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Abstract

We present nearly 9 yrs (June 2005-December 2013) of measurements of upper-ocean (0 m to 125 m) dini-
trogen (Nj) fixation rates, coupled with particulate nitrogen (PN) export at 150 m, from Station ALOHA
(22° 45'N, 158°W) in the North Pacific Subtropical Gyre. Between June 2005 and June 2012, N, fixation rates
were measured based on adding the SN, tracer as a gas bubble. Beginning in August 2012, >N, was first dis-
solved into filtered seawater and the '*N,-enriched water was subsequently added to N, fixation incubations.
Direct comparisons between methodologies revealed a robust relationship, with the addition of '*N,-enriched
seawater resulting in twofold greater depth-integrated rates than those derived from adding a >N, gas bub-
ble. Based on this relationship, we corrected the initial period of measurements, and the resulting rates of N,
fixation averaged 230 =136 umol N m 2> d~! for the full time series (n=71). Analysis of the >N isotopic
composition of sinking PN, together with an isotope mass balance model, revealed that N, fixation supported
26-47% of PN export during calendar years 2006-2013. The N export derived from these fractional contribu-
tions and measured N, fixation rates ranged between 502 and 919 ymol N m~? d~!, which are equivalent to
rates of net community production (NCP) of 1.5 to 2.7 mol C m 2 yr~ !, consistent with previous indepen-
dent estimates of NCP at this site.

Nitrogen (N) is a fundamental nutrient for all organisms, et al. 2008). These processes supply exogenous fixed N to the
required for the synthesis of numerous biomolecules, and its upper ocean, and hence constitute “new” sources of bioavail-
availability and supply often limits productivity and accu- able N to these ecosystems (Dugdale and Goering 1967).
mulation of plankton biomass in large regions of the world’s Under steady state, the supply of new N to the euphotic
oceans (Eppley and Peterson 1979; Moore et al. 2013). Sup- zone should balance N removal, principally through the
ply of bioavailable N to the well-lit regions of the open export of particulate organic N (Eppley and Peterson 1979).
ocean can occur through a suite of biotic and abiotic pro- Biological N; fixation, the process by which N; is reduced
cesses that include atmospheric deposition, upwelling, turbu- ~ to ammonia (NH3) by Ny-fixing microbes (termed diazo-
lent (eddy) diffusion, horizontal and vertical advection, and trophs), constitutes an important component of new N sup-
microbial dinitrogen (N,) fixation (Galloway et al. 2004; Karl ~ ply to ocean ecosystems (Capone et al. 2005), thereby

fueling the export of carbon (Karl et al. 2012). At Station
_ ALOHA (A Long-term Oligotrophic Habitat Assessment; 22°
*Correspondence: mjchurch@hawaii.edu 45'N, 158° 00'W), the field site of the Hawai‘i Ocean Time-

. . ) . series (HOT) program, the supply of fixed N by N, fixation
ThIS. is an open access article ur.1der.the terms .of the Cr.eatlve Comrr)on.s At.tl'l- has been estimated to be comparable in magnitude to the
bution-NonCommercial-NoDerivs License, which permits use and distribution

in any medium, provided the original work is properly cited, the use is non- delivery of new N via mixing, upwelling and/or advection
commercial and no modifications or adaptations are made. (Karl et al. 1997; Dore et al. 2002). Station ALOHA is home
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to metabolically, morphologically, and genetically diverse
assemblages of diazotrophs (Zehr and Kudela 2011; Church
and Bottjer 2013; Thompson and Zehr 2013). These include at
least two genera of unicellular cyanobacteria (the uncultivated
Candidatus Atelocyanobacterium thalassa and various clades of
Crocosphaera) and filamentous cyanobacteria (members of the
non-heterocystous genus Trichodesmium and heterocystous
cyanobacteria belonging to the genera Richelia and Calothrix).
Previous studies in the North Pacific Subtropical Gyre (NPSG)
indicate that small (< 10 pm), presumably unicellular diazo-
trophs can be important contributors to N, fixation in this
ecosystem (Dore et al. 2002; Montoya et al. 2004; Church
et al. 2009).

The two most common methodologies used for estimating
rates of N, fixation in aquatic systems are acetylene reduction
(AR) and N, assimilation (Capone 1993; Montoya et al.
1996). The AR assay measures the reduction of acetylene to
ethylene, a proxy measurement for gross rates of N, fixation.
In the open sea where the biomass of N,-fixing microorgan-
isms and rates of N, fixation tend to be low, the sensitivity of
the AR method often requires pre-concentrating diazotroph
biomass (e.g., Capone et al. 2005) although recent improve-
ments in the sensitivity of this methodology (Wilson et al.
2012) may broaden its application for studies in the open
ocean. The '*N, assay, which measures the net assimilation of
SN, into plankton biomass, was introduced as a direct mea-
sure of rates of N, fixation (Montoya et al. 1996). Historically,
this methodology relied on injection of N, gas into a seawa-
ter sample followed by an incubation period. However, recent
reports indicate that variability in the rate of '*N, gas dissolu-
tion and the degree of isotope enrichment of the seawater
during the incubation period may result in significant under-
estimation of N, fixation rates by this approach (Mohr et al.
2010; Grof3kopf et al. 2012; Wilson et al. 2012). Moreover,
contamination of commercial *N, gas stocks with *N-
ammonia (NH3) and 15N-nitrogen oxides (NOx) has recently
been reported, further complicating use of the '*N, methodol-
ogy (Dabundo et al. 2014).

Assuming balance in N supply and export to the deep
ocean, assessment of the proportion of naturally occurring N
isotopes in sinking organic matter can also be useful for con-
straining the relative importance of different N substrates in
supporting new production (Wada and Hattori 1976). The
proportion of >N relative to '*N is frequently expressed using
the 6'°N notation (%, deviation from the *N : N ratio of
atmospheric N,, which by definition has a *°N of 0%,). Deep
ocean (300-1500 m) nitrate (NO3) has an enriched §'°N sig-
nature ranging between ~5.5%, and 8.99, (Casciotti et al.
2008; Sigman et al. 2009) while the 6'°N signature of dis-
solved N, is 0.1-0.6%,, owing to a small equilibrium isotopic
fractionation between the dissolved and gaseous phases
(Bauersachs et al. 2009). Little or no kinetic isotope fraction-
ation occurs during the biological fixation of N,; hence, diaz-
otroph biomass §'°N typically ranges between —2.2%, and 0.6
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%o (Saino and Hattori 1987; Carpenter et al. 1997; Bauersachs
et al. 2009). Upper ocean suspended particulate matter in the
NPSG has a low 0'°N signature (—1.0%, to 2.0%,; Dore et al.
2002), likely reflecting the combined influences of this low
0N source and kinetic isotopic fractionations associated
with intensive recycling of organic matter in this oligotrophic
habitat (Checkley and Miller 1989). However, in steady state,
the export of organic N from the upper ocean should balance
new N supply (Dugdale and Goering 1967, Eppley and Peter-
son 1979). Assuming NO; and N, fixation represent the dom-
inant sources of new N to the upper ocean, the isotopic
differences in these two end-member supply terms, together
with measured §'°N signatures of sinking particulate nitrogen
(PN), are useful proxies for discriminating the relative impor-
tance of N, fixation and upward NO; transport in providing
new N to support organic matter export from the upper ocean
(Dore et al. 2002, Knapp et al. 2016).

