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Abstract11

Nitrogen supply to surface waters can play an important role in the productivity and12

ecology of subtropical ecosystems. As part of the Vertical Transport in the Global Ocean13

(VERTIGO) program, we examined the fluxes of nitrogen to and from the euphotic zone at14

station ALOHA in the north Pacific subtropical gyre using natural abundance stable isotopic15

measurements of nitrate (δ15NNO3 and δ18ONO3), as well as sinking and suspended particulate16

nitrogen (δ15NPN). Paralleling the steep gradient in nitrate concentration in the upper thermocline17

at ALOHA, we observed a steep gradient in δ15NNO3, decreasing from a maximum of +7.1‰ at18

500 meters (m) to +1.5-2.4‰ at 150 m. δ18ONO3 values also decreased from +3.0 ‰ at 300 m to19

+0.7-0.9 ‰ at 150 m. The decreases in both δ15NNO3 and δ18ONO3 require inputs of isotopically20

“light” nitrate to balance the upward flux of nitrate with high δ15NNO3 (and δ18ONO3). We21

conclude that both nitrogen fixation and diagenetic alteration of the sinking flux contribute to the22

decrease in δ15NNO3 and δ18ONO3 in the upper thermocline at station ALOHA. While nitrogen23
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fixation is required to explain the nitrogen isotope patterns, the rates of nitrogen fixation may be24

lower than previously estimated. By including high-resolution nitrate isotope measurements in25

the nitrogen isotope budget for the euphotic zone at ALOHA, we estimate that approximately26

25%, rather than 50%, of export production was fueled by N2 fixation during our study. On the27

other hand, this input of N2-derived production accumulates in the upper thermocline over time,28

playing a significant role in subtropical nutrient cycling through maintenance of the subsurface29

nitrate pool. An increase in sinking δ15NPN between 150-300 m, also suggests that fractionation30

during remineralization contributed to the low δ15NNO3 values observed in this depth range by31

introducing a subsurface nitrate source that is 0.5 ‰ lower in δ15N than the particle flux exported32

from the euphotic zone. While the time scale of these observations are currently limited, they33

highlight the need for inclusion of δ15NNO3 measurements in a time series program to allow a34

broader assessment of the variations in subsurface δ15NNO3 values and the links between35

subsurface nitrate and export flux at station ALOHA.36
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1. Introduction37

Station ALOHA nitrogen cycling and export38

Station ALOHA is home to one of the longest running oceanographic time series39

observational programs and much is known about the seasonal dynamics and interannual40

variability of physical and biogeochemical processes at this site, as well as the long-term trends41

in physical, chemical, and biological properties (Dore et al., 2002; Karl, 1999; Karl et al., 2001a;42

Karl et al., 1995). As a representative of one of the earth’s largest biomes (Karl et al., in press), it43

is important to understand what limits primary production and export in this oligotrophic44

environment. The nitracline at ALOHA is positioned at 110 ± 10 m (Dore and Karl, 1996).45

These depths are within the euphotic zone, but at or below the limit of maximum winter mixed46

layer depths (Dore et al., 2002; Fennel et al., 2002). It has been argued, therefore, that nitrate47

supply to the mixed layer is limited to mesoscale eddy activity and infrequent event-driven48

pulses or vertical migration of phytoplankton (Karl, 1999; Letelier et al., 2000; Sakamoto et al.,49

2004; Vaillancourt et al., 2003; Villareal et al., 1993; Villareal et al., 1996). This part of the50

oligotrophic north Pacific subtropical gyre also relies on nitrogen fixation as a source of nitrogen51

for primary production, particularly in the mixed layer or upper euphotic zone (Dore et al., 2002;52

Karl et al., 1997; Mahaffey et al., 2005). However, productivity in the lower euphotic zone may53

be largely nitrate-driven (Fennel et al., 2002; Letelier et al., 2004). Of the average 0.8-1 mol C54

m-2 y-1 exported from the surface ocean at the Hawaii Ocean Time Series station ALOHA55

approximately 48%, or 0.4-0.5 mol C m-2 y-1, has been attributed to nitrogen fixation (Karl et al.,56

1997).57

Independent lines of evidence at station ALOHA have highlighted the quantitative58

importance of N fixation as a mode of new production in the north Pacific subtropical gyre. High59
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abundance (Church et al., 2005a; Letelier and Karl, 1996) and diversity (Falcon et al., 2004; Zehr60

et al., 1998; Zehr et al., 2001) of diazotrophic cyanobacteria, as well as tight physical61

associations between nitrogen fixing cyanobacteria and eukaryotic phytoplankton (Karl et al.,62

