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[1] Biological productivity is a key factor controlling the ocean's ability to take up carbon
dioxide from the atmosphere. However, the ecological dynamics that drive regions of
intense productivity and carbon export are poorly understood. In this study, we present
high-spatial-resolution estimates of air-sea CO, flux, net community production (NCP) rates
calculated from O,/Ar ratios, and phytoplankton population abundances determined by
continuous underway measurements on a cruise across the Gulf of Alaska in May 2010. The
highest rates of NCP (249 £40 mmol C m™ d™!) and oceanic CO, uptake (air-sea flux of
—42.3+6.1 mmol C m™ d!) were observed across a transition zone between the
high-nitrate low-chlorophyll (HNLC) waters of the Alaskan Gyre and the coastal waters off
the Aleutian Islands. While the transition zone comprises 20% of the total area covered in
crossing the Gulf of Alaska, it contributed 58% of the total NCP and 67% of the total CO,
uptake observed along the cruise track. A corresponding transition zone phytoplankton
bloom was dominated by two small-celled (<20 pm) phytoplankton communities, which

were distinct from the phytoplankton communities in the surrounding Alaskan Gyre and
coastal waters. We hypothesize that mixing between iron-rich coastal waters and
iron-limited Alaskan Gyre waters stimulated this bloom and fueled the high NCP and CO,

export observed in the region.
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1. Introduction

[2] The ocean is a major sink for atmospheric carbon diox-
ide. Current estimates indicate that the ocean absorbs an esti-
mated 2.0+1.0 Pg C yr'! [Takahashi et al., 2009], which
comprises ~25% of current annual carbon emissions from
fossil fuel burning [Le Quéré et al., 2009; Friedlingstein
et al., 2010]. The ocean's capacity to take up atmospheric
CO, is driven by ocean circulation as well as two “carbon
pumps”—the biological pump, by which CO, is taken up
by photosynthetic organisms and exported to the deep ocean,
and the temperature-driven solubility pump [Volk and
Hoffert, 1985]. Understanding the mechanisms driving these
natural carbon sinks is important for predicting how these
sinks will respond to—and in turn potentially influence—
the future trajectory of climate change.

Additional supporting information may be found in the online version of
this article.
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[3] The seasonal and spatial variability of oceanic carbon
uptake and the relative importance of the solubility and bio-
logical carbon pumps throughout the ocean have received
much attention in recent years [e.g., Marinov et al., 2008;
Takahashi et al., 2002, 2009]. These global-scale analyses,
however, occur at coarse spatial resolution dictated by the
availability of discrete measurements, satellite coverage and
model resolution, which may underrepresent the significance
of small-scale regions of intense carbon export. Fine spatial-
scale measurements have uncovered the presence of biologi-
cal “hotspots” occurring in narrow regions of convergence
between water masses with different limiting nutrients [e.g.,
Ribalet et al., 2010]. Mixing between these water masses
within a transition zone can fuel enhanced phytoplankton
growth and a strengthened biological carbon pump, which
could lead narrow transition zones of enhanced biological
production to disproportionately influence regional carbon
cycling. Relatively little is known about the significance of
these transition zones to the overall oceanic carbon sink or
about the role that phytoplankton community composition
in these regions plays in driving high biological production
and carbon export.

[4] Recent advancements in the ability to make high-spa-
tial-resolution oceanographic measurements using continu-
ous flow methods have enabled researchers to investigate
the role of small-scale features in the global carbon cycle.
The amount of organic carbon exported from the surface to
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the deep ocean represents the strength of the biological car-
bon pump. This carbon export can be quantified by estimat-
ing the rate of net community production (NCP), defined as
gross photosynthetic production minus community respira-
tion, from measurements of biological oxygen supersatura-
tion [Craig and Hayward, 1987; Emerson et al., 1991].
Since argon has similar solubility to oxygen but is
biologically inert, measuring the O,/Ar gas ratio rather than
O, concentration isolates biological effects on oxygen super-
saturation by controlling for physical processes such as
bubble injection and temperature changes that can affect
gas saturation [Emerson et al., 1991]. Continuous underway
measurements of the dissolved O,/Ar gas ratio using equili-
brator inlet mass spectrometry (EIMS) combined with a
wind-speed-based parameterization of air-sea gas exchange
make it possible to estimate NCP at kilometer-scale resolu-
tion [Tortell, 2005; Cassar et al., 2009; Stanley et al.,
2010] . Recently, it has become possible to characterize the
phytoplankton community composition and abundance at
similar kilometer-scale resolution using underway flow
cytometry [Cunningham et al., 2003; Thyssen et al., 2009;
Swalwell et al., 2011].

[s] We combined underway flow cytometry and dissolved
gas measurements to evaluate phytoplankton community
structure, NCP and CO, uptake across the transition zone
from the Alaskan Gyre to coastal waters off the Aleutian
Islands during a cruise across the Gulf of Alaska in May
2010 (Figure 1a). The Alaskan Gyre is an iron-limited high-
nitrate low-chlorophyll (HNLC) ocean region [Martin and
Fitzwater, 1988] while the coastal waters are iron-replete and
seasonally nitrate-limited [Whitney et al., 2005], creating the
potential for enhanced production where the Alaskan Gyre
and coastal water masses converge. We discuss the signifi-
cance of the transition zone to overall biological export and
carbon uptake in the Gulf of Alaska during the time of our
study, potential explanations for the observed strong biologi-
cal carbon export in the transition zone and the significance
of a distinct phytoplankton community found in this region.

2. Methods

[6] All samples were collected under way from the contin-
uous seawater flow-through system of the R/V Thomas G.
Thompson (5 m depth) on a transit from Seattle, WA to
Dutch Harbor, AK from 3-8 May 2010 (Figure 1a).