In the current study, we present nearly 9 yr (June 2005-
December 2013) of measurements (n=71) of upper ocean
(0-125 m) rates of N, fixation estimated using the '°N,
methodology. In addition, through analyses of 6'°N isotopic
signatures of sinking PN collected between 2006 and 2013
from sediment traps deployed at 150 m, we estimate the
fractional contribution of N, fixation to the supply of fixed
N supporting PN export at this site, thereby constraining the
importance of N, fixation as a source of new N to the NPSG
ecosystem.

Methods

Sample location and collection

Sampling for this study relied on the regular HOT pro-
gram time-series cruises to Station ALOHA. Seawater samples
for subsequent determinations of rates of '°N, fixation
(2005-2013) and nutrient concentrations (1989-2013) were
obtained using a conductivity-temperature-depth rosette
sampler equipped with 24 polyvinyl chloride sample bottles.
Mixed layer depths (MLD) were calculated based on a thresh-
old change in seawater density of 0.125 kg m ™ relative to
the sea surface. Penetration of photosynthetically active radi-
ation was measured during each HOT cruise at approximate-
ly noon using vertically profiling radiometers (PRR 600,
Biospherical Instruments, from February 1998 to August
2009; and HyperPro, Satlantic, from September 2009). Sink-
ing particles were collected using a free-floating sediment
trap array holding 12 replicate cylindrical particle interceptor
traps deployed at 150 m for ~ 72 h (Knauer et al. 1979).

15N, fixation rate estimates

Rates of '°N, fixation were measured using the '*N, isoto-
pic tracer technique (adapted from Montoya et al. 1996).
Whole seawater samples from six discrete depths (5, 25, 45,
75, 100, and 125 m) were subsampled into acid-washed 4.3 L
polycarbonate bottles and sealed with caps fitted with sili-
cone septa. Between June 2005 and May 2012, 3 mL of '*N,
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gas (98% from Cambridge Isotope Laboratories between June
2005 and September 2009 or Sigma-Aldrich between Novem-
ber 2009 and May 2012) was injected into each polycarbon-
ate bottle through the septum using a gas-tight syringe fitted
with a stainless steel needle. Beginning in August 2012, the
15N, gas was first dissolved into seawater (prepared as
described in Wilson et al. 2012) and 100 mL of the resulting
15N,-enriched water was added to 4.3 L polycarbonate sam-
pling bottles (**N, gas distributed from Sigma-Aldrich
between June 2012 and September 2013 and Cambridge Iso-
tope Laboratories between October and December 2013). The
atom % enrichment of stocks of °N,-enriched seawater was
measured using a membrane inlet mass spectrometer (MIMS;
Kana et al. 1994). Nitrogen masses 28, 29, and 30 were quan-
tified from duplicate subsamples of '°N,-enriched seawater
stocks stored in crimp-sealed 70 mL vials. Masses 32 and 40
were also determined and the resulting O, : Ar ratio calculat-
ed to evaluate instrument drift during analysis; filtered seawa-
ter served as reference material. The atom % enrichment of
15N, in the prepared stocks was calculated based on the con-
centration (umol kg_l) of masses 28, 29, and 30.

Incubation bottles amended with the SN, tracer were
attached to a free-drifting array and incubated at the discrete
depths from which samples had been collected. The array was
deployed before dawn and samples were incubated at in situ
light and temperature for 24 h (Church et al. 2009). After
recovery of the array, the entire volume from each bottle was
filtered onto a pre-combusted glass microfiber filter (What-
man 25 mm GF/F). Filters were placed onto pre-combusted
pieces of foil in Petri dishes and stored frozen at —20°C.

We conducted two experiments (November and December
2014) evaluating how different sources of commercial *N,
gas stocks influenced measured rates of '°N assimilation into
plankton biomass, and hence might influence the resulting
time-series rates of N, fixation reported in this study. For
these experiments, triplicate 4.3 L polycarbonate bottles were
filled with surface seawater (5 m) from Station ALOHA,
amended with '*N,-enriched seawater prepared using >N,
gas supplied by two different vendors (98 atom % Sigma-
Aldrich lots SZ1670V, EB1169, and CX0937; and 98 atom %
Cambridge Isotope Laboratories lot 1-16727), and incubated
for 24 h in a shaded, surface seawater-cooled deck-board incu-
bator. At the end of the incubation, the entire volume of
each bottle was filtered onto pre-combusted glass microfiber
filters (Whatman GF/F) and filters were processed as previous-
ly described.

In four additional experiments, conducted in July and
August 2011 (Wilson et al. 2012), September 2012, and
November 2014, we compared N, fixation rates derived from
adding '°N, in gaseous or dissolved form. For these experi-
ments, six 4.3 L polycarbonate bottles each were filled with
seawater collected from three discrete depths (5, 25, and
45 m). Triplicate bottles were spiked with either 3 mL of
15N, gas (from Sigma-Aldrich in September 2012 and
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Cambridge in November 2014) or 100 mL '°N,-enriched
water as described above. After capping, the bottles were
attached to a free-drifting array and incubated at in situ light
and temperature for 24 h. Once the array was recovered, bot-
tles were detached and the entire volume from each bottle
was filtered onto pre-combusted glass microfiber (Whatman
25 mm GF/F) filters. Filters were placed onto pre-combusted
pieces of foil in Petri dishes and stored frozen at —20°C.

At the shore-based laboratory, all filters were dried for
24 h at 60°C, pelleted, and the total mass of N and its isoto-
pic signature (0'°N) on each filter were analyzed by the Sta-
ble Isotope Facility at the University of Hawai‘i using an
elemental analyzer-isotope ratio mass spectrometer (Carlo-
Erba EA NC2500 coupled with ThermoFinnigan Delta S).
Rates of '°N, fixation were calculated as described in Capone
and Montoya (2001). The atom % enrichment in incuba-
tions following the '°N, gas bubble injection (June 2005-
May 2012) was calculated assuming complete isotopic equili-
bration between the gas bubble and the seawater. For the
period where aliquots of '*N,-enriched seawater were added
to incubations (August 2012 onwards), the atom % enrich-
ment of N, in the prepared stocks measured with the
MIMS was taken into account when calculating the final
atom % enrichment in incubations.

Inorganic nutrient concentrations

Discrete seawater samples for the analyses of soluble reac-
tive phosphorus (SRP) and nitrate plus nitrite (NO; + NO,)
were collected into clean, acid washed 125 mL and 500 mL
polyethylene bottles and immediately frozen upright at
—20°C. High-sensitivity analytical techniques were utilized
because nutrient concentrations in the upper ocean (< 100 m)
at Station ALOHA are typically at or below the detection limits
of standard nutrient analyses methods. Concentrations of
NO; + NO, were analyzed using the chemiluminescent meth-
od described by Garside (1982) with modifications described
by Dore and Karl (1996). Concentrations of SRP were deter-
mined using the MAGnesium Induced Coprecipitation assay
(Karl and Tien 1992).