1997; Scharek et al., 1999), illustrate the capacity for nitrogen fixation. In addition, the activity63

of diazotrophic phytoplankton has been measured through short-term incubation experiments64

(Dore et al., 2002; Montoya et al., 2004; Zehr et al., 2001) and expression of genes coding for65

nitrogenase (Zehr et al., 2001; Church et al., 2005b). In addition to instantaneous measurements,66

the role of nitrogen fixation in seasonal and annual export production has been inferred through67

nitrogen stable isotopic budgets (Dore et al., 2002; Karl et al., 1997) and geochemical modeling68

of gas ratios and nutrient stoichiometry (Karl et al., 1997; Fennel et al., 2002; Deutsch et al.,69

2007; Emerson et al., 1995). The results of these studies highlight the potential importance of N70

fixation as a mode of new production in the north Pacific subtropical gyre.71

If the euphotic zone is neither gaining nor losing nitrogen, the export of particulate72

nitrogen (PN) from the surface ocean should be balanced by supplies of new nitrogen through73

nitrate input, nitrogen fixation, and atmospheric deposition. Moreover, if steady state can be74

assumed on an annual timescale, then the nitrogen isotopic content (δ15N ‰ =75

[((15N/14N)sample/(
15N/14N)std) –1] *1000) of the incoming and outgoing nitrogen fluxes should76

also balance. While long-term changes in the nutrient inventories have been observed at ALOHA77

(Karl et al., 1997; Karl et al., 2001a; Karl et al., 2001b), the time scale for this change is long78

relative to the fluxes through the system. A nitrogen isotope balance approach has been taken by79

Karl et al (1997) and Dore et al (2002) to estimate that the fraction of annual export production80

supported by nitrogen fixation at ALOHA averages about 48%, with a seasonal pattern that81

indicates a higher fraction of export supported by N2 fixation in the summer when waters are82
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strongly stratified, and a lower fraction of export supported by N2 fixation in the winter when83

mixed layers extend down to 100 m.84

The construction of isotope budgets to infer annual rates of N2 fixation at ALOHA relied85

on sparse measurements of nitrate δ15N (δ15NNO3) in the north Pacific (Liu et al., 1996; Voss et86

al., 2001), but none at or near station ALOHA. Based on these measurements, the supply of87

nitrate to the surface water at ALOHA has been assumed to possess a δ15N value of +6.5‰88

(Dore et al., 2002). As noted by Mahaffey et al (2005) if the δ15N of nitrate sources to the89

euphotic zone at ALOHA are less than 6.5‰, the N input from N2 fixation may be less than90

currently estimated from long-term measurements of sinking δ15NPN values. Since that time, a91

few δ15NNO3 measurements have been reported from station ALOHA (Mahaffey et al., in press;92

Sutka et al., 2004), but these data were not used to confirm or refute this assumed isotopic value93

for nitrate entering the euphotic zone at station ALOHA.  Indeed, because of the strong gradients94

in the water column, high spatial resolution nitrate isotopic data are required for this assessment,95

and thus to determine the accuracy of isotope-based fluxes of new and export production and the96

integrated contribution of nitrogen fixation to subsurface nitrate at this site. These fluxes have97

important implications for understanding the mechanisms of carbon export from the north Pacific98

subtropical gyre and the physical and ecological constraints on new production in the99

oligotrophic ocean.100

As part of the Vertical Transport in the Global Ocean (VERTIGO) program, we occupied101

station ALOHA for a three-week period from June 20 to July 11, 2004. This cruise occurred102

immediately following HOT 160 (June 14-18, 2004) and preceding HOT 161 (July 12-14, 2004).103

During the VERTIGO cruise many physical, chemical, and biological parameters were measured104

repeatedly over the three-week period, including primary productivity, new and regenerated105
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production, particle export and attenuation through the mesopelagic zone (Buesseler et al., this106

issue). These measurements were designed to capture the surface properties related to particle107

flux measured at nominal depths of 150, 300, and 500 m, as well as to examine the mechanisms108

controlling particle flux attenuation. During this expedition, observations of particle export flux109