2.1. Underway Measurements of Temperature, Salinity,
Chlorophyll-a and Nitrate

[7] Sea surface temperature (SST) and salinity were
measured using a shipboard Sea-Bird Electronics SBE-21
thermosalinograph. Chlorophyll-a fluorescence was measured
using a shipboard WET Labs ECO FLRTD chlorophyll fluo-
rometer. Nitrate concentrations were measured using a
Satlantic ISUS nitrate sensor. Discrete samples for salinity,
chlorophyll-a and nitrate collected shortly after the completion
of the cruise during subsequent work in the Bering Sea were
used to create calibration curves to correct the underway mea-
surements. Underway salinity measurements were calibrated
using discrete samples collected 11 May-25 June 2010
(n=58) and analyzed using standard methods on a Guildline
Autosal laboratory salinometer, with calibrated values accu-
rate to £0.23. Underway fluorescence-based estimates of

chlorophyll-a were calibrated using discrete samples collected
11 May-2 June 2010 (n=28) and analyzed following the acid-
ification method [Lorenzen, 1966] on a Turner Designs 10-AU
fluorometer, with calibrated values for the underway measure-
ments accurate to +0.70 pg/L. Underway nitrate concentra-
tions were detrended to account for drift due to aging of the
sensor's ultraviolet light source and calibrated using samples
collected 11 May-13 July 2010 (n=94) and analyzed
following methods modified from Armstrong et al. [1967].
Calibrated values for the underway nitrate measurements are
accurate to 1.2 pM.

2.2. Underway Measurements of O,/Ar
and Estimating NCP

[s] High spatial resolution (~4 km) underway measure-
ments of O,/Ar along the cruise track were made using con-
tinuous flow equilibrator inlet mass spectrometry (EIMS)
following procedures similar to those described by Cassar
et al. [2009]. EIMS-based measurements were calibrated by
correcting for instrumental drift with regularly sampled am-
bient air and correcting for instrumental offset based on iso-
tope ratio mass spectrometer O,/Ar measurements on
discrete samples (n=4) following the collection procedures
of Emerson et al. [1995] and the analytical procedures of
Juranek and Quay [2005]. From a measured O,/Ar ratio,
the biological oxygen supersaturation can be defined as:

AO2/Ar = [(02/Ar) e (02 AF) | = 1 M

where (O2/Ar)sampie is the measured O,/Ar ratio and (O/Ar)gy
is calculated based on the temperature- and salinity-dependent
solubility of both gases [Garcia and Gordon, 1992; Hamme
and Emerson, 2004]. Propagation of 0.2% error in air stan-
dards run along with the discrete samples and error in the dis-
crete sample correction factor applied to EIMS data yield a
precision in calculated AO,/Ar of +£0.3%.

[s] In conditions approaching steady state with negligible
vertical entrainment, diffusion, and advection, AO,/Ar in
the surface mixed layer reflects a balance between net biolog-
ical production (consumption) of oxygen and net air-sea O,
gas evasion (invasion). NCP can thus be calculated based
on a simplified gas budget approach:

NCP = kg2 *[03],,*(AO2 /Ar)*p )]

sat
where ko, (m d!) is the air-sea gas transfer velocity, [O5 ]
(umol kg™') is the temperature- and salinity-dependent O,
concentration at saturation [Garcia and Gordon, 1992], and
p (kg m™) is the seawater density. ko, was calculated along
the cruise track using satellite-derived wind speed data (see
section 2.6) and a time-weighted parameterization of gas ex-
change [Reuer et al., 2007] based on the Nightingale et al.
[2000] dependence of kg, on wind speed and the tempera-
ture- and salinity-dependent Schmidt number [Wise and
Houghton, 1966; Wanninkhof, 1992]. Recent wind-speed-based
parameterizations of gas exchange have converged to produce
values of k similar to that of Nightingale et al. [e.g., Ho et al.,
2006; Sweeney et al., 2007], so we quantified uncertainty in
ko, by assuming that the spread in the wind-speed-based
parameterizations generated by Wanninkhof [1992] and Liss
and Merlivat [1986], which fall well above and below the con-
vergence of more recent values, bracket 95% of the ko,
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Figure 1. (a) Satellite-based surface currents and chlorophyll-a concentrations (pg/L) in the Gulf of
Alaska at the time of this study. The 2000 m isobath indicates the location of the continental slope. The
cruise track is in black, with the transition zone highlighted in gray. The transition zone is differentiated
from the Alaskan Gyre to the east and coastal region to the west based on elevated surface chlorophyll-a
concentrations. (b) Sea surface temperature (SST) and salinity, (c) surface nitrate and chlorophyll-a concen-
trations, (d) AO,/Ar and AfCO,, (¢) NCP and air-sea CO, flux (negative values indicate oceanic uptake of
CO,) along the cruise track, calculated from AO,/Ar and AfCO, following equations (2) and (3), respec-
tively, both in units of mmol C m? d™'. (f) Estimated mixed layer depth (MLD) and halocline depth from
seven Argo depth profiles along the cruise track. The transition zone is highlighted in gray in all plots.
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variability (+2c). Combining this spread of parameterizations
with error introduced into the time-weighting by uncertainty
in MLD calculations (see section 2.5), we estimate that our
parameterization of kg, is accurate to £15-20% (1), with
variation in uncertainty across the cruise track due to wind
speed variations. The uncertainty in NCP values ranges from
15-55% with a median uncertainty of 20% that reflects the
combination of this location-specific uncertainty due to gas ex-
change parameterization and uncertainty in AO,/Ar. Regional
mean data are presented with error representing a 1¢ confi-
dence interval in the NCP estimate rather than spatial variabil-
ity across the region. To calculate NCP in carbon rather than
oxygen units, we converted using a ratio of 1 C: 1.4 O,
[Laws, 1991].

2.3. Underway Measurements of fCO, and Estimating
Air-Sea CO, Flux

[10] An underway IR-detection-based system (previously
described in detail by Feely et al., [1998] and Pierrot et al.,
[2009]) was used to make continuous measurements of sur-
face ocean and atmospheric fugacity of CO, (fCO,) accurate
to £2 patm. Due to a shorter integration time in the CO,
equilibrator system than in the EIMS O,/Ar measurements,
fCO, is measured at a spatial resolution finer than that of
EIMS-based measurements (~1 km versus ~4 km for
EIMS). The net air-sea flux of CO, is calculated based on
the air-sea gradient in fCO, (AfCO,):

Air-sea COyflux = kcop*Ko*AfCO,*p 3)

where kcoo (m d!) is the air-sea gas transfer velocity, calcu-
lated as described above, K, (mol kg™' atm™') is the tempera-
ture- and salinity-dependent solubility of CO, [Weiss, 1974],
AfCOZ (Matm):fCOZ,ocean_fCOZ,atmosphere: and p (kg 1’I1-3)
is the seawater density. Where the air-sea CO, flux is nega-
tive, the ocean takes up CO, from the atmosphere. The uncer-
tainty in air-sea CO, flux values ranges from 15-100% with a
median uncertainty of 29% that reflects both uncertainty in
kcos (£15-20%, as explained above) and uncertainty in
AfCO, measurement, with regional mean data presented with
error representing a 1o confidence interval in the CO, flux
estimate rather than spatial variability across the region.