Export of PN

Sinking PN was collected over ~ 72 h on each cruise using
free-drifting sediment traps deployed at 150 m. Each trap
array consisted of individual collector traps, filled with 0.2
um filtered surface seawater solution consisting of 50 g L™*
sodium chloride and 1% (v/v) formalin. On recovery, six rep-
licate traps were pre-screened through 335 pum Nitex mesh
(to remove zooplankton “swimmers”) prior to filtration onto
25-mm diameter combusted glass microfiber filters (What-
man GF/F). These filters were subsequently dried for 24 h at
60°C, pelleted and analyzed by the Stable Isotope Facility at
the University of Hawai‘i for the mass of PN and its stable
isotope (9'°N) composition. The fraction of PN flux sup-
ported by N, fixation (fpn-N2) was calculated based on a two-
source mass balance model (Dore et al. 2002): fpn-N, = (61°N-
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PN - 6'°NO;)/(6"°N, - §'°NO3), where §"°N,, §'°NO;, and
O'N-PN are the isotopic signatures of newly fixed N,
upwardly transported nitrate and sinking PN, respectively.
The fractional contribution of upwardly transported NO; to
PN export was calculated as fpN-NO; =1 — fpn-N,. From the
time-integrated mean measured N, fixation rate (Fyy), fluxes
of NO; (Fno;) and sinking PN (Fpy) were estimated as:
Frno; = (fon-NO3 /fpn-N2) X Fnz and Fpy = Fno/fpn-Np, respec-
tively. A sensitivity analysis was conducted to constrain the
ranges of plausible isotopic end-members; a series of discrete
values for 6'°N, (—1.0, 0.0, and 0.6%,) and §'°NO; (3.5, 4.0,
5.0, 6.0, 6.5, and 7.5%, were selected. Based on the time-
integrated average o'°N signature of the sinking PN (3.469%,),
the fraction of PN export supported by either N, fixation or
NO; was derived for the various possible end-member isoto-
pic scenarios.

Sea surface height anomaly

A combined data product of weekly sea surface height
anomalies (SSHA) derived from the TOPEX Poseidon, ERS
and Jason-1 satellites was utilized to examine mesoscale
physical variability in the vicinity of Station ALOHA
between June 2006 and June 2013. The SSHA data product
was obtained from the Asia-Pacific Data-Research Center of
the International Pacific Research Center (http://apdrc.soest.
hawaii.edu/datadoc/aviso_topex.php).

Results

Habitat characteristics at Station ALOHA

Time-resolved sampling at Station ALOHA by the HOT pro-
gram revealed that the upper ocean experiences moderate sea-
sonal variability in biogeochemistry and hydrographic forcing.
During the cooler fall and winter months (November through
April), sea surface temperatures typically range between 23.4°C
and 25.5°C, MLD averages 73+ 14 m, incident irradiance
ranges between 24 and 47 mol quanta m Z d~!, and depth
integrated N + N inventories in the lower euphotic zone (75-
125 m) often exceed 8 mmol N m ™2 (Fig. 1; Table 1). Through
the late spring, summer, and early fall (May-October), sea sur-
face temperatures increase (ranging between 24.4°C and
26.4°C), the upper ocean becomes progressively more stratified
(the mixed layer typically shoals to < 60 m), incident irradiance
often exceeds 45 mol quanta m % d~!, and depth-integrated
N+ N inventories between 75 m and 125 m are<4 mmol
N m~? (Fig 1; Table 1). Upper euphotic zone N + N inventories
(< 45 m) are relatively constant throughout the year (Fig. 1c),
and hence seasonality in euphotic zone NO; + NO, invento-
ries is largely controlled by variations in the depth of nitracline
(Letelier et al. 2004). The molar NO; + NO, : SRP ratios of the
depth-integrated (0-125 m) nutrient inventories remain <2,
well below the canonical Redfield ratio (16N : 1P; Table 1).
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Time-series rate measurements of N, fixation

Time-series rates of N, fixation were assessed on a near-
monthly basis between June 2005 and December 2013.
Assimilation of '°N, gas into plankton biomass provided
insight into the vertical and temporal variability associated
with the diazotroph activity in this ecosystem. Between June
2005 and May 2012, these rate measurements relied on the
addition of SN, as a gas bubble, whereas between August
2012 and December 2013 the ®N, tracer was first dissolved
in 0.2 um filtered seawater and the resulting '°N,-enriched
seawater was added to each sample for the subsequent incu-
bation. The atom % enrichment of the seawater stocks uti-
lized for the enriched seawater tracer addition ranged
between 74% and 81%, averaging 79 = 2%, which resulted in
a final atom % enrichment between 2.8% and 3% in the sea-
water incubations. Vertical profiles throughout the study
period showed that the majority (67 + 12%) of '°N, fixation
occurred in the upper region of the water column (Fig. 2).
Depth-integrated rates of '°N, fixation in the well-lit part of
the euphotic zone (0-45 m) ranged between 11 and 271
pumol N m~? d~! and were significantly greater than those in
the lower regions of the euphotic zone (75-125 m), which
varied from 6 to 114 ymol N m 2 d™! (one-way ANOVA,
p<0.001).

Depth-integrated (0-125 m) rates of '°N, fixation between
June 2005 and May 2012 ranged between 16 and 347 umol
N m ™2 d"!, with rates varying fourfold to ninefold over the
course of the year (Fig. 3). Rates of '°N, fixation during the
latter period (August 2012-December 2013), when >N, was
added as enriched seawater, ranged between 23 and 448
pmol N m~2 d~! and were significantly greater (one-way
ANOVA, p<0.05) than rates measured during the initial
period of the time series. Direct comparisons between adding
15N, in gaseous vs. dissolved form conducted on four sepa-
rate occasions (July 2011, August 2011, September 2012, and
November 2014) revealed a robust linear relationship
between the two methodologies as used in this study
(Fig. 4). The addition of *N,-enriched seawater yielded sys-
tematically greater (approximately twofold) rates of >N, fix-
ation than those derived when the '°N, tracer was added as
a bubble (Fig. 4). Since we utilized the same incubation pro-
tocols and procedures (i.e., in situ incubations, consistency
in length of incubation, identical volumes of '°N, gas tracer
and seawater) and the upper ocean undergoes only modest
seasonal changes in temperature and salinity (minimizing
variability in the solubility of '*N,), we utilized the empirical
relationship between the bubble and dissolved methodolo-
gies to compute revised rates of '°N, fixation for the initial
period (June 2005-June 2013) of >N, measurements. The
resulting rates of N, fixation for the full time series ranged
between 21 and 676 ymol N m 2 d™! (averaging 230 + 136
umol Nm~2d™b.