(Buesseler et al., 2007), were similar to the low levels historically observed in July and August at110

station ALOHA (Christian et al., 1997; Dore et al., 2002; Karl et al., 1996). Although the particle111

fluxes are low at this oligotrophic site, mesopelagic particle attenuation at ALOHA is very112

efficient, with 20% or less of the carbon flux at 150 m passing 500 m (Buesseler et al., 2007). If113

remineralization drives this flux attenuation, or at least keeps pace with it, this could represent a114

significant flux of nitrogen into the subsurface, accumulating as nitrate.115

The current study was undertaken to examine the nitrogen cycling and supply to the116

euphotic zone at station ALOHA using high-resolution δ15NNO3 and δ18ONO3 measurements in117

the context of the study of particle flux dynamics offered by the VERTIGO program.118

Measurements of nitrate δ15N and δ18O (δ18O ‰ = [((18O/16O)sample/(
18O/16O)std ) –1] *1000), as119

well as sinking and suspended particulate nitrogen δ15N, were made through the upper120

mesopelagic (150-500 m) where the bulk of particulate export is remineralized. We relate the121

isotopic distributions in nitrate and particulate nitrogen to uptake and remineralization of122

nitrogen in the upper water column. These results allow us to assess the influence of nitrogen123

fixation and particle remineralization on the accumulation of nitrate in the upper thermocline.124

125



7

2. Methods126

2.1 Sample collection127

All samples reported here were collected within 18 nautical miles of station ALOHA (22º128

45’ N, 158º W) in the North Pacific Subtropical Gyre during June 20 – July 11 2004. Over the129

three-week period, samples were collected for δ15NNO3 and δ18ONO3 measurements from 11130

profiles, ranging from depths of 150 m to 3,000 m. Samples were collected from 10 L Niskin131

bottles into 60 mL HDPE Nalgene bottles, rinsed three times with sample before final volumes132

were collected. Samples were frozen immediately on board, transported frozen, and stored at –20133

ºC until isotopic analysis.134

Suspended particles were collected from the Multiple Unit Large Volume Filtration135

System (MULVFS; Bishop et al., 1985) at depths of 30, 54, 79, 104, 153, 202, 326, 474, 572,136

and 770 m. Particles were collected from 3,840 to 12,790 L of seawater (J. Bishop, personal137

communication), depending on the depth, by filtering in-situ over a four hour period through a138

53 µm nylon mesh and then two layers of (pre-combusted) QMA quartz fiber filter (1 µm139

nominal pore size). The MULVFS QMA filters were subsampled upon retrieval in a HEPA-140

filtered laminar flow hood by excising 47 mm discs, which were then frozen.141

Sinking particles were collected in replicate Neutrally-Buoyant Sediment Traps (NBST’s;142

Buesseler et al., 2000; Valdes and Price, 2000) deployed at nominal depths of 150 m (3 traps),143

300 m (2 traps), and 500 m (2 traps). The traps were each deployed for two 3-5 day collections144

during the cruise. Each trap held five replicate tubes containing 500 mL brine (freeze-condensed145

filtered Sargasso seawater) poisoned with 180 µM HgCl2 or 2% formalin (Buesseler et al., 2007;146

Lamborg et al., this issue; Lee et al., 1992). The brine (with particles) from the replicate tubes147

were combined, pre-screened through 350-µm mesh to remove “swimmers”, and split into 8148
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equal volumes on board after recovery of the traps (Lamborg et al., this issue). Sample splits for149

δ15NPN measurements from the first set of NBST trap deployments at ALOHA were filtered onto150

pre-combusted 25 mm silver filters, dried, and stored frozen until analysis. Only HgCl2-treated151

samples were analyzed here for δ15NPN.152

153

2.2 Nitrate isotopic analysis154

Nitrate (plus nitrite) δ15N and δ18O analyses were performed using the denitrifier method,155

as previously described (Casciotti et al., 2002; Sigman et al., 2001). Based on nitrate (plus156

nitrite) concentration analyses, sample volumes were calculated to achieve either 5 nmoles157

(samples from 150-200 m) or 20 nmoles (samples from >200 m) for a given batch of analyses.158

At either target sample size, aliquots of nitrate isotopic reference materials USGS32, USGS34,159

and USGS35 (Böhlke et al., 2003) were analyzed in parallel, with an aliquot of each standard160

analyzed after every 9 samples. The matching of sample and standard amounts simplifies the161

isotopic calibration of sample analyses based on parallel analyses of standards. The use of162

USGS32, USGS34, and USGS35 provides a 2-3 point calibration curve for δ15NNO3 and δ18ONO3163

measurements. Calibration to the most recently reported δ15N and δ18O values for these materials164

