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Abstract The Sargasso Sea is characterized by strong summertime stratification that is thought to drive
oligotrophy, but export production is surprisingly similar to that of high-latitude regions with ample major
nutrient supply. Here we use the summer-to-fall progression in the northwestern Sargasso Sea to
investigate the relationship between upper ocean stratification and phytoplankton nitrogen (N) uptake.
Euphotic zone particles collected in July, October, and December were sorted by flow cytometry, and the
15N/14N of separated prokaryotic and eukaryotic phytoplankton was analyzed. The 15N/14N of
Prochlorococcus and Synechococcus was always low, indicating uniform reliance on recycled N. In July and in
two fall profiles, the 15N/14N of eukaryotic phytoplankton was high, reflecting consumption of subsurface
nitrate. In three other fall profiles, eukaryotic 15N/14N was similar to prokaryote 15N/14N, suggesting a
shift toward more complete reliance on recycled N. The progressive deepening of the mixed layer from
summer to fall, although reducing the surface-to-deep density contrast, increases the density difference
of the euphotic zone as a whole from underlying nutrient-rich waters, which may play a role in the
observed decline in euphotic zone nitrate supply into the fall. The apparent summertime nitrate supply
to the euphotic zone, when the mixed layer is shallowest, may help to explain the surprisingly high
export production of the subtropical and tropical ocean.

1. Introduction

In much of the modern ocean, phytoplankton growth is limited by the availability of “fixed” nitrogen (N)
[Dugdale and Goering, 1967; McCarthy and Carpenter, 1983; Ryther and Dunstan, 1971]. “New production” is
the fraction of total phytoplankton growth in the sunlit surface ocean (the “euphotic zone”) that is fueled by
externally supplied nutrients (“new” N; nitrate mixed up from depth, augmented by in situ N2 fixation),
whereas “regenerated production” refers to phytoplankton growth supported by “recycled” N (ammonium,
simple organic N forms, and nitrite and nitrate produced in the euphotic zone) [Dugdale and Goering, 1967;
Bronk et al., 1994]. On an annual basis, new production is balanced by the export of sinking organic matter
from surface waters (“export production”), which maintains the sequestration of carbon in the ocean interior
(i.e., the “biological pump”).

The Bermuda Atlantic Time-series Study (BATS) site is located at the northwestern margin of the North
Atlantic subtropical gyre (the “Sargasso Sea”), an oligotrophic region characterized by high reliance on
recycled N to fuel phytoplankton growth [Menzel and Ryther, 1960; Steinberg et al., 2001]. The hydrography
and biogeochemistry of the upper water column at BATS are driven primarily by seasonal changes in heat flux
and wind stress: in the winter and spring, cool temperatures and high winds drive a short period of deep
vertical mixing (usually down to 200–250m) that entrains nutrients (including subsurface nitrate) into the
euphotic zone (upper ~100m), where these nutrients support a short period of high primary productivity (the
“spring bloom”). By contrast, the summer is characterized by strong thermal stratification of the upper water
column; the mixed layer shoals (to <20m at times), and there is strengthening of the seasonal pycnocline
that defines the base of the mixed layer, which is presumed to impede the upward mixing of subsurface
nitrate, such that the summer is considered the most oligotrophic period at BATS [Menzel and Ryther, 1960;
Lohrenz et al., 1992; Michaels et al., 1994; Steinberg et al., 2001]. Surface nitrate concentrations are typically
below detection at this time [Lipschultz, 2001], and recycled forms of N are thought to support most phy-
toplankton growth [Menzel and Ryther, 1960; Lipschultz et al., 2002]. As the surface ocean cools into the fall,
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the mixed layer begins to deepen. The resultant weaker surface-to-deep density stratification should,
according to the view outlined above, correspond with an increased supply of nutrients to phytoplankton.

Relative to the spring bloom and its subsequent transition to summertime conditions at BATS, the biogeo-
chemical variability of the upper ocean between the stratified summer period (July and August) and deep
mixing in the spring (February through April) has received less attention. Lipschultz [2001] considers June to
November the “oligotrophic period” but does not differentiate between the summer and fall. Yet despite the
absence of measureable euphotic zone nutrients during this oligotrophic period, occasional incidents of high
productivity have been observed [Steinberg et al., 2001]. In addition, geochemically derived estimates of new
production at BATS imply that less than half of the Sargasso Sea’s annual nutrient requirement is met by deep-
water entrainment during winter and spring mixing, such that alternate mechanisms of new N supply during
the remainder of the year (i.e., the summer and fall) are required to support the estimated global rate of new
production [Jenkins and Goldman, 1985; Spitzer and Jenkins, 1989; Sarmiento et al., 1993]. Furthermore, mea-
surements of the annual cycle of dissolved inorganic carbon (DIC) at BATS reveal a biologically facilitated
summertime drawdown of DIC in the mixed layer that occurs in the absence of measurable nitrate and phos-
phate [Michaels et al., 1994; Bates et al., 1996; Gruber et al., 1998]. This DIC drawdown exacerbates the need for
additional sources of new N to the euphotic zone, and the mixed layer in particular, during the stratified period.

Mesoscale features such as eddies have been recognized as important for transporting subsurface nitrate into
the euphotic zone and thus driving export production [e.g., Falkowski et al., 1991; Jenkins and Wallace, 1992;
McGillicuddy et al., 1998]; however, this nutrient supply would import a near-stoichiometric quantity of
regenerated DIC into surface waters, such that it cannot explain the summertime DIC drawdown. N2 fixation
and atmospheric N are plausible N sources for both the geochemically inferred summer-to-fall export produc-
tion and the summertimemixed layer DIC drawdown at BATS because they represent sources of new N that are
not stoichiometrically tied to carbon [Michaels et al., 1994;Gruber et al., 1998]. However, fluxes fromboth sources
appear too small [Altabet, 1988; Knapp et al., 2005, 2008; Knap et al., 1986; Michaels et al., 1993]. Biological
transport has also been suggested as amechanism of nitrate supply [Villareal et al., 1999; Katija and Dabiri, 2009;
Johnson et al., 2010]; however, this process operating alone would appear to require small phytoplankton to
migrate 75–100m to transport nitrate from below the euphotic zone into the upper ~20m of the water column.

We recently reported δ15N measurements of the biomass of the prokaryotic cyanobacterial genera,
Prochlorococcus and Synechococcus, and of small eukaryotic phytoplankton (<35μm), which had been sorted
by flow cytometry from bulk particulate N (PN) collected from the euphotic zone at BATS during the summer
(δ15N, in permil versus atmospheric N2, = ([(15N/14N)sample/(

15N/14N)atm]� 1) × 1000). We found that the
prokaryotes and eukaryotes had distinct N isotope signatures, indicating that Prochlorococcus and
Synechococcus rely on recycled N, while small eukaryotic phytoplankton are uniquely responsible for con-
suming the nitrate supplied from below and thus dominate new production at BATS during the summer
[Fawcett et al., 2011]. These eukaryotes appear to rely on subsurface nitrate for >50% of their N, despite the
extremely low euphotic zone nitrate concentrations typical of the summer [Lipschultz, 2001]. This work pro-
vided direct evidence of nitrate assimilation throughout the euphotic zone (including the surface mixed
layer) during the period at BATS generally considered most oligotrophic. However, the mechanism remains
unknown by which nitrate is supplied to the euphotic zone and its shallow mixed layer in the face of what is
considered intense upper ocean stratification.

One important implication of the higher new production estimates derived from geochemical tracers at BATS
[Jenkins, 1988, 1998; Spitzer and Jenkins, 1989] is that the contribution of the subtropics to organic carbon
export appears significantly higher than previously assumed, rivaling that of the temperate and polar
open ocean, including sites that are not limited by the major nutrients, nitrate and phosphate (Table 1).
Furthermore, a comparison of these export flux estimates with 14C-derived measurements of primary pro-
ductivity at BATS (12.7mol C m2 yr�1 [Michaels and Knap, 1996]) and Station P (17.9mol Cm2 yr�1 [Varela and
Harrison, 1999]) suggest that the fraction of total primary production that is exported from surface waters (i.e.,
the “f-ratio” [Eppley and Peterson, 1979]) in the subtropics (0.28) is higher than that of the high-latitude North
Pacific (0.11) and similar to that estimated for the mixed layer of the Pacific Subantarctic (0.27 [Reuer et al.,
2007]). These comparisons are problematic for the view of the subtropical gyres as zones of oligotrophy
induced by stratification-driven limitation of the supply of major nutrients, and they raise the question of how
the nutrient supply can sustain such high rates of export production (i.e., net community production) in the
strongly stratified tropics and subtropics.
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In this study, we again apply our flow cytometry/N isotope analysis approach to investigate the extent and
sensitivities of nitrate-supported production throughout the Sargasso Sea’s oligotrophic period. We collected
particles throughout the euphotic zone at BATS in July, October, and December; separated the major
phytoplankton groups using flow cytometry; and analyzed the δ15N of their biomass N. Samples were also
collected from three stations along a transect into the southern, tropical sector of the gyre, which has
been described as permanently stratified and oligotrophic throughout the year [Michaels and Knap, 1996;
Lipschultz et al., 2002]. By comparing changes in phytoplankton biomass δ15N with seasonal and shorter-term
changes in the hydrography and biogeochemistry of the Sargasso Sea, we can begin to characterize the
mechanism(s) of nitrate supply to the euphotic zone and mixed layer. Furthermore, separating the different
autotrophic populations from each other and from the bulk PN allows us to determine the relative impor-
tance of different phytoplankton groups for driving new and export production in the subtropical ocean.