Rates of '°N, fixation were most variable, but generally
elevated, during periods when the upper ocean at Station
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Fig. 1. Monthly binned near-surface ocean temperatures and mixed layer depths (MLD; panel A), surface irradiance (panel B), and nitrate + nitrite
(N + N) inventories (panel C€) at Station ALOHA between 1989 and 2013 (irradiance measurements between 1998 and 2009). N + N inventories are
depth integrated from 0 m to 45 m and 75 m to 125 m. Vertical error bars represent standard deviation of the monthly means.

ALOHA was warm and stratified (Fig. 5, Table 2), with rates
between May and October often exceeding 200 ymol N m ™2
d™! (averaging 263 = 147 umol N m™ 2 d'). Periods of ele-
vated "N, fixation tended to coincide with periods when
the upper ocean was warm and satellite-derived SSHA were
positive, ranging between 3 ¢cm and 19 cm (Fig. 6). In com-
parison, rates of 5N, fixation measured between the months
of November through April, when the upper ocean was cool-
er and less stratified, were significantly (one-way ANOVA,
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p<0.01) lower (generally <200 ymol N m % d™') compared
to May through October.

During the course of this study, we utilized N, gas sup-
plied from two different vendors: Cambridge Isotope Labora-
tories, (June 2005-September 2009 and October-December
2013) and Sigma-Aldrich (November 2009-September 2013).
A recent report (Dabundo et al. 2014) measured varying levels
of ®NH; and '*NO, as contaminants in commercially avail-
able SN, gases, including those supplied by the vendors



Bottjer et al.

Table 1. Mean monthly depth-integrated (0 m to 125 m) nutrient inventories and elemental ratios at Station ALOHA. N + N = nitrate + nitrite; umol m~2),
SRP = soluble reactive phosphorus (umol m~?).

FEB MAR APR MAY JUN JuL AUG SEP oCT NOV DEC Significance

JAN

*kk

9616

7547 =4759 5805 * 3489 6876 3017 7342=*2705

0.4+0.4

*

2476 11631154 4845+ 6265 2105=*2139 3090+ 3267 88548032 10024

*

9196 2336+2781 2318
76053789 8517 £3162 7470+3977 6948 2980 7017 *=3479 8714+ 4621

*

5601 = 5833 10468 =10147 8335+10825 3836

N+N
SRP

ns

7206 * 3825

6342 + 2539

*hk

1.6+x1.5

0.7+0.6

1.7+x1.6 1.2+1.4 0.4+0.8 0.4+0.5 0.4+0.4 0.2+0.2 0.7+0.8

1.0+1.0

N+N:SRP

p>0.001.

Kk

Significance levels: ns=p > 0.05,
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utilized for the current study. For this reason we conducted
two field experiments comparing rates of '*N, fixation based
on use of '"N,-enriched seawater prepared using three differ-
ent batches of '*N, gas from Sigma-Aldrich (lots CX0937,
EB1169, and SZ1670V) and one batch from Cambridge Iso-
tope Laboratories (lot 1-16727; Fig. 7ab). In these experi-
ments, utilization of '*N, gas supplied by Cambridge resulted
in rates of '°N, fixation that were not significantly different
(one-way ANOVA, p>0.05) of than those derived using
Sigma-Aldrich lots CX0937 and EB1169 '°N, gas (Fig. 7).
Moreover, rates of 15N, fixation measured in situ during these
same cruises (HOT 267 and 268) using '*N,-enriched seawater
prepared with >N gas from Cambridge Isotope Laboratories
15N, gas (lot 1-16727) were comparable (Fig. 7). In contrast,
rates of '°N, fixation were significantly greater when using
15N,-enriched seawater prepared from the Sigma-Aldrich lot#
SZ1670 (one-way ANOVA, p<0.001; Fig. 7a,b). Similarly,
rates of '°N, fixation measured in situ during these cruises
using '°N gas supplied from Sigma-Aldrich (lot SZ1670), were
considerably greater than the time-averaged rates of '*N, fix-
ation measured over the course of this time-series (Fig. 7). As
a result, we assumed these anomalously high rates resulted
from contamination of the N, gas, and excluded these
measurements from all analyses in this study.

Total PN flux and sources supporting PN export

Sediment trap-based export of PN at 150 m during the
period of this study (2005-2013) ranged between 80 and 510
pmol N m~2 d~! (averaging 279 + 86 umol N m > d™; Fig.
3a). PN export was typically elevated (> 350 ymol N m~?
d™!) in the summer (between May and August), with lower
fluxes (< 300 umol N m~2 d™ ') during the remainder of the
year (Table 2; one-way ANOVA, p<0.001). No significant
seasonality was detected in the §'°N signature of the PN
export (one-way ANOVA, p > 0.05; Table 2).

Assuming N, fixation and vertical input of NO; were the
only sources of new N to the upper ocean, we utilized a two
end-member N source model to estimate the relative contri-
bution of NO; and N, fixation to PN export over an 8-yr
time scale (2006-2013; Table 3). Based on measurements of
the 6'"°N composition of the sinking PN flux during this
study, together with the direct measurements of '*N, fixa-
tion, we performed a sensitivity analysis to constrain the
61N end-member values of the N sources (Table 3). For this
analysis, we evaluated end-member signatures for N, fixation
ranging between —1.0%, and 0.6%, and NO; end-member
signatures ranging from 3.59, to 7.5%, (Table 3). These
ranges are consistent with measured 6'°N signatures of diaz-
otroph biomass (Saino and Hattori 1987; Carpenter et al.
1997; Bauersachs et al. 2009) and measurements of §'°NO3
from vertical profiles in the subtropical North Pacific (Cas-
ciotti et al. 2008; Mahaffey et al. 2008; Sigman et al. 2009),
respectively. We constrained our selection of realistic 6'°N
values for subsequent analysis by comparing our direct
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Fig. 2. Vertical depth profile (0 m to 125 m) showing volumetric rates of N, fixation measured at Station ALOHA between June 2005 and December
2013. Symbols depict the two periods of varying addition of TSN, gray circles = addition of a 5N, gas bubble (">N, fixationgppie); black trian-
gles = addition of T5N,-enriched seawater. Rate measurements during the initial period (June 2005-May 2012; 15N, fixationgypple) are presented
before (panel A) and after (panel B) correcting for the methodological underestimation using the empirical relationship shown in Fig. 4a.

measurements of Fpy with those derived from measured N,
fixation rates and the isotope model (Table 3). Results from
this sensitivity analysis yielded reasonable values of modeled
Fpn for all tested 6'°N, values; however, the lower tested
0'°NO; values of 4.0%, and 3.5%, yielded unreasonable Fpy
values 8- and 98-times larger, respectively, than measured
Fpn from sediment trap collections.