(Böhlke et al., 2003) yields δ15NNO3 values of 5.5‰ and δ18ONO3 values of 1.6-2.0‰ for the deep165

(>3000 m) Pacific (this study; Casciotti, unpublished data). The δ18ONO3 values are therefore166

higher in comparison to previous results (e.g. Casciotti et al., 2002; Sigman et al., 2005).167

Average δ15NNO3 and δ18ONO3 values and standard deviations reported here are based on replicate168

analyses (n=2-4) of each sample, with analyses conducted on multiple days representing169

independent batches of bacteria and standard calibrations. δ15NNO3 values are reported in permil170

(‰) vs. AIR and δ18ONO3 values are reported in permil (‰) vs. VSMOW.171
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Nitrite was not removed from these samples or analyzed separately for isotopic172

composition. Based on historical data for station ALOHA, nitrite was expected to be less than173

100 nmol kg-1 at 150 m and lower than 20 nmol kg-1 at 200 m and below (Dore and Karl, 1996).174

At 150 m, then, nitrite may have been as much as 20% of the combined nitrate and nitrite pools,175

but at concentrations of 100 nmol kg-1 or less, nitrite is not isotopically accessible. To achieve176

pure δ15NNO3 and δ18ONO3 values, these samples would need to be treated with ascorbic acid to177

remove nitrite (Granger et al., 2006). However, the combined nitrate plus nitrite pool is relevant178

for discussion of the euphotic zone nitrogen mass balance.179

180

2.3 Particulate nitrogen δ15N analysis181

Frozen MULVFS subsamples were thawed, then dried at 60 °C. Once dried, ten to twenty182

punches (5 mm each) from the top QMA filter were combined to achieve approximately 5 µg N183

for δ15NPN analyses. From splits of sinking material, whole 25 mm filters were used, which184

contained approximately 2-20 µg N per filter. In either case, filters were packed into silver185

capsules, treated with 1N HCl to remove carbonates, and dried overnight at 60°C. The capsules186

were then crimped shut and analyzed using a Fisions 1500 Elemental Analyzer and ConFlo-II187

interface inline with a Finnigan DeltaPLUS isotope ratio mass spectrometer. A small-bore188

combustion tube (Karsh et al., 2003) was also used to increase sensitivity (signal amplitude) for189

the small quantities of sinking and suspended material collected in this study. Individual analyses190

were normalized to N2 working gases and to AIR reference scales by parallel analyses of IAEA-191

N1 (ammonium sulfate, δ15N = +0.4‰) and IAEA-N3 (potassium nitrate, δ15N = +4.7‰).192

Precision for δ15N standard analyses was 0.11‰ and 0.12‰ during runs for suspended and193

sinking δ15NPN, respectively.194



10

195

3. Results196

3.1 Physical properties197

The water column at station ALOHA is stably stratified with mixed layer depths ranging198

seasonally from 40 m in the summer to 80-100 m in the winter (Dore et al., 2002; Fennel et al.,199

2002). Below the surface mixed layer, five water masses have been identified: Subtropical200

Salinity Maximum Water (STSMW; σθ = 24.2 kg m-3, centered at ~150 m), Shallow Salinity201

Minimum Water (SSMW; σθ = 25.8 kg m-3, centered at ~300 m), North Pacific Intermediate202

Water (NPIW; σθ = 26.8 kg m-3, centered at ~500 m), North Pacific Deep Water (NPDW; σθ =203

27.5 kg m-3, ~1000 m), and North Pacific Bottom Water (σθ = 27.8 kg m-3, below 3000 m)204

(Sabine et al., 1995; Talley, 1985; Talley, 1993). Temperature, salinity, and density data are205

shown in Figure 1A, with data from HOT 160 shown as smoothed curves and data from206

VERTIGO corresponding to nitrate isotope samples represented by the circles. Because the207

primary focus of this study was to place constraints on the fluxes and isotopic dynamics of208

nitrate supply and remineralization in the “twilight” zone, the majority of samples for δ15NNO3209

and δ18ONO3 analyses were collected from the upper water column (150-600 m), consisting of210

SSTMW, SSMW, and NPIW. Samples collected from NPBW and NPDW were intended for211

intercomparison to other measurements taken from the north Pacific basin (Liu and Kaplan,212