Table 2. Sampling Locations and Months Sampled

Station Latitude Longitude Month Sampled

BATS 31°40′N 64°10′W July, October, December 2009
PITSa 31°35′N 64°10′W July 2009
Hydro Station Sa 32°10′N 64°34′W July 2008
27°N 27°28.90′N 63°47.33′W October 2009
23°N 23°40′N 65°22′W October 2009
SS #12 31°12.40′N 63°57.67′W December 2009

aStations sampled previously [Fawcett et al., 2011].

Table 1. Geochemically Derived Estimates of Export Production in Different Regions of the Ocean

Ocean Region mol C m�2 yr�1 Method Source

Subtropical North Atlantic (BATS) 0.8 ± 0.1a Sediment traps Steinberg et al. [2001]; Lomas
et al. [2013]

Subtropical North Atlantic (BATS)j 3.6 ± 0.6 O2/Ar
b Spitzer and Jenkins [1989]

Subtropical North Atlantic (BATS)j 3.7 ± 1.1 3He flux gaugeb Jenkins [1988]
Subtropical North Pacific (HOT) 2.7 ± 1.7 O2/Ar

b Emerson et al. [1997]
Subtropical North Pacific (HOT) 1.1 – 1.7 O2/Ar

b Hamme and Emerson [2006]
Subarctic North Pacific (Station P) 2.0 ± 1.0 O2/Ar

b Emerson et al. [1991]
Western Equatorial Pacific (180° to 153°E) 1.5 O2/Ar

c Stanley et al. [2010]
Subantarctic Zone (South of Australia) 3.1 N isotope modeld,e DiFiore et al. [2006]
Subantarctic Zone (South of Australia) 3.4 (2.7 – 3.9) Nitrate depletione,f Lourey and Trull [2001]
Polar Frontal Zone (South of Australia) 1.6 (1.1 – 2.0) Nitrate depletione,f Lourey and Trull [2001]
Subantarctic Zone (Southeast of NewZealand) 3.6 O2/Ar

d Reuer et al. [2007]
Polar Frontal Zone (Southeast ofNewZealand) 2.0 O2/Ar

d Reuer et al. [2007]
Antarctic Zone (Southeast of New Zealand) 1.6 O2/Ar

d Reuer et al. [2007]
Western Antarctic Peninsulag 0.2 – 1.9h O2/Ar

d Huang et al. [2012]
Northern Crozet Plateau (43°S to 45°S; 49°
E to 52°E)i

2.8 Nitrate depletiond,e Sanders et al. [2007]

aEstimate increases to 1.8 ± 0.1mol C m�2 yr�1 if the dissolved organic carbon flux is considered [Carlson et al., 1994].
bAnnual average.
cAssumes constant net community production (NCP) throughout the year.
dAssumes a 100 day growing season.
eNitrate depletion converted to mol C m�2 yr�1 assuming Redfield stoichiometry.
fCalculated over the period of July to March.
gPalmer Long-Term Ecological Research sampling grid [Waters and Smith, 1992].
hPer-day rate of O2 production from Huang et al. [2012] converted to mol C m�2 yr�1 assuming O2 NCP: C NCP of 1.4

[Laws, 1991]. Lowest export estimates calculated for the open sea (0.2±0.4mol Cm�2 yr�1) and highest estimates over the
shelf (1.9± 1.1mol C m�2 yr�1).

iSampling region located south of the Subantarctic Front.
jEstimates from BATS are indicated in bold. The sediment trap-derived organic carbon flux at 150m at BATS, averaged

over a twenty-year period, is included in italics for comparison with the geochemical estimates.
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2. Materials and Methods
2.1. Field Collections

Samples were collected aboard the R/V Atlantic Explorer on BATS cruises B248, BV44 (validation cruise), and
B253 in July, October, and December 2009. Samples were collected from the BATS site on all cruises, as well as
from spatial station 12 (hereafter “SS #12”) in December. In October, we sampled two stations along the
World Ocean Circulation Experiment A22 transect line (hereafter “27°N” and “23°N”, respectively) as well as
the BATS site (Table 2 and Figures 1a and 1b).

For all stations, mixed layer depth (MLD) was determined from depth profiles of sigma-theta (σθ) calculated
from temperature and salinity measured in situ during the conductivity-temperature-depth (CTD) casts. MLD
was defined as the depth of maximum water column stability (E). E, approximated by the stability equation
for the upper 1000m, is �1/σθ× (∂σθ/∂z) [Sverdrup et al., 1942]. The deep chlorophyll maximum was taken to
be the depth of maximum fluorescence measured in situ during the CTD casts.

On ship, seawater was collected for analysis of suspended PN, nitrate (NO3
�), and ammonium (NH4

+) at various
depths throughout the euphotic zone, selected based on CTD hydrographic and fluorescence data from pre-
vious casts (see Figures 2a and 2b for sample depths). Four 12 L Niskin bottles were tripped at each PN sample
depth in order to collect sufficient material for N isotope analysis. In addition, Niskin bottles were tripped at
regular intervals from the euphotic zone down to 1200m to collect samples for later measurement of nitrate
concentration ([NO3

�]) and NO3
� δ15N.

For PN collections, seawater was transferred into 4 L Thermo Scientific Nalgene low-density polyethylene
carboys with ¼ inch tygon tubing that was attached to 47mm inline polycarbonate filter holders containing
0.4μmpolycarbonate filters. Seawater (4 L) was passed through each filter under gentle vacuum (<100mmHg).
Filters were removed from the holders and transferred to 5mL cryovials along with approximately 4mL of
0.2μm filtered seawater and 200μL of 10% formaldehyde solution (PFA; ~0.5% final concentration). Cryovials
were agitated to dislodge cells from filters and encourage “fixation” by the PFA. Samples were held at 4°C for
1–4 h and then frozen at �80°C. Samples collected for bulk PN isotope analysis were treated in the same
manner as PN samples intended for flow cytometry.

2.2. Laboratory Methods
2.2.1. Flow Cytometric Analysis
Cryovials were thawed at room temperature in the dark and agitated to remove fixed cells from the filters.
Cells were then filtered through a 35μm nylon mesh in order to remove the occasional large particle and/or
any chains of cells that could clog the sorting tip. A high-speed jet-in-air Influx Cell Sorter (Cytopeia, Inc.,
Seattle, WA) was used for all sorts. Samples were sorted for the prokaryotic cyanobacteria, Prochlorococcus
and Synechococccus, and for eukaryotic phytoplankton according to the sorting criteria and conditions
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Figure 1. Map of the western North Atlantic subtropical gyre showing (a) the general location of Bermuda and the BATS
site as well as the World Ocean Circulation Experiment (WOCE) line A22 transect stations sampled in October 2009 and
(b) a close-up of the stations at and near the BATS site, with indication of the month(s) during which those stations were
sampled. Sites sampled in our previous summertime study are shown by the open symbols (PITS in July 2009 and Hydro
Station S in July 2008 [Fawcett et al., 2011]).
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outlined in Fawcett et al. [2011], adapted from Casey et al. [2009]. Briefly, autotrophs were identified unstained
by red (650 nm long pass) autofluorescence. Synechococcuswas discriminated from Prochlorococcus by FSC-H
and yellow/orange (580/30 nm) fluorescence. Autotrophs not included in the cyanobacterial gates were
assumed to be eukaryotes. In some cases, Prochlorococcus and Synechococcus were grouped together and
sorted as a single population (“total cyanobacteria”). Software abort rates were <1%, regular analysis of
sorted populations demonstrated that sort purity was >95%, and mean recovery was 98.1 ± 1.1%.

2.2.2. Persulfate Oxidation of Organic N to NO3
�

Sorted populations were gently vacuum filtered onto rinsed 25mm, 0.2μmpolycarbonate filters and washed
copiously with ultrahigh-purity deionized water (DIW). Both sorted and bulk PN sample filters were placed in
combusted 4mL Wheaton vials, and 1–2mL of DIW was added. Vials were gently vortexed and then sonicated
for 60min to remove cells from filters and suspend them in the DIW.
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Figure 2. Depth profiles of (a) nitrate concentration (open symbols) and (b) corresponding nitrate δ15N (shaded symbols),
(c) upper water column density (sigma-theta, in kg/m3, calculated from temperature and salinity (conductivity) data from
CTD casts at the time of particle sampling (http://bats.bios.edu), with the MLD indicated on each profile by a short hori-
zontal line), and shallow (0–200m) (d) nitrate and (e) ammonium concentrations for all stations sampled in July (squares),
October (circles), and December (triangles). Note that in Figure 2d, the 0–0.5μM nitrate concentration range has been
expanded (left of the dashed grey vertical line). For all profiles, the depth of the euphotic zone was ~100m. For nitrate, error
bars indicate ± 1 standard error of all measurements, including samples from duplicate Niskin bottles, duplicate samples
from the same Niskin bottle, and replicate analyses of the same samples. For ammonium, error bars indicate ± 1 standard
deviation of at least two samples from each depth, collected, stored, and analyzed independently. Data from PITS in July
2009 (“July PITS”) and Hydro Station S in July 2008 (“July Hydro S”) are from Fawcett et al. [2011].