Reanalyzing the §'°NO; data of Casciotti et al. (2008), we
find that the 6'°N signatures of the vertical flux of nitrate at
Station ALOHA measured in that study were 7.1%,, 6.4%,, and
5.2%, at 300, 250, and 200 m depth, respectively. Given that
the ventilation timescale of these waters (based on inert gas
tracers) is > decadal at 300 m and < annual at 200 m (Bullister
et al. 2006), and that nitrate concentrations increase rapidly
with depth through this zone, we focus our attention on the
waters between about 200 and 250 m as best representing the
0">NO; supporting new N production over the 8-yr timescale
of our observational period; that is, we consider a §"°NO3
range of approximately 5-69;, to best represent the nitrate iso-
topic end-member. This contention is consistent with the
time-series NO; observations of Johnson et al. (2010), which
demonstrated a seasonally recurring deficit of NO; in the
waters from 100 down to 250 m at Station ALOHA.
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Based on this range of end-member signatures, we com-
puted the fraction of the measured annual PN flux supported
by N, fixation and NO;. The modeled fractional contribu-
tion of N, fixation to PN export flux ranged from 26% to
47% (Table 3). Assuming the directly measured rates of N,
fixation (corrected for the “bubble effect”) accurately
describe the magnitude of new N input by this process, and
utilizing the derived fractional contribution of NO; from
the isotope model, we also estimated the NO; flux (Fyo;)
into the euphotic zone at Station ALOHA at 266-683 umol
Nm?dWl Similarly, the derived Fpy modeled from mea-
sured N, fixation rates ranged from 502 to 919 ymol N m 2
d~! during this study (Table 3).

Discussion

Despite knowledge that N, fixation is an important con-
trol on new production, and hence carbon export, in large
regions of the open sea, multi-annual time-series measure-
ments of this key biogeochemical process are currently lack-
ing. In the present study, we describe nearly 9 yrs (2005-
2013) of repeated measurements of upper ocean (0-125 m)
rates of N, fixation from Station ALOHA in the NPSG. The
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Fig. 3. Time series of depth-integrated (0 m to 125 m) rates of N, fixation and particulate N export between June 2005 and December 2013 at Sta-
tion ALOHA. Black line represents the flux of sinking particulate nitrogen (PN) at 150 m. The different colored vertical bars depict the two different
methodologies used for the >N, measurements; initial period (June 2005-May 2012; light gray bars) are measurements where "N, was added as a
gas bubble, while latter period (August 2012-December 2013; dark gray bars) depicts measurements where "N tracer was added as enriched seawa-
ter. In panel A, rate measurements during the initial “bubble” period are shown prior to correcting for the methodological underestimation (see Fig.
4b), whereas panel B represents the rate estimates after the correction. Cl = Cambridge Isotope, SA = Sigma Aldrich.

resulting time-varying dynamics highlight several impor-
tant features regarding N, fixation in this ecosystem,
including: (1) the majority (67 = 12%) of N, fixation occurs
in the well-lit region (0-45 m) of the euphotic zone; (2)
during the late summer and early fall months, when the
upper ocean is warm and stratified, mesoscale physical pro-
cesses introduce temporal variability in rates of N, fixation;
and (3) use of a two-member isotope mass balance model
revealed that N, fixation supports, on average, 26-47% of
the total N export. Taken together, these observations indi-
cate N, fixation is an important, albeit time variable, pro-
cess supplying new N to the upper ocean at Station
ALOHA.

Since beginning the N, fixation measurements reported
in the current study, there have been a number of methodo-
logical challenges identified with the >N, tracer methodolo-
gy. Several recent studies have highlighted the potential for
significant underestimation of N, fixation rates when '°N, is
added to seawater incubations as a gas bubble (Mohr et al.
2010; Grof3kopf et al. 2012; Wilson et al. 2012). These stud-
ies demonstrate that variability in the time required for the
15N, gas to reach equilibrium with the seawater relative to
the incubation time can result in variability in the N atom
% enrichment of the seawater. A series of comparative
experiments revealed that rates of N, fixation derived from
the addition of the '°N, as a gas were 1.7- to 6-fold lower
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Fig. 4. Model Il (ordinary least squares) linear regression of volumetric
(panel A; SN, fixationpissoed = 1.79 X >N, fixationg,ppie + 0.045; rP=
0.91, p<0.01) and depth-integrated rates (panel B; '°N,
fixationpissoived = 1.98 X >N, fixationgyppe — 11.80; = 0.94, p <0.05)
of N, fixation measured in situ by adding '°N, in form of a gas bubble
("*N, fixationg,ppie) Vs. adding '°N, dissolved as enriched seawater
("*N, fixationpissowed). Measurements were conducted in July and August
2011 (reported in Wilson et al. 2012), September 2012, and November
2014.

than rates derived based on the addition of >N, equilibrated
with the seawater (Mohr et al. 2010; Gro3kopf et al. 2012;
Wilson et al. 2012). During the initial period of the present
study (June 2005-June 2012), we relied on the conventional
addition of N, as a gas bubble. However, beginning in
August 2012, we began dissolving the "N, in filtered seawa-
ter and adding the '°N,-enriched water to the N, fixation
incubations. The resulting rates of N, fixation measured dur-
ing the latter 1.5-yr period (dissolved addition of '*N,) were
significantly greater than those measured during the initial
7.5 yr of measurements, with rates during these two periods
averaging 216 = 109 and 124 + 72 ymol N m 2 d', respec-
tively. Furthermore, experiments directly comparing both
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Fig. 5. Mean depth-integrated (0 m to 125 m) rates of N, fixation
binned by month for the period of June 2005-December 2013 with
error bars representing one standard deviation of the mean rates. Note:
from this figure onwards, measurements during the initial period (June
2005-May 2012) were corrected for apparent methodological underesti-
mation using the empirical relationship described in Fig. 4b.

methodological approaches following the sampling protocols
utilized for our time series (24-h incubations on an in situ
array) revealed a robust relationship between the conven-
tional “bubble” addition and the addition of enriched seawa-
ter, with the resulting depth-integrated rates of '*N, fixation
approximately twofold greater than rates derived from the
bubble methodology (Fig. 4). These results are consistent with
those of Gro3kopf et al. (2012) who found that, on average,
the enriched seawater approach resulted in a 1.7-fold increase
in volumetric rates of N, fixation along a meridional transect
through the Atlantic Ocean. We followed consistent incubation
procedures throughout our time series, except for the mode of
introducing "N, gas, including use of in situ incubations over
24 h and identical volumes of seawater and '°N, tracer. More-
over, the relatively subtle changes in upper ocean temperature
(both vertically and seasonally) observed at Station ALOHA like-
ly contributed to the consistent relationship between the
“bubble” and “dissolved” '*N, incubation methodologies
observed in our experiments. We utilized the empirical relation-
ship between rates obtained from these two methodologies to
correct the initial period (between June 2005 and May 2012) of
the time-series N, fixation rates derived using the '*N, bubble
methodology to account for this methodological underestima-
tion (Table 2).

An additional complication in the '*N,-based measure-
ments of N, fixation was recently reported in a study by
Dabundo et al. (2014) who documented contamination of
commercially available *N, gas stocks with '*N-labeled com-
pounds other than ">N,. This study revealed that these con-
taminants, found in 98 atom % >N stocks from Sigma-Aldrich
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Table 2. Mean monthly particulate nitrogen (PN) export (umol N-m~2 d~') at 150 m, isotopic signature of sinking PN,
and depth-integrated (0 m to 125 m) rates of '°N, fixation (umol N m~2 d ') at Station ALOHA.

