-viewing Wide Field of view Sensor)
chl a data were also considered for the same region. Both
MODIS and SeaWiFS data were provided by NASA God-
dard Space Flight Center and accessed via http://ocean-
color.gsfc.nasa.gov. From these regional data sets, values
for the ~9 km pixel covering station ALOHA as well as the
mean and standard deviation for a 3 x 3 pixel (approxi-
mately 27 km x 27 km) region surrounding Station ALO-
HA were extracted. For both MODIS and SeaWiFS daily
chl a data, 9-km resolution ocean color data are not
significantly different from the respective 27-km resolution
time series (MODIS: 9-km chl = 0.93* 27-km chl + 0.004,
r=0.97, p <0.01; SeaWiFS: 9-km chl = 0.64 * 27-km chl
+0.030, r = 0.73, p < 0.05). Given the statistical significance
of these regressions, we present remotely derived chl a at
27-km resolution in order to provide an estimate of the
spatial variability of satellite-based measurements of chl a
data.

[12] In order to assess the fit of remotely sensed chl @ and
in situ chl @, we have examined the linear relationship
between MODIS- and SeaWiFS-derived 8-day chl @ compo-
sites and the mean in situ chl a values measured in the upper
25 m of the water column at Station ALOHA (Figure 2). It
was necessary to use 8-day composites rather than daily chl a

Table 1. Dates of Large Cell-Sized Cyanobacterial Blooms
Identified From the HOT Time Series, PE;y. Concentrations, the
Relative Change of Low-Level Phosphorus and Nitrogen as Well
as the Coincident §'°N of PN

<25 m PE;¢ % Change % Change

[ngL™ " in LLP? in LLN;* 6" Npy,”
Sampling Date Mean (SE) nmol L' nmol L' %0
8 Aug. 2001 18.9 (5.7) —70% 350% 0.32
2 Oct. 2001 28.1 (6.9) —8% 56% —1.25
23 Oct. 2001 49 (5.9) —21% 107% —0.87
7 Oct. 2002 17.2 (4.1) -33% 20% —0.22
20 July 2003 16.4 (7.8) —106% 0% —0.18
15 Oct. 2003 75.5 (15.8) —39% 110% —0.22
16 June 2004 12.7 (3.8) —10% 47% —0.17
13 July 2004 7.1 (0.3) 25% —32% 0.37

“Percent low-level phosphorus (LLP) and low-level nitrogen (LLN)
change was calculated from the difference between mean concentrations in
the upper 25 m during bloom events and the previous month.

Values represent mean values in the upper 25 m. For reference, the
2002—2005 mean surface water §'*Npy value is 0.022 £ 0.17%o.
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