Global Biogeochemical Cycles 10.1002/2013GB004579

FAWCETT ET AL. ©2014. American Geophysical Union. All Rights Reserved. 90

http://bats.bios.edu


Resuspended cells were oxidized to NO3
� using the persulfate oxidation method of Knapp et al. [2005]. Briefly,

1mL of potassium persulfate oxidizing reagent (POR) was added to sorted and bulk samples and triplicate vials
containing two L-glutamic acid standards, U.S. Geological Survey (USGS)-40 and USGS-41 [Qi et al., 2003]. The
POR was made by dissolving 1–2.5 g of sodium hydroxide and 1–2.5 g of four times recrystallized potassium
persulfate [Knapp et al., 2005; after Koroleff, 1983] in 100mL of DIW. Sample vials were capped tightly after POR
addition, and autoclaved at 121°C for 55min on a slow-vent setting.

After oxidation, sample pH was lowered to 5–8 using 12N HCl in order to prevent the high pH of the POR
killing the denitrifying bacteria (see below), after which the concentration and δ15N of the resultant NO3

�

were measured via chemiluminescent analysis [Braman and Hendrix, 1989] and the “denitrifier method”
[Sigman et al., 2001; Casciotti et al., 2002]. Final N content and δ15N of the oxidized samples were corrected for
the POR-associated N blank, and N content was converted to N concentration ([N]) using the volume filtered for
each sample, corrected for volume lost during flow cytometry. For PN δ15N, error is reported for replicate
samples, collected, sorted, and analyzed independently, rather than for replicate measurements of the same
sample, in order to characterize the precision of the full protocol.

2.2.3. Water Column Nitrate Concentration and δ15N
[NO3

�] was determined by injecting 100–1000μL of sample into a 95°C acidic solution of vanadium (V(III)) to
reduce NO3

� to nitric oxide, followed by nitric oxide analysis via a chemiluminescent detector (Teledyne
model #200 EU) [Braman and Hendrix, 1989; Garside, 1982], with a detection limit of ~0.02μM.

The δ15N of NO3
� was measured using the denitrifier method [Sigman et al., 2001], which involves quanti-

tative bacterial conversion of nitrate to nitrous oxide for samples with [NO3
�]≥ 0.3μM. The isotopic com-

position of the nitrous oxide was measured by gas chromatography-isotope ratio mass spectrometry using a
modified ThermoFinnigan GasBench II and DeltaPlus [Casciotti et al., 2002] or a Thermo MAT 253. NO3

� δ15N
measurements are reported as average values ± 1 standard error, as multiple samples were taken from each
depth, and each sample was analyzed at least three times.

Samples with [NO3
�]<0.3μM were concentrated 10× via a parallel vortex evaporation technique (BÜCHI

Labortechnik) prior to N isotope analysis. Sample (20mL) was aliquotted into combusted borosilicate centrifuge
tubes that were positioned in a BÜCHIMultivapor and rotated under increasing vacuum in a 70°Cwater bath until
all seawater had evaporated. Twomilliliters of DIW was then added, and the solution was centrifuged to separate
precipitated salts from the liquid containing the dissolved NO3

�. This liquid was transferred into combusted 4mL
Wheaton vials, with care being taken to leave the salt behind, and [NO3

�] was measured as described above to
ensure >90% yield (yield was generally >95%). NO3

� δ15N was then analyzed as described above. Low
[NO3

�] standards and a few samples (with [NO3
�] of 0.35–1.42 μM) that had been analyzed previously

without being concentrated were also run to control for any isotopic change associated with the
evaporation technique; this was found to be minor (supporting information, Table S1).

2.2.4. Water Column Ammonium Concentrations
The ammonium concentration ([NH4

+]) of surface samples (0–200m) that had been stored at �20 °C was
measured according to the method of Holmes et al. [1999]. From each depth, at least two separately collected
samples were analyzed. Standards were made in NH4

+-free seawater collected from 1000m in the Sargasso
Sea. After addition of working reagent (orthophthaldialdehyde, sodium sulfite, and sodium borate), stan-
dards and samples were left in the dark at room temperature for 3 h before fluorescence was measured using
a Trilogy fluorometer (Turner Designs model #7200-000, with colored dissolved organic matter/NH4 filter
model #7200-041). NH4

+ standards were measured before and after the samples to account for any change in
fluorescence, which was insignificant. [NH4

+] was also measured for samples collected from Hydro Station S
in July 2008 and Particle Interceptor Traps Site (PITS) in July 2009, for which nitrate and PN concentration and
δ15N data have already been published [Fawcett et al., 2011].

3. Results
3.1. Upper Water Column Hydrography

In July, themixed layer depth (MLD) at BATS was 27m (Figure 2c). In October, MLDwas 88m at BATS, shoaling
to 80m at 27°N, and 45m at 23°N. In December at BATS, MLD was 98m, whereas at SS #12, a well-defined,
low-density mixed layer (0–35m) was superimposed on an ~100m thick layer of almost constant density.
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3.2. Nitrate and Ammonium Concentrations and NO3
� δ15N

At all stations, [NO3
�] was low throughout the euphotic zone, although there was some variability with

season (Figures 2a and 2d). At BATS in July and October, low-level nitrate (0.01–0.50μM) was detectable in
the euphotic zone below the mixed layer. By contrast, [NO3

�] was below detection throughout the euphotic
zone at 27°N and 23°N in October, and at both stations in December.

For all seasons, the vertical structure of NO3
� δ15N below 200mwas similar to previous studies from this region

(Figure 2b) [Knapp et al., 2005, 2008; Fawcett et al., 2011]. The average NO3
� δ15N below 1000m was ~5.2‰,

and it decreased to aminimumof ~2 to 2.6‰ in the thermocline (at 150–250m). This bolus of low-δ15N NO3
� is

thought to derive primarily from the oxidation of newly fixed low-δ15N PN throughout the tropical and
subtropical Atlantic [Knapp et al., 2008]. NO3

� δ15N increased into the euphotic zone as a result of isotope
fractionation during nitrate assimilation by phytoplankton [Sigman et al., 1999], reaching values as high as 4.9‰
in July and 8.1‰ in October at BATS. Due to a lack of samples between 150m and the base of the euphotic
zone in December, we did not capture the full extent of the vertical NO3

� δ15N profile for this month.

[NH4
+] was generally extremely low throughout the upper 200m (<20 nM; Figure 2e), and there appeared to

be no trend with depth or season, although the lowest concentrations were consistently found near the
surface. The error bars in Figure 2e indicate one standard deviation from the mean [NH4

+] of two samples
from the same depth, collected, stored, and analyzed separately. The relatively small magnitude of these
error bars indicates that the considerable variability in [NH4

+] measurements with depth is representative of
ammonium in the water column at the time of sampling and is not the result of analytical error or storage
artifact (see also supporting information, Text S1, section S1).

3.3. Bulk and Sorted Autotrophic PN
3.3.1. Bulk Suspended PN
The concentration ([N]) of bulk suspended PN in the euphotic zone varied little with depth, month, or station
(ranging from 0.2–0.3μM; Figures S2a–S2f). The δ15N of bulk PN was generally low throughout the euphotic
zone (seasonal average δ15N of �0.7 ± 0.8‰; Figure 3a–3f), as observed previously in the Sargasso Sea
and elsewhere [Altabet, 1988; Casciotti et al., 2008; Fawcett et al., 2011; Montoya et al., 2002]. However,
at BATS and 27°N in October, as well as at BATS in December, bulk PN δ15N was higher than the δ15N of
all autotrophic populations (Figures 3b, 3c, and 3e). This δ15N difference results from isotope fraction-
ation during remineralization, and will be interpreted in detail elsewhere [Fawcett, 2012; Fawcett et al.,
manuscript in preparation].
3.3.2. Sorted Autotrophic PN
Regardless of month or station location, the sorted fractions of Prochlorococcus, Synechococcus, and eukary-
otic phytoplankton each comprised roughly a third of the euphotic zone autotrophic biomass N (Figures S2a–
S2f), which is consistent with previous observations from BATS [DuRand et al., 2001; Fawcett et al., 2011].

In July at BATS, the δ15N of Prochlorococcus and Synechococcus was uniformly low, whereas the eukaryotes
were always higher in δ15N (by ~2‰) than both the prokaryotes and bulk PN (Figure 3a). An offset of this
magnitude is consistent with previous summertime observations [Fawcett et al., 2011], although the δ15N of
all particulate pools was generally lower than in previously reported July profiles, suggesting that recycled N
had a lower δ15N at this site. At this station, our shallowest sample (30m) was collected from within the sharp
seasonal pycnocline, and the 2‰ offset between prokaryotes and eukaryotes is evident at this depth as well.

In October at BATS and 27°N, the δ15N of all phytoplankton was low and remarkably similar (Figures 3b and 3c).
This was also true for Prochlorococcus and Synechococcus throughout the euphotic zone at 23°N (Figure 3d). At
this station, eukaryotes at 30m were also low in δ15N, whereas eukaryotes below the mixed layer had a high
δ15N (2 to 3.9‰).