JAN FEB MAR APR MAY JUN JuL AUG SEP ocT NOV DEC Significance
Jun 2005-May 2012
PN export flux 18471 231+52 244+33 273*51 353*x70 362*48 337*x47 484+30 253*57 234*x70 230+38 241+84 fl
3'*N of PN 36+x04 27+0.6 3.6+04 41x09 33x07 33x05 34x07 25x11 33x07 34x11 35x1.0 39=*1. ns
15N fixation 7939 96+23 109%x29 148+65 118+60 140+62 124+52 126+67 205+80 170x160 80*+36 70x70 ns
15N, fixationt 145+77 17946 204+58 282129 221+119 265+122 234+103 238=132 395+159 324318 147+70 127 =139 ns
Aug 2012-Dec 2013
PN export flux — 174 186 239 265 306 — 298 +123 279+23 2339 116 150 =31 NA
d"*N of PN — 3.6 4.6 3.3 4.7 4.4 — 3210 38*1.2 3.6=x1.1 4.0 3.4+0.06 NA
5N, fixation — 308 360 231 283 136 — 197+2 350108 17729 77 87 =91 NA

TDepth-integrated monthly means were corrected for methodological underestimation based on the empirical relationship 5N, fixationpissorveq = 1.98

x (13N, fixationguppie) — 11.80; see text for details.

Significance levels: ns = p> 0.05, ***=p>0.001. NA = statistical test not applicable.

(Isotech Stable Isotopes, lots SZ1670V and MBBB0968V), Cam-
bridge Isotope Laboratories (lot 11-11785A), and Campro Sci-
entific (lot # EB1169V) could result in inflation or false
detection of N, fixation rates (Dabundo et al. 2014). Their
study reported relatively low-level contamination of the *N,
stocks supplied by Cambridge and Campro Scientific, but sig-
nificant contamination in stocks obtained from Sigma-Aldrich.
During the approximately 9-yr time series reported in the pre-
sent study, N, gas stocks purchased from both Cambridge
and Sigma-Aldrich were utilized (June 2005-September 2009:
Cambridge; November 2009-September 2013: Sigma-Aldrich;
October 2013-December 2013: Cambridge Isotope Laborato-
ries); hence, possible SN-labeled contaminants introduced
with these gases may have influenced our '°N, fixation rate
measurements. Based on estimated levels of NH; contamina-
tion reported by Dabundo et al. (2014; ~ 25 to 1900 umol
!>NH; per mole '°N,), assuming NH; concentrations in the
upper ocean at Station ALOHA are <0.03 umol L~' (Beman
et al. 2012), and that all of the contaminated 'NH; was con-
sumed during the incubation period, the inferred rate of N,
fixation due to 'SNH; contamination would range between
~ 0.4 and 27 nmol L~* d~!. With an average rate of N, fixa-
tion in the near-surface ocean of 2.5*1.9 nmol L' d},
potential contamination could have resulted in ~ 15 to
~ 1000% overestimation of the inferred rates of >N, fixation.
Assuming equal contamination at all depths and NH; con-
tamination of 25 ymol '*NH; per mole *N, (as indicated in
Dabundo et al. 2014), we estimate the resulting depth-
integrated (0-125 m) rates from the present study could have
been overestimated by 26% * 11%.

We conducted field-based experiments (Fig. 7a,b) designed
to compare rates of '°N fixation derived from four different
stocks of gases supplied from Cambridge (lot 1-16727) and
Sigma-Aldrich (lots SZ1670V, EB1169, and CX0937). The mea-
sured rate of SN, fixation derived from one of the batches of
15N, gas supplied from Sigma-Aldrich (lot SZ1670V) was signif-
icantly greater than rates measured from use of the other three
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batches of '*N gas (Cambridge Isotope Laboratories lot I-16727
and Sigma-Aldrich lots CX0937 and EB1169), a finding consis-
tent with the levels of contamination reported in the
Dabundo et al. (2014) study for this specific lot of >N, gas.
During two occasions in the present study (June 2012 and
October 2012), rates of '°N, fixation during our time-series
approached the magnitude of rates observed using presumably
contaminated gas stocks (Fig. 7c). We assume these anoma-
lously high rates of N, fixation reflect contamination of the
gas stock and we therefore excluded these measurements from
further analyses. We cannot exclude the possibility that some
of the ®N, gas stocks utilized for our direct measurements of
15N, fixation may have been contaminated, resulting in over-
estimation of the measured rates. However, based on experi-
ments conducted in the current study, and the results of
Dabundo et al. (2014), we estimate possible contamination
would elevate the depth-integrated SN, fixation rate measure-
ments by no more than ~ 25%.

Our study revealed that rates of N, fixation at Station ALO-
HA appear most variable during the warm, stratified periods of
the summer. Daily-scale sampling at Station ALOHA during
the month of September using a drifting robotic gene sensor
demonstrated highly variable diazotroph population dynam-
ics, with abundances of Trichodesmium and the unicellular cya-
nobacteria Candidatus Atelocyanobacterium thalassa varying
up to three orders of magnitude over <30 km and over<2 d
time scales (Robidart et al. 2014). Several studies investigating
factors controlling the spatiotemporal variability in diazo-
trophs and N, fixation have revealed episodic changes may be
coupled to mesoscale physical variability (Davis and McGilli-
cuddy 2006; Fong et al. 2008; Church et al. 2009), transport
and mixing of biogoechemically distinct water masses (Guidi
et al. 2012; Robidart et al. 2014), and the legacy of phosphorus
originating from winter mixing (Dore et al. 2008). Analysis of
satellite-derived SSHA and depth-integrated rates of N, fixation
in the present study revealed that periods when rates of '*N,
fixation were elevated (defined as>1 standard deviation of
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Fig. 6. Relationship of depth-integrated (0 m to 125 m) rates of N, fix-
ation and satellite-derived sea surface height anomaly (SSHA) between
2005 and 2013. The two dashed lines depict the * 1 standard deviation
of the time-integrated mean rate of TSN, fixation. Rates of '°N, fixation
binned into summer and fall and winter and spring months.

the time-averaged rate of >N, fixation) were predominantly
associated with positive SSHA (range: 3-19 cm), consistent
with the passage of anticyclonic eddies through the study
region (Fig. 6). Although such observations have previously
been made in the Pacific and Atlantic Ocean (Davis and
McGillicuddy; 2006 Fong et al. 2008; Church et al. 2009), the
present multi-annual data set highlights that mesoscale physi-
cal processes can be important regulators of variability in diaz-
otroph activity at Station ALOHA. Depth-integrated nutrient
inventories (0-125 m) measured during these periods of posi-
tive SSHA (N+N: 15781603 umol m~% and SRP:
10,433 = 5120 ymol m™?) emphasize that such events coincide
with low NO; + NO; : SRP ratios, which have been hypothe-
sized to promote the growth of N,-fixing microorganisms
(Sohm et al. 2011). Nevertheless, the exact physical, biogeo-
chemical, and ecological processes underlying this apparent
mesoscale stimulation of diazotroph activity in the oligotro-
phic ocean have yet to be identified.