1989; Liu et al., 1996; Sigman et al., 2005; Voss et al., 2001). Waters above 150 m were sampled213

but did not contain sufficient nitrate for isotopic analyses.214

215

3.2 Nutrient distributions216
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The nutrient fields in HOT cruises 160 and 161 (immediately preceding and immediately217

after the VERTIGO cruise, respectively) were nearly identical to each other, with nanomolal218

nitrate concentrations in the euphotic zone, increasing to a maximum of 41 µmol kg-1 at 700-219

1000 m. The nutrient measurements made in the VERTIGO program were similar to HOT data220

in the upper 500 m (where the majority of VERTIGO sampling was conducted), but showed221

greater divergence from historical ALOHA data in deeper waters (data not shown). Because we222

were interested in full depth profiles for the current study, VERTIGO nitrate concentration data223

were not used here. Instead, nitrate data obtained from the HOT-DOGS data server224

(http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html) for HOT cruises 160 and 161 were225

used to determine the profile of nitrate concentrations (µmol kg-1) at depths sampled for δ15NNO3226

and δ18ONO3. Where necessary, available data were interpolated linearly between HOT standard227

depths to obtain nitrate concentrations at the appropriate depths. Figure 1B displays nitrate,228

phosphate, and oxygen concentration data from HOT 160 (lines) and interpolated nitrate and229

phosphate concentration values for the depths at which VERTIGO nitrate isotope samples were230

collected (circles). The interpolated nitrate concentrations obtained in this way matched well231

with the nitrate concentrations estimated from integrated ion beam amplitudes during the nitrate232

isotopic analyses. Nitrate concentrations ranged from approximately 0.2-0.5 µmol kg-1 at 150 m233

to a maximum of 41 µmol kg-1 in the oxygen minimum at 700-1000 m.234

235

3.3 Nitrate δ15N and δ18O236

Paralleling the steep decrease in nitrate concentration from 500 to 150 m, we found a237

steep decrease in δ15NNO3 from 7.0-7.1 ‰ (average +7.1 ± 0.2‰) at 500 m to 1.5-2.4‰ (average238

+1.9 ± 0.3‰) at 150 m (Figure 2A). The steep decrease in δ15NNO3 in the upper thermocline has239
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been observed in other tropical and subtropical locations (Karl et al., 2002; Knapp et al., 2005;240

Liu et al., 1996) and is consistent with recent results from station ALOHA (Mahaffey et al., in241

press; Sutka et al., 2004). In waters below 500 m, δ15NNO3 gradually decreased to 5.4 ± 0.2‰,242

which is typical for deep water in the north Pacific (Brandes et al., 1998; Cline and Kaplan,243

1975; Liu et al., 1996; Sigman et al., 2005; Sutka et al., 2004).The potential mechanisms driving244

the observed distribution in δ15NNO3 at ALOHA, in particular the upward decrease in δ15NNO3245

between 500 and 150 m, are evaluated below.246

δ18ONO3 also decreased in the upper thermocline, from maximum values of +2.5 to247

+3.3‰ (average +3.0 ± 0.2‰) at 300 m to values of +0.7 to +1.0 (average +0.9 ± 0.3‰) at 150248

m (Figure 2A). Such low δ18ONO3 values have not previously been reported in near-surface249

waters and would likely represent an upper limit on the δ18ONO3 of freshly produced oceanic250

nitrate. Between 500 m and 300 m, where δ15NNO3 shows a decreasing trend, δ18ONO3 continues251

to increase above its 500 m value, causing the maximum in δ18ONO3 to be shallower than the252

maximum in δ15NNO3 (Figure 2A). Offsets in the depths of δ15NNO3 and δ18ONO3 maxima have253

been observed in other regions, such as in waters overlying the oxygen deficient zone in the254

eastern tropical north Pacific (Sigman et al., 2005), where it was interpreted to result from255

remineralization of newly fixed nitrogen or subsurface nitrate/nitrite recycling. The mechanisms256

driving the relative changes in δ15NNO3 and δ18ONO3 at ALOHA will be discussed in more detail257

below. δ18ONO3 continued to decrease below 500 m to a value of +1.6 ± 0.3‰ at 3047 m. This258

δ18ONO3 value is higher than previously reported deep Pacific values (+0.3‰, Casciotti et al.,259

2002; -0.5‰, Sigman et al., 2005) but less than expected from the offset in calibration schemes260

(2.9‰) for δ18ONO3 with previous work (see the Methods section).261

262
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3.3 Suspended/sinking δ15N-PN263