2.4. Underway Flow Cytometry Measurements

[11] Continuous underway measurements of phytoplank-
ton abundance and composition were made using SeaFlow,
a flow-through cytometer that utilizes light scattering and cel-
lular autofluorescence properties of individual cells to dis-
criminate phytoplankton populations that span 1-20 pm in
nominal cell size [Swalwell et al., 2011]. Data files were cre-
ated every 3 min, yielding a sampling resolution along the
cruise track of ~1 km. Data were analyzed using the R pack-
age flowPhyto [Ribalet et al., 2011], which uses statistical
clustering methods to automate the identification of phyto-
plankton populations. Populations were distinguished based
on five analysis parameters: forward scatter (a proxy for cell
size) in orthogonal and perpendicular polarization states, red
fluorescence from chlorophyll (collected using a 692-40
band-pass filter), a second red fluorescence chlorophyll
detector for large particles, and orange fluorescence from
phycoerythrin (collected using a 527-27 band-pass filter). A
change point detection algorithm developed by Aghaeepour

et al. [2011] was used to determine the optimal number of
populations present in each sample. When necessary, files
were concatenated so a sufficient number of cells (at least
300) were present in order to perform aggregate statistics
for each population. To generate an estimate of the phyto-
plankton biomass observed by SeaFlow, a total chlorophyll
proxy that sums the size-weighted contributions of all
phytoplankton populations was calculated using population-
specific cell concentrations, estimates of population-specific
cell size based on light scattering, size-specific cell volume
to cell carbon ratios (mean of values from Booth et al.
[1988], Verity et al. [1992], and Montagnes et al. [1994]),
and a carbon:chlorophyll ratio of 60:1 [Frost, 1993]. We esti-
mate that this total chlorophyll proxy is accurate to +60%, as-
suming an uncertainty of +30% in cell size estimates, £40% in
cell volume to cell carbon ratios (reflecting the standard devi-
ation of the three literature values for each population), and
+30% in the carbon:chlorophyll ratio.

2.5. Halocline and Mixed Layer Depths (MLDs)

[12] Mixed layer and halocline depths along the cruise
track were estimated based on depth profiles of temperature
and salinity measured on seven Argo floats during the same
time period as shipboard sampling (3—8 May 2010), with sur-
face-most measurements at 4 m and depth resolution of 10 m
from 10 to 300 m. Argo profiles were taken from within 12.5
km of the cruise track with the exception of a single profile
representative of the open Alaskan Gyre region (147.3°W)
taken 75 km from the cruise track.

[13] MLD was calculated based on density change from
the reference depth of 4 m. Due to thermal stratification
induced by springtime surface warming, MLD at some loca-
tions was sensitive to the selection of a density change crite-
rion (Acy). A range of criteria have commonly been applied
both worldwide and in the North Pacific, from 0.03 kg m™
[De Boyer Montégut et al., 2004; Thomson and Fine, 2003]
to 0.125 kg m™ [Monterey and Levitus, 1997; Suga et al.,
2004]. The intermediate criterion of Acy=0.08 kg m™ was
selected to most accurately reflect MLDs estimated by visual
inspection of the individual depth profiles to account for the
effects of thermal stratification. The full range of criteria from
0.03 kg m™ to 0.125 kg m™ was used to calculate ranges of
potential MLDs over the period of stratification, which were
used to calculate uncertainty in the time-weighted parameter-
ization of ko,. Halocline depth was calculated using salinity
change criteria (AS) from 4 m of 0.25.

2.6. Satellite-Based Data

[14] The following satellite-based data were used in this
study: 5-day averaged surface current velocity and direction
from OSCAR (http://www.oscar.noaa.gov); dynamic sea
surface height anomalies from AVISO (http://www.aviso.
oceanobs.com); MODIS 8-day averaged sea surface temper-
atures and chlorophyll-a concentrations and net primary pro-
duction rates calculated using the vertically generalized
production model (VGPM) [Behrenfeld and Falkowski,
1997] and the carbon-based production model (CbPM)
[Westberry et al., 2008] from the Oregon State Ocean
Productivity site (http://www.science.oregonstate.edu/ocean.
productivity); and daily wind speeds from the NOAA
National Climatic Data Center (NCDC)’s multiple-satellite
Blended Sea Winds product (http://www.ncdc.noaa.gov/oa/
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rsad/air-sea/seawinds.html). The NOAA NCDC Blended Sea
Winds (0.25° gridded global resolution) were validated for
our study by comparison of daily satellite-based wind speeds
at Ocean Station Papa (OSP, 50°N, 145°W) from the time of
the cruise and sixty days prior with mooring-based daily-aver-
aged wind speed measurements at OSP (http://www.pmel.
noaa.gov/stnP) from the same time period, corrected to 10 m
above sea level, resulting in a root mean squared error of 1
m s with no systematic bias. This accuracy is comparable
to that found in a previous comparison between NOAA
NCDC Blended Sea Winds and a global data set of buoy wind
observations [Bentamy et al., 2009].

3. Results and Discussion

3.1. Regional Setting

[15] Circulation in the Gulf of Alaska is dominated by the
cyclonic Alaskan Gyre with geostrophically driven surface
currents, as can be seen from satellite-derived surface current
data from the time of the cruise (Figure 1a). The shelf region
is dominated by the Alaska Coastal Current (ACC), which is
driven west along the coastline by alongshore winds and sig-
nificant freshwater runoff [Stabeno et al., 2004] and the
Alaskan Stream, which flows southwest along the Alaskan
Peninsula slope, offshore of the ACC, as the western bound-
ary current of the Alaskan gyre [Favorite et al., 1976;
Stabeno et al., 2004]. Our data show a strong salinity front
over the continental slope (Figure 1b), with low salinity in-
shore of this front (west of 162.9°W) consistent with the
expected low salinity signature of the Alaskan Stream
(<32.6 psu, [Favorite et al., 1976]).