Figure 3. δ15N of bulk and flow cytometrically sorted components of the PN from the Sargasso Sea in (a) July at BATS, (b)
October at BATS, (c) October at 27°N, (d) October at 23°N, (e) December at BATS, and (f) December at SS #12. For [N] of sorted
components, see Figures S2a–S2f. The mixed layer depth at the time of sampling is indicated on the plots (MLD; dashed grey
line). “Total cyanos” (purple triangles) represents a combined population of Prochlorococcus plus Synechococcus, sorted and
analyzed independently of the individual genera. Note the different δ15N scale for Figure 3d (October 23°N) as compared to
Figures 3b (BATS) and 3c (27°N). For all panels, error bars indicate the full range of values measured for replicate samples,
commonly duplicates, collected, sorted, and analyzed independently.
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In December, the δ15N of Prochlorococcus, Synechococcus, and the eukaryotes at BATS was similar and low
(Figure 3e). At SS #12, the average δ15N of Prochlorococcus and Synechococcuswas also low, whereas eukaryotic
δ15N was once again high and increased toward the surface. At this station, we observed the highest eukaryote
δ15N at 30m (3.2‰), which was within the surface mixed layer (Figure 3f).

The number of occurrences of a particular δ15N for each of the sorted autotrophic populations is summarized
in Figure 4. The δ15N of Prochlorococcus and Synechococcuswas uniformly low (with no value> 0‰), regardless
of season or depth (Figures 4a and 4b), whereas eukaryotic phytoplankton were far more variable and often
higher in δ15N (14 of 26 observations> 0‰; Figure 4c).

4. Discussion
4.1. δ15N of Sorted Autotrophic Populations

For all stations and seasons, the average δ15N of Prochlorococcus and Synechococcus was low, indicating that
these prokaryotic phytoplankton use recycled N (NH4

+ and/or simple organic N forms such as amino acids) as
their dominant N source throughout the summer and fall. This observation is consistent with previous
summertime findings [Fawcett et al., 2011], and in the case of Prochlorococcus is supported by our current
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Figure 4. Histograms showing the number of occurrences of binned δ15N for (a) Synechococcus, (b) Prochlorococcus, and (c)
eukaryotic phytoplankton at all depths and all stations. Note the difference in y axis scale between the prokaryotes (Figures 4a
and 4b) and eukaryotes (Figure 4c). Data from PITS in July 2009 (“July PITS”) and Hydro Station S in July 2008 (“July Hydro S”)
are from Fawcett et al. [2011].
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understanding of their N metabolism:
Prochlorococcus prefers reduced N sources,
and some strains do not have the genetic
capability to assimilate oxidized N forms
[Moore et al., 2002, 2007; Dufresne et al.,
2003; Zubkov et al., 2003; Zubkov and
Tarran, 2005].

Marine Synechococcus strains have been
reported to utilize all common reduced and
oxidized forms of fixed N [Glibert et al., 1986;
Paerl, 1991; Lindell et al., 1998; Collier et al.,
1999; Moore et al., 2002], although their
preference in the environment is thought to
be for reduced N [Glibert and Ray, 1990;
Lindell and Post, 2001], likely because its as-
similation is far less energetically expensive
than that of nitrate [Dortch, 1990]. Our N
isotope data are consistent with this prefer-
ence. For instance, in October at BATS, the
low δ15N of Synechococcus indicates assimi-
lation of only recycled N despite detectable
nitrate as shallow as 60m (although it is also
possible that the nitrate was recently intro-

duced and thus its utilization is not yet apparent in phytoplankton δ15N). We cannot rule out the possibility of
nitrate assimilation by Synechococcus under conditions of high availability (e.g., after spring mixing events).
Indeed, Synechococcus generally reaches its maximum abundance at BATS from March to May, directly after
the period of spring mixing [DuRand et al., 2001; Olson et al., 1990], perhaps suggesting a growth response
by Synechococcus to the increased nitrate supply that accompanies mixing events. Some amount of the N
assimilated by Synechococcus and Prochlorococcus may derive from N2 fixation, although only via the
recycled N pool, as neither of these taxa appears to fix N2 in the ocean [Partensky et al., 1999;Moore et al., 2002].

The δ15N of eukaryotic phytoplankton was variable, both with season and station. In July, eukaryote δ15N was
consistently higher than the δ15N of the prokaryotes. We previously reported high eukaryote δ15N measure-
ments from two stations near BATS in July (average eukaryotic δ15N of 3.0‰ at Hydro Station S in July 2008 and
5.0‰ at PITS in July 2009, with observations for individual populations as high as 12.7‰). We interpreted this
high eukaryote biomass δ15N to indicate consumption of subsurface nitrate by the eukaryotes [Fawcett et al.,
2011]. Here, while the average eukaryotic δ15N at BATS (0‰) was lower than those previous summertime
measurements, the δ15N of the prokaryotes was also lower. As a result, the eukaryotes were consistently higher
in δ15N than the prokaryotes by ~2‰, similar to other July profiles, suggesting significant nitrate consumption
by eukaryotic phytoplankton at this station as well. The observation of a shift to lower δ15N by both eukaryotes
and prokaryotes at BATS implies that the δ15N of recycled Nwas lower at BATS than at PITS and Hydro Station S.
Bulk PN at BATS was also almost 2‰ lower in δ15N than bulk PN at the other summer stations. The low δ15N for
all N pools at BATS suggests that the entire ecosystem had undergone an event of high-δ15N N loss, such as
from an export event that preferentially removed eukaryotic biomass (e.g., in zooplankton fecal pellets),
resulting in a lower-than-normal δ15N for the ammonium available for assimilation.

At 23°N in October and SS #12 in December, eukaryote δ15N resembled previous July profiles, indicating
assimilation of subsurface nitrate by eukaryotes at these stations as well. By contrast, at BATS and 27°N in
October and BATS in December, eukaryotes had a lower δ15N that was similar to the δ15N of the prokaryotes.
We interpret this eukaryotic convergence on the δ15N of the prokaryotes as indicating a shift toward more
complete reliance on recycled N (predominantly ammonium) by eukaryotic phytoplankton.

The difference in δ15N between eukaryotic phytoplankton and Prochlorococcus (Δδ15Ne-

P= δ15Neuk� δ15NPro), the latter assumed to assimilate only recycled N [Fawcett et al., 2011], provides a simple
metric of the extent to which eukaryotes consume subsurface nitrate, with greater reliance on this nitrate
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Figure 5. Cross plot showing the difference between the concentra-
tion-weighted euphotic zone average δ15N of eukaryotic phyto-
plankton and Prochlorococcus (Δδ15Ne-P= δ15Neuk� δ15NPro) relative
to mixed layer depth (MLD) for all stations sampled in July (squares),
October (circles), and December (triangles). Data from PITS in July 2009
(“July PITS”) and Hydro Station S in July 2008 (“July Hydro S”) are from
Fawcett et al. [2011].

Global Biogeochemical Cycles 10.1002/2013GB004579

FAWCETT ET AL. ©2014. American Geophysical Union. All Rights Reserved. 95



yielding higher values of Δδ15Ne-P (Figures 5 and S3; see supporting information, Text S1, section S2.1). The
caveats in this generalization should be recognized; for example, variations in nitrate δ15N in the euphotic zone
could affect Δδ15Ne-P, particularly in the case of individual profiles. However, this effect should cancel over the
long term. In any case, in the eight profiles shown here, Δδ15Ne-P increases as MLD decreases.

4.2. Controls on the Nitrate Supply to the Euphotic Zone
4.2.1. The Role of Summer-to-Winter Mixed Layer Evolution
While Δδ15Ne-P is reasonably well correlated with mixed layer depth (MLD; Figure 5), the sense of this
correlation is surprising. The shallow mixed layers of July are typically taken as emblematic of a time of high
stratification and thus reduced nutrient input from below [Steinberg et al., 2001; Lipschultz, 2001]. Indeed,
among the stations located at a similar latitude, the shallowest mixed layers are generally associated with
the strongest surface-to-deep density difference (Figure 2c) [see also Steinberg et al., 2001]. Yet Δδ15Ne-P is
observed to be highest during these times when mixed layers are shallowest (i.e., July), implying the greatest
reliance of eukaryotes on nitrate under such conditions. Given that it is less energetically expensive to assimilate
reduced N forms [Cochlan and Harrison, 1991; Dortch, 1990; Harrison et al., 1996], one might suspect a
connection between Δδ15Ne-P and ammonium availability, which in turn might be related to mixed layer
depth. However, our data show no compelling correlation between Δδ15Ne-P and water column ammo-
nium concentration (see supporting information, Text S1, section S2.2).

These observations have led us to reconsider the relationship between seasonal stratification changes and
the barriers to nitrate supply to the euphotic zone from the underlying ocean (Figure 6). During early and
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Figure 6. Cartoon showing the hypothesized relationship between changes in the density structure of the upper water col-
umn (σθ; solid black line) and the nitrate supply to the euphotic zone (the approximate euphotic zone depth is denoted by
the dashed black line). The measured nitrate concentration profile is shown as the solid light grey line. (a) In the case that
the low-density surface mixed layer (MLD; dashed grey line) is very shallow (as in the summer), the physical impediment to
as-yet-unidentified mechanisms of upward supply of nitrate into the lower euphotic zone, where it can be consumed by
eukaryotic phytoplankton, is removed, resulting in high values of Δδ15Ne-P; (b) in the case when the mixed layer deepens
and nutrient-stripped surface waters extend vertically to occupy an increasing fraction of the euphotic zone (as in the fall
and early winter), the nitrate supply from below is impeded, driving eukaryotic phytoplankton to more complete reliance
on recycled N, and thus Δδ15Ne-P~0‰. It should be noted that seasonal tendencies do not explain all profiles, such as
December SS #12, which was specifically sampled because of its anomalous hydrography (see text for details). Despite its
collection in the early winter, this profile is more consistent with summer than with winter conditions.
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middle summer, largely due to high heat fluxes and low wind stresses [Steinberg et al., 2001], a very shallow,
low-density “mixed layer” develops at the surface of the euphotic zone. July is typically considered a time of
high water column stability brought on by the intense thermal stratification that is characterized by such a
shoaling of the mixed layer. However, the depth of this mixed layer is generally ~20m, with the pycnocline
extending no deeper than 40m (Figure 6a), so it does not contribute to stratification at the base of the
euphotic zone. There is thus relatively little buoyancy impediment to low levels of nitrate being supplied
from the subsurface, across the base of the euphotic zone and into the photosynthetically active lower
euphotic zone.