Several key assumptions underlie our use of a two end-
member N isotope model to constrain the relative contribu-
tions of NO; and N, fixation to new production. Specifi-
cally, in applying this model we assumed that the euphotic
zone N budget was in steady state over annual to subdecadal
time scales. Upper ocean nutrient inventories at Station
ALOHA have been shown to demonstrate non-steady state
dynamics over interannual to subdecadal time scales (e.g.,
Karl et al. 1997, 2001); however, the magnitude of such vari-
ability appears relatively small compared to annual budgets
of upper ocean N flux. For example, Hebel and Karl (2001)
reported interannual changes in upper ocean (0-150 m) PN
inventories of <2 mmol m~? yr~!; similarly, over subdecadal
time scales, inventories of dissolved organic nitrogen (DON)
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at Station ALOHA increased at ~ 11 mmol N m 2 yr !

(Church et al. 2002). However, such changes in upper ocean
N pools equate to < 10% of the annual new production esti-
mated from this region (Johnson et al. 2010).

In addition, the two end-member isotope model relies on
the assumptions that N, fixation and vertical input of NO;
are the only sources of new N to the upper ocean, and that
these sources of new N are balanced by the downward flux
of PN. Hence, this approach ignores potential supply of N
via atmospheric deposition and/or advection of new N to
the upper ocean. Both of these sources are poorly quantified
at Station ALOHA; however, supply of N via atmospheric
deposition can at times constitute a significant source of N
to the upper ocean in some locations (Duce et al. 2008, Kim
et al. 2014). A recent analysis on N deposition across the
central Pacific Ocean suggested fluxes of N from atmospheric
deposition in the region around ALOHA were < 10 mmol N
m ™2 yr !, equivalent to <5% of the new N supply to the
upper ocean (Kim et al. 2014). Advection of N into the sub-
tropical gyre is also poorly quantified, but weak north-south
gradients in DON concentrations suggest low N supply by
this pathway (Abell et al. 2000). Losses of N from the upper
ocean can occur through lateral or vertical physical dynam-
ics, sinking particles, or gaseous exchange with the atmo-
sphere. Vertical gradients in DON are ~ 10% of the vertical
NO; gradients (Karl et al. 2001) suggesting downward diffu-
sion of DON could balance only a few percent of the total N
supply to the upper ocean (Dore et al. 2002). However, a
recent analysis of gradients in dissolved organic carbon and
apparent oxygen utilization suggests vertical export of dis-
solved organic matter could be a significant component of
upper ocean export (Emerson 2014). Nitrogen can also be
lost from the upper ocean to the atmosphere, whether in the
form of NHj3 or through N,O production associated with
nitrification, denitrification, and nitrifier-denitrification
pathways (Dore et al. 1998, Ostrom et al. 2000, Santoro
et al. 2011). The upper ocean at Station ALOHA is well oxy-
genated, so N losses deriving from denitrification are pre-
sumed low. Moreover, net fluxes of N,O from the surface
ocean across the air-sea interface at Station ALOHA have
been estimated to be between 0.4 and 5.2 ymol N m~2 d™!
(Dore et al. 1998), which on the high end would be equiva-
lent to ~1% of the estimated new production derived in this
study. Deposition of N to the surface ocean appears domi-
nated by NH3 of marine origin (Jickells et al. 2003, Altieri
et al. 2016). Moreover, the flux of NH3 from the ocean to
the atmosphere in the subtropical gyres also appears low rel-
ative to PN export (Paulot et al. 2015). Together, these obser-
vations support the notion that sinking particles likely
represent the largest loss term by far for new N production
in this region.

We utilized a sensitivity analysis of the two end-member
isotopic N source model for additional constraint on the
contribution of N, fixation to N export at Station ALOHA.
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Fig. 7. Response of near-surface ocean (5 m) N, fixation rates to the enrichment of '°N, gas distributed by Sigma-Aldrich (lots CX0937, EB1169,
and SZ1670V) and Cambridge Isotope Laboratories (lot I-16727) during experiments conducted in November and December 2014 (panel A and B,
respectively). Panel € depicts vertical profile of mean volumetric rates of '>N, fixation measured between June 2005 and December 2013 (black
circles), and for two cruises where "N, gas appeared contaminated (HOT cruise 243, June 2012, black triangles; and HOT cruise 247, October 2012,
open triangles). Vertical and horizontal error bars represent one standard deviation of the mean rates.

While early analyses of subsurface and intermediate waters
from the central North Pacific showed 6'°N values of NO;
averaging close to +6.59%, (Cline and Kaplan, 1975), a more
recent study by Casciotti et al. (2008) suggested a consider-
ably lower §'°N signature of NO; (approximately +3.5%,)
near the base of the euphotic zone (150 m) in the study
area. To constrain appropriate 6'°N end-members for the
present study, we examined how various permutations of
the 6'°N signatures of N, and NOj; influenced the derived
contributions of these N sources to PN export (Table 3).
Notably, these results revealed that the relatively small varia-
tion in the choice of possible '°N, end-member signature
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had minor impact on the fractional contributions of N, and
NO;, while the larger possible range in 6'°NO; end-member
values was an important determinant on the magnitude of
the derived fluxes. Regardless of the 6'°N, end-member signa-
ture, use of 6'°NO; end-members of 3.5 to 4.0%, resulted in
negligible contributions of N, fixation to total PN export at
Station ALOHA over annual to multi-annual time scales, a
finding inconsistent with our nearly 9-yr time series of direct
measurements. Moreover, based on this small proportional
contribution, and assuming our direct measurements of *N,
fixation were accurate, use of these low §'°NO; end-members
yielded unrealistically high N export fluxes (Table 3). In
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Table 3. Summary of sensitivity analysis of the two end-member model of nitrogen sources supporting particulate nitrogen (PN)
export at 150 m at Station ALOHA from 2006 to 2013. The fractions of the PN flux (Fpn) supported by either N, fixation (fpn-N3) or
nitrate (fpn-NO3) are calculated for several possible combinations of the two isotopic end-members (6'°N, =N, fixation and
d'>NOj3 = nitrate), using the measured time-integrated mean isotopic signature of PN flux (3'°N-PN). The isotope model is used to
estimate the upward flux of nitrate (FNo;) and Fpy from the time-integrated mean rate of measured N, fixation (Fn2). The apparent
efficiency of sediment trap collection of PN is calculated as the ratio of measured to modeled Fpy.