[16] Satellite-based chlorophyll-a concentrations indicate
that the highest phytoplankton biomass in the Gulf of
Alaska at the time of our study occurred just east of this salin-
ity front, offshore of the Alaskan Peninsula slope (Figure 1a).
This high-chlorophyll feature was evident from measure-
ments along the cruise track, which show a region of elevated
chlorophyll-a concentrations reaching 30 ug L' that ex-
tended from 162.9°W to 155.8°W, between the continental
slope salinity front to the west and the center of the
Alaskan gyre circulation to the east (Figure 1c). This region
of elevated chlorophyll along the cruise track was marked
by surface waters that were warmer and fresher than the adja-
cent open Gulf of Alaska region, with decreased nitrate con-
centrations and elevated O,/Ar supersaturation, fCO,
undersaturation, NCP and CO, uptake, and shallow mixed
layers (Figures 1b—1f). For the purposes of this paper, this
region of elevated chlorophyll-a concentration is defined as
a transition zone, with the Alaskan Gyre to the southeast
and the coastal region to the northwest.

[17] Although this transition zone is primarily distinguished
based on high phytoplankton biomass, the distinction among
the three regions is also supported by different nitrate-salinity
(NOs-S) relationships (Figure 2). The Alaskan Gyre region
shows a consistent linear relationship between nitrate concen-
trations and salinity (*=0.90, p < 0.01), similar to that previ-
ously described in depth profiles from straits through the
Aleutian Islands [Mordy et al., 2005] and the northern coastal
Gulf of Alaska [Childers et al., 2005; Ladd et al., 2005]. Data
from the P17N CLIVAR line across the Gulf of Alaska
(Stations 71-77: 50°N, 152°W to 55.5°N, 152.9°W; data not
shown) during the end of the winter season in March 2006
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Figure 2. Sea surface nitrate concentrations plotted versus
salinity for all regions along the cruise track. The linear re-
gression for the Alaskan Gyre region (*=0.90, p < 0.01) is
shown in black.

showed the same linear NO3-S relationship in surface water
and in depth profiles, indicating that this relationship extends
to surface waters prior to spring biological nitrate drawdown.
This suggests that the strong NOs-S relationship observed in
Alaskan Gyre surface waters in May 2010 reflects entrainment
of deep nutrient-rich, higher salinity water during the winter as
the mixed layer deepens down to the permanent halocline
(Figure 1f), with little subsequent nitrate drawdown by the
time of the cruise. Water masses from the coastal region and
transition zone do not fall on this line. The coastal water is dis-
tinctly fresher than the Alaskan Gyre waters but with higher
nitrate concentrations than would be predicted by the
Alaskan Gyre NO;-S relationship, reflecting significant fresh-
water input from the Alaskan Stream and ACC. The transition
zone is distinguished by nitrate concentrations that are consis-
tently lower than the observed linear NO;-S relationship from
the Alaskan Gyre for a similar range in salinity, reflecting either
biological nitrate drawdown or a contribution from a water mass
with a different NOs-S relationship than the Alaskan Gyre.

3.2. Estimates of NCP and CO; Flux from AO,/Ar
and AfCO,

[18] The trends in dissolved gas concentrations (AO,/Ar
and AfCO,) rather than variations in gas transfer velocities
were the dominant terms when calculating NCP and CO, flux
rates from equations (2) and (3), although variations in wind
speed across the cruise track yielded gas transfer velocities
(koo and kcop) ranging from 4.5 to 9.8 m d! (Figures 1d
and le). Gas residence times (i.e., mixed layer depth / gas
transfer velocity) in the Alaskan Gyre ranged from 2—14 days
while the shallower mixed layer depths in the transition zone
and coastal region (Figure 1f) led to shorter gas residence
times of 2—4 days. While the Alaskan Gyre region more
closely approximates steady state conditions than the transi-
tion zone and coastal regions, these short residence times
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Table 1. Summary of NCP Rates From Open Ocean and Coastal Studies in the Gulf of Alaska

May Annual
(mmol C m? d’l) (mol C m? yr'l) Source
Alaskan Gyre 17* 2.5 Emerson and Stump [2010]
9-12° 1.6 Emerson et al. [1991]
15 2.1+1.5)° Emerson [1987]
7.1 Charette et al. [1999]
26.6" Wheeler [1993] (NO3 budget)
213+22° Wheeler [1993] (*°N incubations)
(20.3)~° 3.05 Wong et al. [2002]
35.1+8.9 This study
Transition zone and coastal region 3.89 Wong et al. [2002]
249 +40 (transition) This study

88.0+14.5 (coastal)

“Whole-summer rather than May values.

PParentheses denote values calculated based on Emerson and Stump's [2010] conclusion (based on year-round data from a mooring at OSP) that summer
production occurring over 150 days drives essentially all annual biological carbon export, with little or no net export production in winter.

support the applicability of the steady state model used to cal-
culate NCP and CO, flux in the transition zone and coastal re-
gions despite the fast current speeds (i.e., at the maximum
observed current velocity, water would only be advected
~30 km during the maximal 4 day gas residence time).

[19] During the time of the cruise, AO,/Ar in the Alaskan
Gyre was consistently supersaturated (2.2% + 0.3%), indicat-
ing net autotrophic conditions with a mean NCP rate of
35.1+8.9 mmol C m? d'. This is slightly higher than previ-
ously measured values in this region, where summer NCP es-
timates based on gas and nitrate budgets have ranged from 9
to 27 mmol C m™ d™! (Table 1). Surface ocean fCO, was un-
dersaturated in the portion of the Alaskan Gyre east of the
gyre center, while at the gyre center (152.2°W to 155.5°W),
surface ocean fCO, was supersaturated with respect to the at-
mosphere, indicating net CO, outgassing (mean air-sea CO,
flux of 15.7+3.2 mmol C m d™') consistent with an input of
entrained deep water from winter mixing as suggested by the
NOs3-S relationship (Figure 2). Overall, the Alaskan Gyre re-
gion was a net CO, sink (mean air-sea CO, flux of —5.1£1.2
mmol C m? d!), with a slightly higher rate of CO, uptake
than previously reported at OSP in the month of May
[Wong and Chan 1991] (Table 2). This region is also a net
CO, sink on an annual basis, with estimates of air-sea CO, flux
in the Alaskan Gyre ranging from —1.7 to 0 mol C m™ yr!
(Table 2). Ecosystem/carbon flux model simulations comparing
a biotic to an abiotic ocean at OSP indicate that biological
production plays an important role in driving net carbon uptake
in this region [Signorini et al., 2001].