The reduced buoyancy impediment to subsurface nitrate supply to the base of the summer euphotic zone
can be thought of as a decoupling of the pycnocline from the nutricline. The depth of the pycnocline, which
varies considerably during the summer-to-fall transition at BATS, from20–40m in July to 90–120m in December,
determines the shallowest depth to which subsurface water can be mixed up with relatively little energy
input. By contrast, the depth of the nutricline remains much more constant throughout the oligotrophic
period (~80–100m), largely because of nitrate uptake by phytoplankton throughout the euphotic zone. The
substantial vertical decoupling between the pycnocline and nutricline in July (i.e., when mixed layers are
shallowest; Figure 6a) increases the potential for the upward flux of subsurface nitrate and thus perhaps
speaks to the observed nitrate assimilation by eukaryotes in the July euphotic zone. Conversely, the increased
vertical coupling of the pycnocline to the nutricline into the fall and early winter (Figure 6b) may underlie the
apparent decrease in euphotic zone nitrate supply at these times of year. This effect reaches its maximum
when the pycnocline depth overlaps with the base of the euphotic zone, as in December at BATS. By the early
spring, the base of the mixed layer deepens below the base of the euphotic zone, mixing nutrients into the
euphotic zone in the process [Steinberg et al., 2001].

However, while the seasonal change in pycnocline/nutricline coupling may be important to the summer-to-
fall change in nitrate supply, it cannot in itself explain the nitrate supply. The lack of density gradient across
the base of the summer euphotic zone translates to a minimal energetic impediment to vertical water
exchange, but a mechanism is still required to drive exchange across this boundary. In this regard, the data
remain mysterious. Biological nitrate transport may be responsible [Johnson et al., 2010]; however, there is no
evidence that the small eukaryotes that are consuming nitrate in the summer are capable of this process.
Vertical phytoplankton migration or biologically induced turbulent mixing appear more plausible as mecha-
nisms of nitrate import into the mixed layer, across the sharp (and thus thin) summertime pycnocline [Villareal
et al., 1999; Katija and Dabiri 2009; Johnson et al., 2010]. It is also possible that weather events or submesoscale
processes (e.g., “frontogenesis” [Calil and Richards, 2010; Thomas et al., 2008]) drive such transport. An apparent
example from SS#12 in December, whichwas sampled specifically because of its location adjacent to an eddy, is
described in section 4.2.3. However, it is unclear why such events and processes would lead to nitrate supply to
the euphotic zone during each of our summer samplings but few of our fall/winter samplings (Figure 4c),
absent the seasonal change in mixed layer depth (Figure 5). Clearly, additional samplings will test the current
evidence for seasonality, helping to distinguish among the mechanisms of nitrate supply.

4.2.2. The Meridional Gradient in Mixed Layer Depth
The same counterintuitive linkage between mixed layer depth and nitrate supply appears to apply to the
differences in eukaryote δ15N with latitude in the three October depth profiles (Figures 3b–3d). The two
northern stations, BATS and 27°N, were characterized by a thick, low-density surface mixed layer, with the
depth of its base similar to the depth of the euphotic zone, and the δ15N of all phytoplankton was low. At the
southernmost station (23°N), the pycnocline at the base of the surface mixed layer was shallower, which,
according to our interpretation (i.e., Figure 6a), should reduce the energetic barrier to nitrate supply across
the base of the euphotic zone, consistent with the higher average δ15N of the eukaryotes in this profile.
Remarkably, the surface-to-deep density gradient at 23°N was the strongest of all our profiles, yet this did not
seem to prevent nitrate penetration into the lower euphotic zone. In addition to the effect of pycnocline-
nutricline decoupling proposed above, nitrate supply to the 23°N station may have been increased by the
fact that the nutricline is shallower at 23°N than it is further to the north [Palter et al., 2005; Knapp et al., 2008].
The low δ15N of eukaryotes and correspondingly low Δδ15Ne-P in the mixed layer at this station suggests that
the strong pycnocline at the base of the mixed layer isolated it from the deeper euphotic zone, preventing
any nitrate supply into the mixed layer. However, despite the “permanently oligotrophic” nature of this
region [Lipschultz et al., 2002], the high eukaryotic δ15N at 23°N indicates that nitrate was by somemechanism
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available to support new production in the sub–mixed layer euphotic zone. Interestingly, the associated
productivity would be largely undetected by satellite ocean color observations.

4.2.3. Mesoscale Drivers of Nitrate Supply
Mesoscale eddies are ubiquitous features in the subtropical ocean and are important for surface ocean
ecology and biogeochemistry because they affect vertical nutrient transport and light availability [Robinson,
1983; Falkowski et al., 1991; McGillicuddy et al., 1998; Siegel et al., 2011]. “Submesoscale pumping” is one
mechanism by which eddies influence primary production, causing elevated chlorophyll concentrations in
the high velocity regions surrounding the eddy [Calil and Richards, 2010; Siegel et al., 2011]. It has been
hypothesized that such increases in chlorophyll result from nutrient injections at the outer frontal regions of
eddies due to instabilities induced by high velocity currents [Calil and Richards, 2010].

Within our data set, there is tentative evidence of submesoscale pumping driving seasonally anomalous
eukaryote δ15N through an increase in the nitrate supply to the euphotic zone. The unusually shallow, low-
density surface layer that we observed at SS #12 in December (Figure 2c) likely resulted from the passage of
an anticyclonic eddy to the southwest of BATS (Figure S5a; see also supporting information, Text S1, section
S2.3) that generated a strong, southeastward flowing jet directly over SS #12 (Figure S5b). Indeed, SS #12 was
specifically sampled because of its location adjacent to this eddy. The high eukaryote δ15N at SS #12, as well
as an increase in 60–100m fluorescence at this station (Figure S5c), are likely a response to nitrate supplied by
submesoscale pumping at the front between the eddies, which is apparent in the acoustic Doppler current
profiler velocity on 9 and 10 December (Figure S5b).

The similarity between average eukaryote δ15N (2.2‰) and the δ15N of subsurface nitrate (2.2‰) at SS #12 in
December is consistent with an episodic nitrate supply event to the euphotic zone that has been rapidly, and
completely, drawn down by eukaryotic phytoplankton. The observed pattern of increasing eukaryote δ15N
from the base of the euphotic zone up toward the base of the mixed layer can be explained by isotope
discrimination during nitrate assimilation as the consumption of newly supplied nitrate progresses upward
[Sigman et al., 1999]. It should be noted that the eddy interaction driving the nitrate flux coincided with a
shoaling of the mixed layer, leading to consistency of the December interstation δ15N differences with the
broader mixed layer/nitrate assimilation correlation described above (see Figure 6a). This may not be
coincidental: the eddy-induced input of dense subsurface water that supplied nitrate to the euphotic zone
can also lead to a shoaling of the base of the mixed layer [McGillicuddy et al., 1998]. Eukaryotes collected
from within the mixed layer had the highest δ15N of all depths sampled at this station, suggesting that the
strong pycnocline did not prevent the upward transport of nitrate, via physical or biological means, into the
mixed layer.

5. Conclusions and Implications

The data reported in this study support and extend the findings of our earlier work [Fawcett et al., 2011],
confirming that eukaryotic phytoplankton in the Sargasso Sea specialize in the assimilation of nitrate sup-
plied from depth, thereby dominating new production in this region. Our seasonal N isotope data imply that
if nitrate is available, it will be consumed exclusively by eukaryotic phytoplankton. While this does not rule
out the possibility of nitrate assimilation by the prokaryotes, which may occur during times of prolonged
nitrate availability (e.g., following spring mixing), in the summer and fall, Prochlorococcus and Synechococcus
rely predominantly on N recycled within the euphotic zone, thus contributing little to new production.