The δ15N of suspended particles (suspended δ15NPN) also increased with depth from264

+2.8‰ at 153 m to +6.7‰ at 326 m, then decreased steadily to +6.0‰ at 770 m (Figure 2B).265

Values as low as +0.5 to +0.8‰ were observed in the mixed layer (30-50 m). These data are266

consistent with observations from HOT 160 during which suspended δ15NPN measurements267

ranged from –0.3‰ at 43 m to +2.2‰ at 175 m. Low suspended δ15NPN have also been observed268

in other tropical and subtropical surface waters. In the Sargasso Sea, for example, suspended269

δ15NPN values are in the range of –1.0 to +2.0‰ (Altabet, 1988; Altabet et al., 1991; Montoya et270

al., 2002). Variations in suspended δ15NPN can reflect numerous factors, including δ15N of new271

nitrogen sources (N2, NO3
-), fractionation during assimilation, as well as recycled phytoplankton272

production fueled by excretion of ammonium by zooplankton, and trophic complexity (Altabet,273

1988; Trull et al., in press). At station ALOHA, little DIN accumulates in the euphotic zone so274

fractionation during DIN assimilation is not likely to be expressed in suspended δ15NPN.275

However, zooplankton activity (Al-Mutairi and Landry, 2001; Landry et al., 2001; Steinberg et276

al., this issue) may help to preferentially retain low δ15N material in the surface waters (Altabet,277

1988; Checkley and Miller, 1989; Montoya et al., 2002).278

Sinking δ15NPN is more diagnostic of the sources of new N to the euphotic zone (N2 or279

NO3
-) than suspended δ15NPN because its flux should balance the mass and isotope fluxes of new280

nitrogen at steady state (Altabet, 1988; Lourey et al., 2003; Knapp et al., 2005). We measured281

sinking δ15NPN of +2.3 to +2.8‰ (average +2.5 ± 0.4‰) at 150 m, +3.3 to +3.6‰ (average +3.5282

± 0.2‰) at 300 m and +3.1 to +3.6‰ (average +3.3 ± 0.3‰) at 500 m (Figure 2B). The results283

from the 150 m traps are comparable to results from the HOT program that show sinking δ15NPN284

at 150 m ranging seasonally from –1 to +7‰ (Dore et al., 2002), with sinking δ15NPN values of285
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+3.0 ± 0.9‰ in June, +3.1 ± 0.8‰ in July, and +2.6 ± 1.0‰ in August averaged over the286

available HOT dataset from 1989-2006 (http://hahana.soest.hawaii.edu/hot/hot-287

dogs/interface.html). In 2004, summer sinking δ15NPN from the HOT dataset was consistent at288

3.1‰ from July (HOT 160) and +3.05‰ in August (HOT 162).289

290

4. Discussion291

4.1 N isotope budget for ALOHA292

Sources of new nitrogen to the surface ocean can be analyzed using isotope budgets for293

nitrogen sources and sinks from the euphotic zone. If the surface ocean is neither gaining nor294

losing nitrogen, both mass and isotopic composition of the incoming and outgoing fluxes should295

balance when integrated over a sufficiently long time period. Conceptually, the mass balance is296

based on a two-component mixing model where the fluxes of new nitrogen (FN2 and FNO3) and297

their isotopic composition (δ15NN2fix and δ15NNO3, respectively) are combined to produce the flux298

of sinking PN (FPN) with isotopic composition (δ15NPN): δ15NN2fix × FN2 + δ15NNO3 × FNO3 =299

δ15NPN × FPN. This two-component model has been used at many sites (e.g. Altabet, 1988;300

Francois et al., 1992; Liu et al., 1996), including station ALOHA (e.g. Dore et al., 2002; Karl et301

al., 1997) to estimate the proportion of annual nitrogen export that is driven by nitrogen fixation302

and that driven by nitrate assimilation. In the absence of δ15NNO3 data from station ALOHA, the303

δ15N contribution from nitrate was assumed to be +6.5‰, as measured previously in north304

Pacific deep water (Wada and Hattori, 1990), and the δ15N contribution from newly fixed N was305

assumed to be 0‰. From annual average sinking δ15NPN, these calculations have suggested that306

nitrogen fixation supplies approximately 48% of new nitrogen to the euphotic zone at station307