[20] The maximum AO,/Ar supersaturation (up to 22.7%)
and fCO, undersaturation (fCO, down to 196 patm) along

the cruise track were observed in the transition zone. NCP
and CO, uptake rates varied in concert, with a high degree
of correlation (r*=0.73, p < 0.01) throughout the transition
zone, indicating that the CO, uptake in this region was pri-
marily driven by biological production. NCP rates were
~6% higher than CO, uptake rates, which is the result of the
mixed layer O, budget being dominated by NCP and O,
gas exchange with a short air-sea equilibration time (days)
whereas the mixed layer CO, budget is dominated by NCP
and physical CO, supply with a longer air-sea equilibration
time (months). Coincident with high chlorophyll-a concen-
trations, two distinct peaks of elevated NCP and CO, uptake
were observed in the transition zone, yielding a mean transi-
tion zone NCP rate of 249+40 mmol C m™ d”' and mean
transition zone air-sea CO, flux of —42.3+6.1 mmol C m? d™.
These NCP and CO, uptake rates are large as compared to
those previously reported for the Gulf of Alaska (Tables 1
and 2). Although little attention has previously been fo-
cused on this transition zone region, strong negative
ApCO, values for the region off the Aleutian Peninsula
were measured in summer (May—August) during repeated
surface pCO, transects across the North Pacific, including
surface water pCO, as low as 150 patm measured in May
1997 [Murphy et al., 2001; Zeng et al., 2002]. Such high
NCP and CO, uptake rates have been previously observed
elsewhere in ocean margin regions experiencing episodic
periods of high biological production. During the eastern
Bering Sea spring bloom, NCP can reach rates of
360-1300 mmol C m™ d'! [Prokopenko et al., 2010], while
eastern north Pacific coastal upwelling systems can produce
NCP rates of up to 1200+420 mmol C m™ d'on the

Table 2. Summary of Air-Sea CO, Flux Rates From Open Ocean and Coastal Studies in the Gulf of Alaska

May

(mmol C m> d'l)

Annual

(mol C m? yr'l) Source

Alaskan Gyre —3.5,-4.4
—51£1.2

Transition zone and coastal region —27.6+6.7
—42.3+6.1

—-0.7 Wong and Chan [1991]
—0.6 Chierici et al. [2006]
—-1.7-0 Takahashi et al. [2009]
This study
Ribalet et al. [2010]
—1.8 Chen and Borges [2009]

This study

#June rather than May values.
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continental shelf [Fassbender et al., 2011] and summer air-
sea CO, flux rates of —20 mmol C m™? d™' [Hales et al.,
2005].

[21] Mean NCP rates (88.0+ 14.5 mmol C m™ d!) in the
coastal region were higher than in the Alaskan Gyre and
higher than previous coastal measurements (Table 1), but
were considerably lower than in the transition zone. fCO,
measurements and estimates of CO, uptake did not extend
into the coastal region.

3.3. Phytoplankton Abundance and Community
Composition

[22] Clustering analysis of the flow cytometry measure-
ments revealed six phytoplankton populations present along
the cruise track. Five populations were distinguished based
on red fluorescence from chlorophyll-a and forward angle
light scatter (a proxy for size): ultraplankton, larger and
smaller nanoplankton, and larger and smaller elongated phy-
toplankton (Figure Sla in the supporting information).
Elongated cells were identified by low light scattering rela-
tive to their red fluorescence, due to the long and narrow cell
shape [Olson et al., 1989]. Olson et al. [1989] identified elon-
gated cells with a similar cytometric signature as pennate
diatoms, though the identity of the elongated populations in
this study cannot be verified, as cells were not collected for
microscopic analysis. A sixth population, the cyanobacteria
Synechococcus, was identified by the unique orange fluores-
cence signal characteristic of its phycoerythrin pigment
(Figure S2b in the supporting information).

[23] There is a strong correlation (r>=0.89, p < 0.001) be-
tween the cytometry-based total chlorophyll proxy summing
the size-weighted contributions of each of these six phyto-
plankton populations to total chlorophyll and chlorophyll-a
concentrations independently calculated from bulk fluores-
cence (Figure 3a). Despite significant uncertainty (60%) in
the cytometry-based total chlorophyll proxy, this result sug-
gests that phytoplankton >20 pm did not provide a major
contribution to the overall phytoplankton biomass (as cells
>20 um would have been outside the flow cytometer size
detection limit). The percent contribution of each of the six
phytoplankton populations to the cytometry-based total chlo-
rophyll proxy was calculated for each region, with uncertainty
introduced in estimating cell size, carbon content, and the
carbon:chlorophyll ratio from literature values (Table 3).

[24] Chlorophyll-a concentrations were low across the
Alaskan Gyre (mean of 0.27 pg L' from MODIS observa-
tions; indistinguishable from zero based on the shipboard
fluorometer). This is consistent with expected low phyto-
plankton production rates in the iron-limited HNLC gyre
and with long-term monthly chlorophyll-a measurements at
OSP that are consistently <0.4 pg/L throughout the annual
cycle [Harrison et al., 1999]. The phytoplankton community
(Figure 3) was mainly composed of Synechococcus and
ultraplankton with a lesser contribution from smaller elon-
gated phytoplankton, which is consistent with previous
observations at OSP of phytoplankton populations dominated
by Synechococcus and other phytoplankton <5 wm with sparse
small pennate diatoms [Booth et al., 1993; Boyd and Harrison,
1999]. Although numerically abundant, Synechococcus cells
contributed to only 5+£9% of the total chlorophyll proxy in
the Alaskan Gyre region due to their relatively small size,

while smaller elongated phytoplankton and ultraplankton con-
tributed to 37+ 19% and 30+ 18%, respectively, of the total
chlorophyll proxy.