Given the discrepancy between direct measurements [Steinberg et al., 2001] and geochemically derived
estimates [e.g., Jenkins and Goldman, 1985] of new and export production in the Sargasso Sea, evidence for
the direct supply of nitrate to the euphotic zone in the face of strong upper ocean stratification has long been
sought [Jenkins, 1988;Michaels et al., 1994; Bates et al., 1996; Lipschultz et al., 2002], as has the mechanism for
this supply [Villareal et al., 1999; Katija and Dabiri, 2009; Johnson et al., 2010]. Our summertime data provided
direct evidence of nitrate assimilation in both the euphotic zone and mixed layer at BATS [Fawcett et al.,
2011], indicating the existence of nitrate supply mechanisms other than the deep mixing events character-
istic of winter and spring. With the extension of our approach to different seasons and latitudes, we observe
that nitrate assimilation by eukaryotes coincides with very shallowmixed layers, a condition typically taken as
indicative of strong upper ocean stratification. However, the shallow July mixed layers at BATS are also
associated with a weaker density contrast between the sub–mixed layer euphotic zone and the deeper
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waters below. That is, the sharp and shallow pycnocline that results from strong surface warming in July
actually protects the euphotic zone below it from the sources of buoyancy at the surface, reducing the
energetic (i.e., buoyancy) barrier to the so far unknown mechanism that is responsible for the import of sub-
surface nitrate into the sub–mixed layer euphotic zone. While the mechanism remains mysterious, the
observed nitrate transport into the euphotic zone may help to explain the surprisingly high estimates of
export production in the subtropical ocean [Jenkins, 1988; Spitzer and Jenkins, 1989]. Further, the evidence
for nitrate uptake in (and thus nitrate transport into) the summer mixed layer may also help to explain the
substantial and mysterious summertime DIC drawdown at BATS [Michaels et al., 1994; Bates et al., 1996;
Gruber et al., 1998], especially if the mechanism for nitrate transport is related to vertical migration of
planktonic organisms [Villareal et al., 1999; Katija and Dabiri, 2009; Johnson et al., 2010].

The nitrate demand suggested by eukaryotic δ15N in the euphotic zone during the growing season can be
compared with the estimates of export production that geochemical approaches require over this period.
Eukaryotes constitute approximately 0.05μM of suspended PN during the oligotrophic period, and we estimate
that they rely on subsurface nitrate for ~45% of their N at this time. Assigning a growth rate of 0.5 day�1

to the eukaryotes [Goericke and Welschmeyer, 1998; Cuvelier et al., 2010], integrating over the whole
euphotic zone (0–100m), and assuming that the oligotrophic period extends from June until December,
we calculate a eukaryotic nitrate demand of ~0.25mol Nm�2. This nitrate would support the removal
of approximately 1.8mol C m�2, which is about 50% of the annual estimate derived from measure-
ments of the upper ocean oxygen mass balance [Spitzer and Jenkins, 1989]. Geochemical estimates
of new production suggest that approximately half of the Sargasso Sea’s annual N requirement
(0.50 ± 0.14mol Nm�2 yr�1 [Jenkins, 1988; Spitzer and Jenkins, 1989; McGillicuddy et al., 1998]) is met by
deep-water entrainment during spring mixing, such that ~0.25mol Nm�2 must be supplied during the
oligotrophic period. Our N isotope measurements imply that all of this N goes to eukaryotic new
production during the summer and fall.

We also have direct evidence for nitrate consumption in the southern, tropical sector of the Sargasso Sea,
which, due to permanently strong surface-to-deep stratification, is considered oligotrophic throughout the
year [Lipschultz et al., 2002]. At 23°N in October, however, eukaryotic phytoplankton assimilated nitrate in the
euphotic zone below the mixed layer, driving significant new production at this site. The relatively high
contribution of the tropics and subtropics to carbon export as implied by geochemical tracers [e.g., Spitzer
and Jenkins, 1989; Emerson et al., 1997] appears to be predominantly attributable to eukaryotic phytoplankton
and fueled by nitrate supplied to the lower euphotic zone below the surface mixed layer. In short, a strong
pycnocline at the base of the mixed layer does little to inhibit the nitrate supply to the lower euphotic zone if
the mixed layer is much shallower than the depth of the euphotic zone.

The ~25μM DIC drawdown in themixed layer at BATS over the course of the growing season (April to October)
[Marchal et al., 1996; Bates et al., 1996; Gruber et al., 1998] occurs in the apparent absence of nitrate and phos-
phate, and apparently isolated from nutrient-rich deep water by the low-nutrient, sub–mixed layer euphotic
zone [Bates et al., 1996]. In order to explain such a drawdown, any transport of nutrients into the mixed layer
must occur without simultaneous transport of DIC, such that nitrate supplied to the mixed layer via high winds
or storms (as suggested above) cannot account for any net removal of DIC. However, vertical transport by
organisms can. At the Hawaii Ocean Time-series station in the oligotrophic North Pacific, Johnson et al. [2010]
observed a nitrate deficit between 100 and 250m that corresponds with excess DIC consumption and oxygen
production in surface waters. These observations can be explained if phytoplankton take up nitrate below the
euphotic zone and then transport it upward from the subsurface into the euphotic zone andmixed layer. In the
North Pacific, such episodic transport events are estimated to supply sufficient nitrate to support the removal
of all mixed layer DIC remaining after N2 fixation, diffusive transport, and vertical entrainment are taken into
account [Johnson et al., 2010].

At BATS, our data suggest that throughout much of the growing season, low levels of nitrate are regularly sup-
plied to the sub–mixed layer euphotic zone from the higher nutrient waters below, by either physical or bio-
logical means. Under these conditions, migrating phytoplankton that grow in the mixed layer might be able to
exploit whatever mechanism imports nitrate into the euphotic zone below the mixed layer, if that mechanism is
not also biological. Anymixed layer carbon fixation supported by such biologically supplied nitrate would drive a
net removal of DIC from the mixed layer and thus help to explain the summertime DIC drawdown.
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During every month of our study, there was insufficient resident nitrate in the euphotic zone to fuel the
observed extent of euphotic zone nitrate utilization, or to support mixed layer DIC removal in the hypothetical
case that biological transport imports all sub–mixed layer euphotic zone nitrate (but no DIC) into the mixed
layer. This reinforces the importance of continuous exchange between the sub–mixed layer euphotic zone and
the underlying dark ocean, which would allow many times more nitrate to cross the base of the euphotic zone
than is observed in the nitrate inventory of the oligotrophic period.

The data reported here support previous work indicating the importance of eukaryotic nitrate assimilation in
the euphotic zone at BATS during seasons previously thought to be dominated by recycled production. In
contrast, while the evidence for nitrate assimilation in the summertime mixed layer is robust for the times it
was observed [Fawcett et al., 2011], its ubiquity requires further testing. Further measurements of the summer
mixed layer will also be important for understanding the relationship between nitrate assimilation and the
still-mysterious summertime DIC drawdown in the mixed layer near Bermuda.

References
Altabet, M. A. (1988), Variations in nitrogen isotopic composition between sinking and suspended particles: Implications for nitrogen cycling

and particle transformation in the open ocean, Deep Sea Res. Part A, 35, 535–554.
Bates, N. R., A. F. Michaels, and A. H. Knap (1996), Seasonal and interannual variability of oceanic carbon dioxide species at the U.S. JGOFS

Bermuda Atlantic Time-series Study (BATS) site, Deep Sea Res., Part II, 43, 347–383.
Braman, R. S., and S. A. Hendrix (1989), Nanogram nitrite and nitrate determination in environmental and biological materials by vanadium(III)

reduction with chemiluminescence detection, Anal. Chem., 61, 2715–2718.
Bronk, D. A., P. M. Glibert, and B. B. Ward (1994), Nitrogen uptake, dissolved organic nitrogen release, and new production, Science, 265,

1843–1846.
Calil, P. H. R., and K. J. Richards (2010), Transient upwelling hot spots in the oligotrophic North Pacific, J. Geophys. Res., 115, C02003, doi:10.1029/

2009JC005360.
Carlson, C. A., H. W. Ducklow, and A. F. Michaels (1994), Annual flux of dissolved organic carbon from the euphotic zone in the northwestern

Sargasso Sea, Nature, 371, 405–408.
Casciotti, K. L., D. M. Sigman, M. G. Hastings, J. K. Böhlke, and A. Hilkert (2002), Measurement of the oxygen isotopic composition of nitrate in

seawater and freshwater using the denitrifier method, Anal. Chem., 74, 4905–4912.
Casciotti, K. L., T. W. Trull, D. M. Glover, and D. Davies (2008), Constraints on nitrogen cycling at the subtropical North Pacific Station ALOHA

from isotopic measurements of nitrate and particulate nitrogen, Deep Sea Res., Part II, 55, 1661–1672.
Casey, J. R., M. W. Lomas, V. K. Michelou, S. T. Dyhrman, E. D. Orchard, J. W. Ammerman, and J. B. Sylvan (2009), Phytoplankton taxon-specific

orthophosphate (Pi) and ATP utilization in the western subtropical North Atlantic, Aquat. Microb. Ecol., 58, 31–44.
Cochlan, W. P., and P. J. Harrison (1991), Inhibition of nitrate uptake by ammonium and urea in the eucaryotic picoflagellate Micromonas

pusilla (Butcher) Manton et Parke, J. Exp. Mar. Biol. Ecol., 153, 143–152.
Collier, J. L., B. Brahamsha, and B. Palenik (1999), The marine cyanobacterium Synechococcus sp. WH7805 requires urease (urea amidohydrolase,

EC 3.5.1.5) to utilize urea as a nitrogen source: Molecular, genetic and biochemical analysis of the enzyme, Microbiol. (UK), 145, 447–459.
Cuvelier, M. L., et al. (2010), Targeted metagenomics and ecology or globally important uncultured eukaryotic phytoplankton, Proc. Natl.