ALOHA on an annual basis (Dore et al., 2002; Karl et al., 1997).308
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Based on the high-resolution δ15NNO3 data reported here, this approach can now be309

further refined. It is observed that the δ15NNO3 of the upwardly diffusing nitrate flux is modified310

as it transits from deep waters to the point of assimilation in the euphotic zone above 150 m, and311

our data suggest that nitrate crossing into the euphotic zone at station ALOHA at 150 m has a312

δ15NNO3 significantly lower than +6.5‰ in June and July of 2004. The δ15NNO3 value taken to313

represent the upward nitrate flux, however, depends on the assumed mechanism of nitrate supply314

to surface waters. If steady-state diffusion is assumed to dominate the upward flux of nitrate, the315

δ15NNO3 flux can be calculated from vertical gradients in concentration of 15N and 14N in nitrate:316

δ15NNO3 = (d[15NNO3]/dz ÷ d[14NNO3]/dz) ÷15Rstd –1)*1000, where 15Rstd is the 15N/14N ratio of air.317

Taking gradients in [15NNO3] and [14NNO3] over 150-250 m and over 150-300 m results in upward318

flux δ15NNO3 values of +3.0‰ or +3.7‰, respectively. If, instead, nitrate is assumed to enter the319

euphotic zone primarily through sporadic injections fueled by mesoscale eddy activity, the320

δ15NNO3 flux might be represented by the depth integral of [15NNO3] and [14NNO3] over the depth321

range from which nutrients are injected, i.e. +2.5‰ for 150-200 m, +3.5‰ for 150-250 m, or322

+4.5‰ for 150-300 m. Uncertainty in the relative importance of these mechanisms for nitrate323

supply to the euphotic zone, leads to ranges in the estimated δ15NNO3 flux of +3.0 to +3.7‰324

(diffusion) or +2.5 to +4.5‰ (injection). At the same time, the downward flux of sinking PN at325

150 m had a measured δ15NPN of 2.5 ± 0.4‰. Incorporating these values into the two-component326

mixing model and propagating errors for each component leads to estimates of 0-44% (average327

of estimates: 24 ± 19%) of exported N supplied by N2 fixation in summer 2004 if δ15NN2fix is328

taken to be 0 ± 1‰ (Dore et al., 2002 and references therein), or 0-37% (average of estimates: 19329

± 16%) if δ15NN2fix is taken to be –1 ± 1‰ (Brandes and Devol, 2002 and references therein; Liu330

et al., 1996; Minagawa and Wada, 1986). These flux proportions are much lower than previous331
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estimates for N2-derived export at ALOHA and suggest that the mass flux of N from fixation in332

the euphotic zone contributed approximately 25% of the sinking PN flux captured at 150 m333

during VERTIGO (0.25 × 0.18 mmol N m-2 d-1 or 0.045 mmol N m-2 d-1). This implied N2334

fixation rate is also much less than rates previously estimated at ALOHA based on annual335

average sinking δ15NPN (Karl et al., 1997).336

Of course, our calculations are based on measurements spanning only three weeks in337

summer of 2004 and do not represent an annual budget. We assume for the purposes of this study338

that fluxes of nitrogen into and out of the euphotic zone are balanced over the time period of our339

measurements. This is supported by data from the HOT program that suggest that the PN fluxes340

were not changing substantially in magnitude or in δ15N over the summer of 2004341

(http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html). For example, the sinking PN fluxes342

at 150 m from HOT 160 (June) and HOT 162 (August) were 0.39 mmol m-2 d-1 and 0.21 mmol343

m-2 d-1, respectively compared with our 0.18 mmol m-2 d-1; furthermore, sinking δ15NPN at 150 m344

was 3.11‰ and 3.05‰ during HOT 160 and 162, respectively, compared with our +2.5‰.345

Bottom-moored sediment traps at HALE-ALOHA also did not show significant changes in346

export flux for several months prior to our occupation of station ALOHA (Buesseler et al., this347

issue). Therefore, we argue that the sinking flux measured during VERTIGO was within the348

range of summer flux measurements from station ALOHA measured during the HOT program349

and most likely did not reflect a response to recent disturbance. Higher sinking δ15NPN values350

observed at other times of year in the HOT record may indicate access of nitrate from deeper in351

the water column or non-steady state behavior where nitrate is upwelled and exported in pulses352

that allow the nitrate-N to be increased in δ15N above the values observed here (Mahaffey et al.,353

in press). However, in the context of prior observations at ALOHA, nitrogen fixation is expected354
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to be highest in summertime, and the sinking δ15NPN that we measure is consistent with previous355

estimates (Dore et al., 2002). The main difference is the lower δ15N estimated for the nitrate end356

member in this study.357

Remineralization of DON has also been neglected in this study. If newly fixed nitrogen is358

exported as DON from the euphotic zone or transported laterally away from this site, we could359

be missing this contribution to the mass and isotope balances. Thus far, the available data360

suggests that horizontal gradients of DON in the vicinity of ALOHA are weak, although vertical361

gradients could support a small flux of DON out of the euphotic zone (Abell et al., 2000).362