[25] The phytoplankton community composition changed
dramatically at the transition zone, corresponding with the
increase in chlorophyll-a concentrations (Figure 3). Mean
chlorophyll-a concentrations (17.1 pg/L) in the transition
zone are high compared to previous observations in the re-
gion, although chlorophyll-a concentrations >13 pg/L have
been measured at inshore locations in the northern Gulf of
Alaska [Childers et al., 2005; Strom et al., 2006]. While mea-
sured fluorescence-based chlorophyll-a in this region may
have been enhanced due to photoacclimation of cells during
deep mixing prior to this bloom or species-specific variation
in the relationship between cellular fluorescence and chloro-
phyll-a [Sosik et al., 1989], such high chlorophyll-a concen-
trations clearly represent a large bloom. The transition zone
comprises only 25% of the total area where flow cytometry
measurements were made in crossing the Gulf of Alaska
but contributed 66% of the total phytoplankton biomass (as
estimated from the cytometry-based total chlorophyll proxy)
observed along the cruise track, highlighting the importance
of the phytoplankton community in this region.

[26] The transition zone was marked by two distinct phyto-
plankton communities corresponding with the peaks in chloro-
phyll-a, NCP and CO, uptake. The eastern side of the
transition zone was dominated by the larger and smaller
nanoplankton populations with a lesser contribution from
smaller elongated phytoplankton, while the western side was
dominated by larger nanoplankton with significant contribu-
tions from both larger and smaller elongated phytoplankton,
ultraplankton, and Synechococcus, reflecting a shift in the phy-
toplankton community across the transition zone. The two
nanoplankton populations together dominated contributions
to the total chlorophyll proxy in the transition zone
(73 + 18%) but make up a much smaller proportion of the total
across the rest of the cruise track (22+17% in the Alaskan
Gyre and 29+ 18% in the coastal region). Across the entire
cruise track, the larger and smaller nanoplankton and larger
elongated phytoplankton populations (Figures 3b, 3d, and
3e) were predominantly found in the transition zone,
suggesting that these populations were particularly adapted
to transition zone conditions and were associated with high
NCP and CO, uptake. The smaller nanoplankton population
(Figure 3e) was found predominantly in the eastern side of
the transition zone, highlighting the distinction between the
phytoplankton communities in the eastern and western sides
of this region. Both transition zone phytoplankton communi-
ties were distinct from the Alaskan Gyre phytoplankton com-
munity and the ultraplankton-dominated community in the
coastal region. A similar feature with distinct phytoplankton
populations uniquely found across a narrow spatial gradient
was previously observed at the transition between the coastal
and open HNLC regions of the Gulf of Alaska off the coast
of British Columbia which was interpreted as reflecting
changes in growth conditions as the two water masses converged
and created distinct ecological niches promoting enhanced
phytoplankton productivity [Ribalet et al., 2010].

[27] The small (<20 pm) phytoplankton populations that
dominate the transition zone in this study were associated
with high rates of NCP and CO, drawdown, which was unex-
pected given that larger, denser cells such as chain-forming
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Figure 3. (a) Chlorophyll-a concentrations along the cruise track from fluorometry-based measurements
and a cytometry-based proxy for total chlorophyll calculated based on estimates of cell-specific chlorophyll
content for each phytoplankton population shown below. (b—g) Cell abundance along the cruise track for
six phytoplankton populations identified by underway flow cytometry (see text and Figure S1 in the
supporting information for description of clustering methods used to distinguish populations).
Populations are ordered by nominal cell size from (Figure 3b) largest to (Figure 3g) smallest. The transition
zone is highlighted in gray. The transition zone is differentiated from the Alaskan Gyre to the east and
coastal region to the west based on elevated surface chlorophyll-a concentrations.
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Table 3. Proportional Contribution of Phytoplankton Populations to Total Chlorophyll (proxy) by Region®

Larger Elongated Smaller Elongated Larger Smaller Mean Chlorophyll-a
Phytoplankton Phytoplankton Nanoplankton ~ Nanoplankton Ultraplankton Synechococcus (ng/L)
Alaskan 6+£10% 37+19% 6+10% 16+15% 30+18% 5+9% 0.27°
Trgl};;fion 12+14% 8+12% 48+£20% 25+17% 6+10% 1+4% 17.1
Cozazil; 2+7% 19+£16% 18+16% 11+13% 49+£20% 2+7% 0.96
region

“Uncertainty in proportional contributions is calculated based on propagation of 60% uncertainty in the total chlorophyll proxy.
Based on MODIS satellite observations, as chlorophyll-a estimates from the shipboard fluorometer were indistinguishable from zero.

diatoms are thought to lead to more efficient and higher rates
of carbon export [Smayda, 1970; Boyd and Newton, 1995,
1999]. Previous studies have suggested that aggregation of
cells and packaging by grazers can allow small cells to contrib-
ute more efficiently to carbon export [Francois et al., 2002;
Lutz et al., 2007; Richardson and Jackson, 2007; Kahl et al.,
2008; Stukel et al., 2011]. Further study will be necessary to
evaluate the role of these mechanisms in the transition zone
phytoplankton communities observed here.

3.4. Explaining Enhanced Biological Productivity
in the Transition Zone

[28] A number of previous studies have suggested that
increased iron availability at the convergence between iron-
limited HNLC waters and iron-rich coastal waters in the
Gulf of Alaska could stimulate phytoplankton production
[e.g., Whitney et al., 2005; Strom et al., 2006; Ribalet et al.,
2010]. Glacial meltwater input along the coast provides a
source of particulate and dissolved iron to the ACC, which
mixes with low-iron offshore waters to create a cross-shelf gra-
dient in iron availability [Wu et al., 2009; Lippiatt et al., 2010].
Recirculation of flow from the Alaskan Stream into the
Alaskan Gyre can transport iron-rich coastal waters offshore
and stimulate phytoplankton production [Favorite et al.,
1976; Whitney et al., 2005]. Mesoscale anticyclonic eddies,
which propagate along the Alaskan Peninsula, can also supply
coastally derived iron to offshore iron-limited waters [Johnson
et al., 2005; Lippiatt et al., 2011; Peterson et al., 2011].
However, analysis of dynamic sea surface height anomalies
(AVISO) does not provide evidence of eddies in the vicinity
of the transition zone at the time of our cruise.