Fnz Fen
measured measured Fno; modeled Fpn modeled Apparent

0Ny 0"°NO;  0"N-PN  fon-N;  fp-NO3  (umol N (umol N from Fy, (umol  from Fy, (umol  trap efficiency
) ) ) (%) (%) m?d) m?d7) Nm?d7) Nm~2d™") (%)
-1.0 3.5 3.46 1 929 236 272 26314 26550 1
-1.0 4.0 3.46 11 89 236 272 1949 2185 12
-1.0 5.0 3.46 26 74 236 272 683 919 30
-1.0 6.0 3.46 36 64 236 272 414 650 42
-1.0 6.5 3.46 41 59 236 272 346 582 47
-1.0 7.5 3.46 48 52 236 272 261 497 55

0.0 3.5 3.46 1 929 236 272 20414 20650 1

0.0 4.0 3.46 14 86 236 272 1512 1748 16

0.0 5.0 3.46 31 69 236 272 530 766 35

0.0 6.0 3.46 42 58 236 272 321 557 49

0.0 6.5 3.46 47 53 236 272 269 505 54

0.0 7.5 3.46 54 46 236 272 202 438 62

0.6 3.5 3.46 1 929 236 272 16874 17110 2

0.6 4.0 3.46 16 84 236 272 1250 1486 18

0.6 5.0 3.46 35 65 236 272 438 674 40

0.6 6.0 3.46 47 53 236 272 266 502 54

0.6 6.5 3.46 52 48 236 272 222 458 59

0.6 7.5 3.46 59 41 236 272 167 403 67
contrast, 515NO§ values of between 5.0%, and 6.09, resulted Assuming a C:N ratio of exported organic matter of 8:1

in more realistic proportions of the PN flux supported by N, (Hannides et al. 2009), the range of Fpy modeled from our
fixation (26% to 47%) and total N fluxes out of the euphotic N, fixation rate and 6'°N-PN measurements (502-919 umol

zone (502-919 ymol N m~2d™ ). Also, our modeled Fro; val- N m~2 d™!) would be equivalent to an average downward
ues ranged from 266 to 683 umol N m~? d~'; independent  organic carbon flux of 1.5 to 2.7 mol C m ™2 yr !, an esti-
estimates of Fnos, based on the time-series dynamics of NO; mate consistent with various independent determinations

concentration profiles, suggested a minimum value of 241 of net community production (NCP) in this region (e.g.,
pmol N m~2 d™! and an upper limit of 438 =200 ymol N Keeling et al. 2004; Riser and Johnson 2008; Quay et al.
m~2 d~! (Johnson et al. 2010), a finding consistent with our 2010). Such results provide additional confidence in our

results. constraint of the §'°N end-members selected for the two-
The range of §'°N values we have constrained for the source model.

upward NO; flux (5-69%,) is consistent with measurements Our use of the two-end-member isotope model and mea-

of 515NO3_ made in subeuphotic zone waters (~ 200- sured N, fixation rates yielded estimates of Fpy that were

250 m; Casciotti et al. 2008) that have ventilation times greater than the Fpy values measured with sediment trap col-

ranging between ~1 yr and ~4 yr (Bullister et al. 2006). Selec- lections (Table 3). There are several potential reasons for this

tion of shorter ventilation times (< 1 yr), associated with apparent mismatch. Undercollection of organic matter
waters with lighter 6'°NO; signatures, would not be expected export based on sediment trap collection of sinking particles
to balance annual to multi-annual export fluxes. It seems like- (including missed contributions from DON), alternate sour-
ly that the very low §'°NO; measurements at shallower ces of fixed N to the upper ocean (e.g., atmospheric deposi-
depths previously reported in this region represent a transient tion or advection), and vertical and temporal variability in
situation; however, multiannual time-series measurements of the 6'°N signature of NO; supplied to the euphotic zone all
the depth distribution of 6'°NO; would be necessary to test introduce uncertainties to the isotopic mass balance model.
this hypothesis. Although the flux of N to the upper ocean via atmospheric
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deposition appears relatively small (Kim et al. 2014), the
0'°N signature of N deposition often appears low (—4.5%, to
—0.6%,; Hastings et al. 2003; Knapp et al. 2008). As such,
deposition of low §'°N to the upper ocean would result in
overestimation of the contribution by N, fixation based on
the two end-member model. However, N supplied to the
ocean via wet or dry deposition can derive from both natural
(i.e., marine aerosols) and anthropogenic (i.e., fossil fuel com-
bustion byproducts and fertilizers) sources. The 5'°N signature
of fertilizer NO; ranges between —29%, and 59, (Heaton
1986), while fossil fuel combustion byproducts appear heavi-
er, with 6'°N signatures reported between 6%, and 13%, (Hea-
ton 1990; Altieri et al. 2016). Hence, atmospheric transport
and delivery of N from these sources has the potential to alter
the isotopic composition of both the dissolved nutrient and
particulate matter pools. If fossil fuel combustion byproducts
are an increasingly important source of bioavailable N to the
upper ocean at Station ALOHA as suggested by the recent
study of Kim et al. (2014), such supply would increase the
0'°N signature of sinking PN, leading to underestimation of
the contribution of N, fixation derived through use of the
two end-member model, and therefore overestimating Fpy.
Plankton assimilation of DON would further complicate the
use of the two end-member model; measurements of the §*°N
signature of high molecular weight DON in the upper ocean
of the Pacific indicates a isotopic signature similar to that of
deep ocean nitrate (5.49, = 0.8%,; Meador et al. 2007)

If our derived estimates of N export are correct, such
results highlight potential undercollection of organic matter
export by the sediment traps utilized for this study. The
underlying assumption for the derived estimate of Fpy is that
the 6"°N signature of PN collected by sediment traps is repre-
sentative of the export flux over annual to decadal time
scales; while the total PN flux may be undercollected, we
assume the traps are not biased with respect to the 5'°N sig-
nature of the particles collected. Based on the time-
integrated, average PN flux measured between 2006 and
2013 (272 ymol N m~2 d™ 1) and assuming a total N flux out
of the upper 150 m between 505 and 919 ymol N m 2 d!
(Table 3), these results indicate that the sediment traps effec-
tively collected between 30% and 54% of the organic N
export during the present study (Table 3). Previous studies
have described biases associated with the particle interceptor
traps used for collecting sinking particles (Buesseler 1991;
Michaels et al. 1994; Benitez-Nelson et al. 2001). Moreover,
N export mediated by active zooplankton migration and
excretion of NHj3 at depth has been suggested to account for
105+ 65 yumol N m~2 d™!, and this flux would presumably
not be accounted for in our trap-derived flux measurements
(Hannides et al. 2009). In addition, sediment traps would
not account for downward export of DON.

In conclusion, this study provides critical information on
methodological challenges associated with direct oceanic N,
fixation rate measurements and reveals that N, fixation is a
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time-varying component of the ocean N cycle in the NPSG,
and that variability in this process can be a major control on
the magnitude of organic matter export in this ecosystem.
Our results provide additional support highlighting that sed-
iment trap-based estimates of NCP may be biased low while
15N tracer-based estimates appear to be consistent with previ-
ous reports of NCP (Emerson et al. 1997; Riser and Johnson
2008; Quay et al. 2010) and NO; based new production
(Johnson et al. 2010) in this region. Resolving whether sedi-
ment traps undercollect specific particle classes with differ-
ing 6'°N remains an important and open question that
needs to be resolved to fully interpret the 6'°N-PN data
record from Station ALOHA. Similarly, quantifying the
importance of DON fluxes and zooplankton-mediated N
transport, as possible pathways for fixed N export remains
central to our ability to refine the upper ocean nitrogen bud-
get in this ecosystem.
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