Acad. Sci. U.S.A., 107, 14,679–14,684, doi:10.1073/pnas.1001665107.
DiFiore, P. J., D. Sigman, T. Trull, M. Lourey, K. Karsh, G. Cane, and R. Ho (2006), Nitrogen isotope constraints on subantarctic biogeochemistry,

J. Geophys. Res., 11, doi:10.1029/2005JC003216.
Dortch, Q. (1990), The interaction between ammonium and nitrate uptake in phytoplankton, Mar. Ecol. Prog. Ser., 61, 183–201.
Dufresne, A., et al. (2003), Genome sequence of the cyanobacterium Prochlorococcus marinus SS120, a nearly minimal oxyphototrophic

genome, Proc. Natl. Acad. Sci. U.S.A., 100, 10,020–10,025.
Dugdale, R. C., and J. J. Goering (1967), Uptake of new and regenerated forms of nitrogen in primary production, Limnol. Oceanogr., 12,

196–206.
DuRand, M. D., R. J. Olson, and S. W. Chisholm (2001), Phytoplankton population dynamics at the Bermuda Atlantic Time-series station in the

Sargasso Sea, Deep Sea Res., Part II, 48, 1983–2003.
Emerson, S., P. D. Quay, C. Stump, D. Wilbur, and M. Knox (1991), O2, Ar, N2 and

222
Rn in surface waters of the subarctic ocean: Net biological

O2 production, Global Biogeochem. Cycles, 5, 49–69.
Emerson, S., P. Quay, D. Karl, C. Winn, L. Tupas, and M. Landry (1997), Experimental determination of the organic carbon flux from open-ocean

surface waters, Nature, 389, 951–954.
Eppley, R. W., and B. J. Peterson (1979), Particulate organic matter flux and planktonic new production in the deep ocean, Nature, 282,

677–680.
Falkowski, P. G., D. Ziermann, Z. Kolber, and P. K. Bienfang (1991), Role of eddy pumping in enhancing primary production, Nature, 352, 55–58.
Fawcett, S. E. (2012), Nitrate assimilation by eukaryotic phytoplankton as a central characteristic of ocean productivity, PhD dissertation,

Princeton Univ., Princeton, N. J.
Fawcett, S. E., M. W. Lomas, J. R. Casey, B. B. Ward, and D. M. Sigman (2011), Assimilation of upwelled nitrate by small eukaryotes in the

Sargasso Sea, Nat. Geosci., 4, 717–722.
Garside, C. (1982), A chemiluminescent technique for the determination of nanomolar concentrations of nitrate and nitrite in seawater,Mar.

Chem., 11, 159–167.
Glibert, P. M., and R. T. Ray (1990), Different patterns of growth and nitrogen uptake in 2 clones of marine Synechococcus spp, Mar. Biol., 107,

273–280.
Glibert, P. M., T. M. Kana, R. J. Olson, and D. L. Kirchman, R. S. Alberte (1986), Clonal comparisons of growth and photosynthetic responses to

nitrogen availability in marine Synechococcus spp, J. Exp. Mar. Biol. Ecol., 101, 199–208.
Goericke, R., and N. A. Welschmeyer (1998), Response of Sargasso Sea phytoplankton biomass, growth rates and primary production to

seasonally varying physical forcing, J. Plankton Res., 20, 2223–2249.

Acknowledgments
We thank Katye Altieri, Julie Granger,
and Lija Treibergs for sampling help;
Sergey Oleynik and M. Alexandra
Weigand for laboratory support; John
Casey and Stacey Goldberg for flow
cytometric analyses and expertise; and
D. Gwyn Evans for ancillary data and
discussion regarding the anticyclonic
eddy at SS #12 in December. We are
grateful to BATS, the captain and crew
of the R/V Atlantic Explorer, and the fac-
ulty and staff of the Bermuda Institute of
Ocean Sciences, particularly Doug Bell,
Steve Bell, Rod Johnson, and Debra
Lomas. This paper benefitted from dis-
cussions with Michael Bender and from
reviews by Ken Johnson and an anony-
mous reviewer. This work was
supported by the Charrock Foundation,
the Siebel Energy Grand Challenge of
Princeton University, and the US NSF
through grants OCE-0752366 (BATS),
OCE-1136345, and OCE-1060947.

Global Biogeochemical Cycles 10.1002/2013GB004579

FAWCETT ET AL. ©2014. American Geophysical Union. All Rights Reserved. 100

http://dx.doi.org/10.1029/2009JC005360
http://dx.doi.org/10.1029/2009JC005360
http://dx.doi.org/10.1073/pnas.1001665107
http://dx.doi.org/10.1029/2005JC003216


Gruber, N., C. D. Keeling, and T. F. Stocker (1998), Carbon-13 constraints on the seasonal inorganic carbon budget at the BATS site in the
northwestern Sargasso Sea, Deep Sea Res., Part I, 45, 673–717.

Hamme, R. C., and S. R. Emerson (2006), Constraining bubble dynamics and mixing with dissolved gases: Implications for productivity
measurements by oxygen mass balance, J. Mar. Res., 64, 73–95.

Harrison, W. G., L. R. Harris, and B. D. Irwin (1996), The kinetics of nitrogen utilization in the oceanic mixed layer: Nitrate and ammonium
interactions at nanomolar concentrations, Limnol. Oceanogr., 41, 16–32.

Holmes, R. M., A. Aminot, R. Kerouel, B. A. Hooker, and B. J. Peterson (1999), A simple and precise method for measuring ammonium inmarine
and freshwater ecosystems, Can. J. Fish. Aquat. Sci., 56, 1801–1808.

Huang, K., H. Ducklow, M. Vernet, N. Cassar, and M. L. Bender (2012), Export production and its regulating factors in the West Antarctica
Peninsula region of the Southern Ocean, Global Biogeochem. Cycles, 26, GB2005, doi:10.1029/2010GB004028.

Jenkins, W. J. (1988), Nitrate flux into the euphotic zone near Bermuda, Nature, 331, 521–523.
Jenkins, W. J. (1998), Studying subtropical thermocline ventilation and circulation using tritium and

3
He, J. Geophys. Res., 103, 15,817–15,831.

Jenkins, W. J., and J. C. Goldman (1985), Seasonal oxygen cycling and primary production in the Sargasso Sea, J. Mar. Res., 43, 465–491.
Jenkins, W., and D. Wallace (1992), Tracer-based inferences of new primary production in the sea, in Primary Productivity and Biogeochemical

Cycles in the Sea, edited by P. Falkowski and A. Woodhead, pp. 299–316, Plenum Publishing Corp., New York.
Johnson, K. S., S. C. Riser, and D. M. Karl (2010), Nitrate supply from the deep to near-surface waters of the North Pacific subtropical gyre,

Nature, 465, 1062–1065.
Katija, K., and J. O. Dabiri (2009), A viscosity-enhanced mechanism for biogenic ocean mixing, Nature, 460, 624–626.
Knap, A. H., T. Jickells, A. Pszenny, and J. N. Galloway (1986), Significance of atmospheric-derived fixed nitrogen on productivity of the Sargasso

Sea, Nature, 320, 158–160.
Knapp, A. N., D. M. Sigman, and F. Lipschultz (2005), N isotopic composition of dissolved organic nitrogen and nitrate at the Bermuda Atlantic

Time-series Study site, Global Biogeochem. Cycles, 19, GB1018, doi:10.1029/2004GB002320.
Knapp, A. N., P. J. DiFiore, C. Deutsch, D. M. Sigman, and F. Lipschultz (2008), Nitrate isotopic composition between Bermuda and Puerto Rico:

Implications for N2 fixation in the Atlantic Ocean, Global Biogeochem. Cycles, 22, GB3014, doi:10.1029/2007GB003107.
Koroleff, F. (1983), Determination of ammonia, inMethods of Seawater Analysis, edited by K. Grasshoff, M. Ehrhardt, and K. Kremling, pp. 150–157,

Verlag Chemie, Weinheim.
Laws, E. A. (1991), Photosynthetic quotients, new production and net community production in the open ocean, Deep Sea Res., Part I, 38,

143–167.
Lindell, D., and A. F. Post (2001), Ecological aspects of ntcA gene expression and its use as an indicator of the nitrogen status of marine

Synechococcus spp, Appl. Environ. Microbiol., 67, 3340–3349.
Lindell, D., E. Padan, and A. F. Post (1998), Regulation of ntcA expression and nitrite uptake in the marine Synechococcus sp. strain WH 7803,

J. Bacteriol., 180, 1878–1886.
Lipschultz, F. (2001), A time-series assessment of the nitrogen cycle at BATS, Deep Sea Res., Part II, 48, 1897–1924.
Lipschultz, F., N. R. Bates, C. A. Carlson, and D. A. Hansell (2002), New production in the Sargasso Sea: History and current status, Global

Biogeochem. Cycles, 16(1), 1001, doi:10.1029/2000GB001319.
Lohrenz, S. E., G. A. Knauer, V. A. Asper, M. Tuel, A. F. Michaels, and A. H. Knap (1992), Seasonal variability in primary production

and particle flux in the northwestern Sargasso Sea: U.S. JGOFS Bermuda Atlantic Time-series Study, Deep Sea Res. Part A, 39,
1373–1391.

Lomas, M. W., N. R. Bates, R. J. Johnson, A. H. Knap, D. K. Steinberg, and C. A. Carlson (2013), Two decades and counting: 24-years of sustained
open ocean biogeochemical measurements in the Sargasso Sea, Deep Sea Res., Part II, 93, 16–32, doi:10.1016/j.dsr2.2013.01.008i.