[29] Surface water properties along the cruise track show a
distinct separation between the Alaskan Gyre and the coastal
regions, with the coastal region particularly marked by a dis-
tinct freshwater signature (Figure 1b and Figure S2 in the
supporting information). While there is a potential role for
mixing between these water masses in the transition zone, this
relationship is complex, as the Alaskan Stream supplies
coastal water carried alongshore from the northeast, which
may not match the properties of the coastal waters sampled
along our cruise track. Mixing within the transition zone is het-
erogeneous, with two regions of pronounced warming and
freshening corresponding with elevated chlorophyll-a concen-
trations (Figures 1b and 1c¢) and freshening correlated with in-
creased NCP rates in the region east of the salinity front
(Figure 4b; > =0.62, p < 0.01), suggesting that input of fresh
coastal water contributed to elevated biological production.

[30] We therefore hypothesize that the high phytoplankton
abundance and NCP rates in the transition region were fueled

by coastal iron input to iron-limited Alaskan Gyre HNLC
waters. Although iron concentrations were not measured dur-
ing the cruise, this hypothesis is supported by previous mea-
surements of total dissolved iron concentrations along the
Alaskan Peninsula slope near the region of the transition
zone, which were ~50-fold higher than at OSP, and
corresponded with an increase in phytoplankton photosyn-
thetic efficiency (F,/F,,) as compared to the Alaskan Gyre
[Suzuki et al., 2002]. It is also supported by the presence of
the larger elongated phytoplankton population predomi-
nantly found in the transition zone (Figure 3b), which al-
though only a minor contribution to the overall transition
zone phytoplankton community (12 £ 14%), likely represents
pennate diatoms such as Pseudo-nitszchia that have been
shown to respond to addition of iron [Marchetti et al., 2006].

[31] It is noteworthy that while spring blooms do occur
across the coastal region in the Gulf of Alaska, it is highly un-
usual for them to be as large as the transition zone bloom we
observed. The coastal region of our study exhibited NCP
rates and chlorophyll-a concentrations lower than those ob-
served in the transition zone, though higher than those in
the Alaskan Gyre. The coastal chlorophyll-a concentrations
were within the range of previous observations of the May
spring bloom period in the northern coastal Gulf of Alaska

400
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Figure 4. Transition zone NCP rates plotted versus salinity,
with the linear regression (r* =0.62, p < 0.01) shown in black.
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Figure 5. NCP rates calculated based on AO,/Ar measured in this study plotted along with NCP rates
calculated based on MODIS satellite data using the VGPM [Behrenfeld and Falkowski, 1997] and
CbPM [Westberry et al., 2008] net primary production algorithms, each in combination with the export
ratio algorithm of Laws et al. [2000]. The transition zone is highlighted in gray.

[Strom et al., 2006]. Onset of the spring phytoplankton
bloom in the nutrient-replete inshore coastal Gulf of Alaska
is triggered by relief of wintertime light limitation, with
springtime cloud cover, extent of stratification and grazing
pressure all influencing the timing and magnitude of these
blooms [Napp et al., 1996; Stabeno et al., 2004]. Light avail-
ability could have limited phytoplankton production in the
coastal region at the time of our study, although shoaling of
mixed layers in response to spring thermal stratification ob-
served from Argo floats in the transition zone may also have
extended to the coastal region (where Argo floats were ab-
sent), which would have relieved light limitation and stimu-
lated phytoplankton growth in both regions. Grazing
pressure may also have reduced the size of the bloom in the
coastal region if zooplankton growth kept pace with gradu-
ally increasing light availability and phytoplankton growth
during spring. The transition zone, by contrast, was likely
able to outstrip grazing pressure due to rapid phytoplankton
response to addition of iron.

[32] The temporal evolution of the transition zone feature
is an additional important consideration. Given the mean
NCP rate of 249 mmol C m™ d™! calculated for the transition
zone and assuming a starting nitrate concentration of the
maximum observed along the cruise track (26 uM) and ni-
trate consumption at a rate of 106 C: 16 N [Redfield et al.,
1963], biological drawdown would consume all the available
nitrate in 12 days, suggesting that we sampled the transition
zone in the midst of a short-lived bloom. Analysis of satel-
lite-based surface chlorophyll data over the two-week inter-
vals prior to and following our study indicate that highest
chlorophyll concentrations and largest spatial extent of the
bloom occurred during the 8-day interval spanning our 5-
day cruise. This temporal evolution implies that the omission
of a time rate of change term in the calculation of NCP and
CO, flux rates in equations (2) and (3), which was based on
the assumption of a steady state condition, potentially
overestimated NCP rates. Without the inclusion of a time rate
of change term, the biomass of organic carbon in the surface
mixed layer that accumulated during the bloom (as indicated
by satellite observations of increasing chlorophyll-a concen-
trations) was assumed to have been exported. However, it is
possible that some of this carbon was later remineralized dur-
ing the declining phase of this bloom rather than sinking out
of the mixed layer and leading to export. Thus, the transition
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zone NCP estimates presented here are an upper limit on the
amount of net carbon exported by the observed phytoplank-
ton bloom. The observed shift in phytoplankton community
structure across the transition zone may reflect the temporal
evolution of the bloom as it spread across the transition zone
region, with the two different phytoplankton communities in
the eastern and western side of the region reflecting early and
late stages of the bloom, as was suggested for the transition
zone phytoplankton bloom described by Ribalet et al.
[2010] in the northeast Pacific. Further study in this region
will be necessary to determine the reasons for the distinct
phytoplankton community compositions and the fate of or-
ganic carbon produced during short-lived transition zone
bloom features.

3.5. Comparison with Satellite-Based
Production Estimates

[33] This study presents a snapshot of conditions along our
cruise track in the Gulf of Alaska in May 2010. Satellite ob-
servations provide a potentially powerful tool to extend this
analysis to a broader spatial and temporal scale. Carbon
export rates comparable to O,/Ar-based estimates of NCP
can be calculated from satellite-based estimates of net
primary productivity (NPP), which is defined as gross photo-
synthetic production minus autotrophic respiration, multi-
plied by an estimate of the fraction of primary production
exported from the surface ocean. Satellite-based models have
previously applied this approach to calculate carbon export
over the global ocean [Muller-Karger et al., 2005; Dunne
et al., 2007], but there is relatively little observational data
available to validate this approach.