Lourey, M. J., and T. W. Trull (2001), Seasonal nutrient depletion and carbon export in the Subantarctic and polar frontal zones of the
Southern Ocean south of Australia, J. Geophys. Res., 106, 31,463–31,487.

Marchal, O., P. Monfray, and N. R. Bates (1996), Spring-summer imbalance of dissolved inorganic carbon in the mixed layer of the north-
western Sargasso Sea, Tellus Ser. B., 48, 115–134.

McCarthy, J. J., and E. J. Carpenter (1983), Nitrogen cycling in near surface waters of the open ocean, in Nitrogen in the Marine Environment,
edited by E. J. Carpenter and D. G. Capone, p. 920, Academic Press, New York.

McGillicuddy, D. J., Jr., A. R. Robinson, D. A. Siegel, H. W. Jannasch, R. J. Johnson, T. D. Dickey, J. McNeil, A. F. Michaels, and A. H. Knap (1998),
Influence of mesoscale eddies on new production in the Sargasso Sea, Nature, 394, 263–266.

Menzel, D. W., and J. H. Ryther (1960), The annual cycle of primary production in the Sargasso Sea off Bermuda, Deep Sea Res. Part A, 6,
351–367.

Michaels, A. F., and A. H. Knap (1996), Overview of the U.S. JGOFS Bermuda Atlantic Time-series Study and the Hydrostation S program, Deep
Sea Res., Part II, 43, 157–198.

Michaels, A. F., D. A. Siegel, R. J. Johnson, A. H. Knap, and J. N. Galloway (1993), Episodic inputs of atmospheric nitrogen to the Sargasso Sea:
Contributions to new production and phytoplankton blooms, Global Biogeochem. Cycles, 7, 339–351.

Michaels, A. F., et al. (1994), Seasonal patterns of ocean biogeochemistry at the U.S. JGOFS Bermuda Atlantic Time-series Study site, Deep Sea
Res., Part I, 41, 1013–1038.

Montoya, J. P., E. J. Carpenter, and D. G. Capone (2002), Nitrogen fixation and nitrogen isotope abundances in zooplankton of the oligotrophic
North Atlantic, Limnol. Oceanogr., 47, 1617–1628.

Moore, L. R., A. F. Post, G. Rocap, and S. W. Chisholm (2002), Utilization of different nitrogen sources by themarine cyanobacteria Prochlorococcus
and Synechococcus, Limnol. Oceanogr., 47, 989–996.

Moore, L. R., A. Coe, E. R. Zinser, M. A. Saito, M. B. Sullivan, D. Lindell, K. Frois-Moniz, J. B. Waterbury, and S. W. Chisholm (2007), Culturing the
marine cyanobacterium Prochlorococcus, Limnol. Oceanogr. Methods, 5, 353–562.

Olson, R. J., S. W. Chisholm, E. R. Zettler, M. A. Altabet, and J. A. Dusenberry (1990), Spatial and temporal distributions of prochlorophyte
picoplankton in the North Atlantic Ocean, Deep Sea Res. Part A, 37, 1033–1051.

Paerl, H. W. (1991), Ecophysiological and trophic implications of light-stimulated amino-acid utilization in marine picoplankton, Appl. Environ.
Microbiol. 57, 473–479.

Palter, J. B., M. S. Lozier, and R. T. Barber (2005), The effect of advection on the nutrient reservoir in the North Atlantic subtropical gyre, Nature,
437, 687–692.

Partensky, F., J. Blanchot, and D. Vaulot (1999), Differential distribution and ecology of Prochlorococcus and Synechococcus in oceanic waters:
A review, in Bulletin de l’Institut Oceanographique (Monaco), vol. 19, pp. 457–475, Musee oceanographique, Monaco.

Qi, H., T. B. Coplen, H. Geilmann, W. A. Brand, and J. K. Böhlke (2003), Two new organic reference materials for δ
13
C and δ

15
N measurements

and a new value for the δ
13
C of NBS 22 oil, Rapid Commun. Mass Spectrom., 17, 2483–2487.

Global Biogeochemical Cycles 10.1002/2013GB004579

FAWCETT ET AL. ©2014. American Geophysical Union. All Rights Reserved. 101

http://dx.doi.org/10.1029/2010GB004028
http://dx.doi.org/10.1029/2004GB002320
http://dx.doi.org/10.1029/2007GB003107
http://dx.doi.org/10.1029/2000GB001319
http://dx.doi.org/10.1016/j.dsr2.2013.01.008i


Reuer, M. K., B. A. Barnett, M. L. Bender, P. Falkowski, and M. B. Hendricks (2007), New estimates of Southern Ocean biological production
rates from O2/Ar ratios and the triple isotope composition of O2, Deep Sea Res., Part I, 54, 951–974.

Robinson, A. R. (1983), Eddies in Marine Science, vol. 25, Springer-Verlag, Berlin-Heidelberg-New York-Tokyo.
Ryther, J. H., and W. M. Dunstan (1971), Nitrogen, phosphorous, and eutrophication in the coastal marine environment, Science, 171,

1008–1013.
Sanders, R., P. J. Morris, M. Stinchcombe, S. Seeyave, H. Venables, and M. Lucas (2007), New production and the f ratio around the Crozet

Plateau in austral summer 2004–2005 diagnosed from seasonal changes in inorganic nutrient levels, Deep Sea Res., Part II, 54, 2191–2207.
Sarmiento, J. L., G. Thiele, R. M. Key, and W. S. Moore (1993), Oxygen and nitrate new production and remineralization in the North Atlantic

subtropical gyre, J. Geophys. Res., 95, 18,303–18,315.
Siegel, D. A., P. Peterson, D. J. McGillicuddy, S. Maritorena, and N. B. Nelson (2011), Bio-optical footprints created by mesoscale eddies in the

Sargasso Sea, Geophys. Res. Lett., 38, L13608, doi:10.1029/2011GL047660.
Sigman, D. M., M. A. Altabet, R. François, D. C. McCorkle, and G. Fischer (1999), The δ

15
N of nitrate in the Southern Ocean: Consumption of

nitrate in surface waters, Global Biogeochem. Cycles, 13, 1149–1166.
Sigman, D. M., K. L. Casciotti, M. Andreani, C. Barford, M. Galanter, and J. K. Böhlke (2001), A bacterial method for the nitrogen isotopic analysis

of nitrate in seawater and freshwater, Anal. Chem., 73, 4145–4153.
Spitzer, W. S., and W. J. Jenkins (1989), Rates of vertical mixing, gas exchange and new production: Estimates from seasonal gas cycles in the

upper ocean near Bermuda, J. Mar. Res., 47, 169–196.
Stanley, R. H. R., J. B. Kirkpatrick, N. Cassar, B. A. Barnett, and M. L. Bender (2010), Net community production and gross primary production

rates in the western equatorial Pacific, Global Biogeochem. Cycles, 24, GB4001, doi:10.1029/2009GB003651.
Steinberg, D. K., C. A. Carlson, N. R. Bates, R. J. Johnson, A. F. Michaels, and A. H. Knap (2001), Overview of the US JGOFS Bermuda Atlantic

Time-series Study (BATS): A decade-scale look at ocean biology and biogeochemistry, Deep Sea Res., Part II, 48, 1405–1447.
Sverdrup, H. U., M. W. Johnson, and R. H. Fleming (1942), The Oceans: Their Physics, Chemistry, and General Biology, 1087 p., Prentice-Hall,

New York.
Thomas, L. N., A. Tandon, and A. Mahadevan (2008), Submesoscale processes and dynamics, in Eddy Resolving Ocean Modeling, Geophys.

Monogr. Ser., vol. 177, edited by M. W. Hecht and H. Hasumi, p. 17–38, AGU, Washington, D. C., doi:10.1029/177GM04.
Varela, D. E., and P. J. Harrison (1999), Seasonal variability in nitrogenous nutrition of phytoplankton assemblages in the northeastern

subarctic Pacific Ocean, Deep Sea Res., Part II, 46, 2505–2538.
Villareal, T. A., C. Pilskaln, M. Brzezinski, F. Lipschultz, M. Dennett, and G. B. Gardner (1999), Upward transport of oceanic nitrate by migrating

diatom mats, Nature, 397, 423–425.
Waters, K. J., and R. C. Smith (1992), Palmer LTER: A sampling grid for the Palmer LTER program, Antarct. J. U. S., 27, 236–239.
Zubkov, M. V., and G. A. Tarran (2005), Amino acid uptake of Prochlorococcus spp. in surface waters across the South Atlantic Subtropical

Front, Aquat. Microb. Ecol., 40, 241–249.
Zubkov, M. V., B. M. Fuchs, G. A. Tarran, P. H. Burkill, and R. Amann (2003), High rate of uptake of organic nitrogen compounds by Prochlorococcus

cyanobacteria as a key to their dominance in oligotrophic oceanic waters, Appl. Environ. Microbiol., 69, 1299–1304.

Global Biogeochemical Cycles 10.1002/2013GB004579

FAWCETT ET AL. ©2014. American Geophysical Union. All Rights Reserved. 102

http://dx.doi.org/10.1029/2011GL047660
http://dx.doi.org/10.1029/2009GB003651
http://dx.doi.org/10.1029/177GM04


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