[34] We compared our O,/Ar-based NCP estimates with
NCP rates calculated from satellite observations along the
cruise track at the time of our study (integrated over 1-8
May 2010). We used publicly available NPP data calculated
from the vertically generalized production model (VGPM)
[Behrenfeld and Falkowski, 1997] or the carbon-based
production model (CbPM), [Westberry et al., 2008]. The
fraction of primary production exported from the surface
ocean was calculated using the temperature- and NPP-
based export ratio algorithm of Laws et al. [2000].
Satellite-based NCP rates calculated using the VGPM
are correlated with O,/Ar-based NCP rates from this study
(r =0.67, p <0.001), while NCP rates calculated using the
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CbPM do not correlate with O,/Ar-based NCP rates and
do not show the high-productivity features in the transition
zone (Figure 5). The correlation between O,/Ar- and
VGPM-based NCP estimates is likely because the
VGPM is a chlorophyll-based NPP model and AO,/Ar-
based NCP was strongly correlated with chlorophyll-a
concentrations. The poor performance of the CbPM may
reflect difficulty in using a backscattering-based NPP algo-
rithm in a highly productive region.

[35] A number of factors may explain the differences be-
tween satellite-based and O,/Ar-based NCP estimates across
the cruise track. In the transition zone region, while the fail-
ure of the CbPM to identify the high-productivity features in-
dicates a clear problem with application of the model to this
region, the finding that VGPM-based NCP rates underesti-
mate NCP as compared with O,/Ar-based NCP estimates
by ~1.5% may have been influenced by differences in tempo-
ral alignment of the two measurement techniques with peak
bloom conditions, as O,/Ar-based NCP estimates integrate
over a 2—4 day gas residence time while the satellite-based
NPP estimates integrate over an 8-day period. In the
Alaskan Gyre region, however, which we expect was close
to steady state conditions, temporal evolution should not af-
fect the comparison between the estimates. Yet VGPM-based
NCP estimates in the Alaskan Gyre region are ~3x lower
than O,/Ar-based NCP rates, while CbPM-based NCP
estimates are ~2.5% higher than O,/Ar-based rates,
suggesting that there may be other important discrepancies
among these two models and the in situ O,/Ar-based esti-
mates. These differences may reflect species- and condi-
tion-specific variations in carbon:chlorophyll ratios that
may not be effectively captured by the chlorophyll-based
VGPM, and variations in tendencies to aggregate, sink
and export carbon that may not be fully captured in the
Laws et al. [2000]. export ratio algorithm. The discrepancy
between the satellite-based estimates of NCP and the O,/
Ar-based rates and the key finding that the CbPM failed to
identify the transition zone bloom feature (Figure 5) high-
light the need for more in situ NCP rate estimates to validate
satellite-based rates on global, regional and local scales
and particularly in high productivity hotspots such as the
transition zone observed here.

4. Conclusions

[36] Observations of high NCP rates based on significant
AO,/Ar supersaturation and high CO, uptake rates in the
transition zone between coastal waters along the Alaskan
Peninsula and the HNLC Alaskan Gyre at the time of this
study indicate that this was a region of strong biological pro-
duction that drove significant uptake of atmospheric CO,
during the observed bloom. In the transition zone, CO, up-
take and NCP rates were 7-8x those in the Alaskan Gyre.
The transition zone comprises only 20% of the total area cov-
ered in crossing the Gulf of Alaska but contributed 58% of
the total NCP and 67% of the total CO, uptake observed
along the cruise track. This narrow region thus played a key
role in the overall carbon budget for the Gulf of Alaska dur-
ing the time of our study.

[37] Correlation between the fluorescence-based bulk chlo-
rophyll-a concentration, cytometry-based proxy of total chloro-
phyll, and NCP and CO, uptake rates suggest that CO, uptake
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in this region is likely dominated by small (<20 pm) abundant
phytoplankton. The phytoplankton populations found predom-
inantly in the transition zone form two different communities,
each distinct from the communities in the Alaskan Gyre and
coastal regions, suggesting that the transition zone forms a
unique ecological niche for these populations. We hypothesize
that mixing between iron-rich coastal waters and iron-limited
Alaskan Gyre waters stimulated this bloom.

[38] The significant contribution of two nanoplankton
populations distinguished by flow cytometry to the transition
zone phytoplankton community suggests that these
populations may be an important driver of the high NCP
and CO, export observed in this region. Their dominance dif-
ferentiates the transition zone bloom from coastal and iron-
stimulated phytoplankton blooms previously observed in
the Gulf of Alaska and North Pacific gyres, which are com-
monly dominated by large (>20 pm) chain-forming diatoms
[Boyd et al., 1996, 2004; Tsuda et al., 2003; Strom et al.,
2006]. Our observations of high NCP and CO, drawdown
rates in the transition zone support the importance of
small (<20 pm) phytoplankton cells to carbon export
[Richardson and Jackson, 2007]. Further studies in this re-
gion should focus on identifying these phytoplankton
populations and determining how they appear particularly
well adapted to transition zone conditions and contribute so
effectively to carbon export.

[39] The combination of continuous underway dissolved
gas and flow cytometry methods enabled us to define narrow
features not discernible with discrete measurements and to
identify the potential importance of a distinct phytoplankton
community to high regional uptake of atmospheric CO,.
NCP and CO, uptake rates of the magnitude observed in
May in the transition zone exceed those reported previously
in the Gulf of Alaska (Tables 1 and 2), with this narrow
region providing the dominant contribution to total NCP and
CO, uptake along the entire cruise track at the time of our
study. Although satellite-based analysis potentially could be
useful in determining the frequency and extent of such transi-
tion zone features, further calibration of satellite-based
NCP estimates with observational data will be needed to quan-
tify their contribution to total carbon export. The results
presented here illustrate the importance of CO, uptake in a
high productivity transition zone, and we hope they will
motivate future investigation of the impact of these biological
niches on carbon cycling, both in the Gulf of Alaska and in
other ocean regions.
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