However, the limited data available on δ15N of high molecular weight DON (δ15NDON) at363

ALOHA (Mahaffey et al., 2005; Meador et al., 2007) suggests that it is not a reservoir of low364

δ15N material.365

366

4.2 Sources of low δ15N nitrate: mixing, remineralization, recycling367

The δ15NNO3 values at station ALOHA decrease from a maximum δ15NNO3 at 500 m to a368

minimum δ15NNO3 at 150 m. This large decrease in δ15NNO3 occurs in spite of simultaneously369

decreasing nitrate concentrations. Nitrate consumption in the sunlit surface waters maintains370

nitrate concentrations at exceedingly low levels in the upper 150 m, and accordingly any residual371

nitrate should be highly enriched in 15N relative to the supplies of nitrate (local nitrification or372

advection/diffusion from below). Mixing of this residual nitrate pool with nitrate diffusing up373

from below would be expected to generate a δ15NNO3 profile that is upwardly increasing, if only374

slightly due to the low residual nitrate concentration (Figure 3; Knapp et al., 2005; Casciotti et375

al., 2002; Sigman et al., 1999). In order to generate an upwardly decreasing trend in δ15NNO3, a376
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source of low δ15NNO3 is needed to offset the upward flux of high δ15NNO3 and the removal of377

low δ15NNO3 during assimilation.378

Trends of decreasing δ15NNO3 towards the surface have been observed in other tropical379

and subtropical sites (Figure 3; Karl et al., 2002; Knapp et al., 2005; Liu et al., 1996). The low380

δ15NNO3 values at these sites may result from nitrogen fixation, providing a source of low δ15NPN381

for remineralization, from zooplankton excretion of low δ15NNH4 that is then oxidized to nitrate,382

or from preferential remineralization of low δ15N-fractions from particulate nitrogen (Altabet,383

1988; Lehmann et al., 2002). In the Kuroshio region of the western subtropical Pacific, Liu et al384

(1996) reported subsurface (100-300 m) δ15NNO3 values as low as –0.5‰ at one site, although385

average δ15NNO3 values in this depth range were +3.3 ± 0.4‰. δ15NNO3 values increased above386

this isotopic minimum to +4.6 ± 0.9‰ in surface waters; below the isotopic minimum, δ15NNO3387

values gradually increased to average deep Pacific values of 5‰ (Liu et al., 1996). Based on an388

analysis of the nitrogen isotope budget, it was argued that the euphotic zone nitrogen isotope389

budget was roughly balanced with nitrate supply (δ15NNO3 = +3.3‰) and PN export (δ15NPN =390

3.5‰), requiring little nitrogen fixation to balance the budget on an annual basis (8% of annual391

export). However, the subsurface nitrate pool showed the influence of nitrogen fixation in the392

lowered thermocline δ15NNO3 values. They concluded that while nitrogen fixation could account393

for only a minor amount of new production in Kuroshio surface waters on an annual basis, it was394

cumulatively responsible for up to 40% of nitrate in subsurface waters, the renewal of which395

occurs on a much longer time scale. Thus, taking a broader view, N2 fixation plays an important396

role in maintaining the subsurface pool of nitrate in this region.397

In thermocline waters of the Sargasso Sea, low 15N content is seen in both nitrate (Figure398

3; Karl et al., 2002; Knapp et al., 2005) and suspended particulate nitrogen pools (Altabet, 1988;399
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Mahaffey et al., 2003; Montoya et al., 2002). It has been argued that sinking δ15NPN leaving the400

euphotic zone in the Sargasso Sea can be approximately balanced by the nitrate supply and does401

not require significant nitrogen fixation for isotope balance (Altabet, 1988; Knapp et al., 2005).402

As discussed above, we observed low sinking δ15NPN (+2.5 ± 0.4‰) and a corresponding403

flux of low δ15NNO3 (+2.5 to +4.5‰) back into the euphotic zone at ALOHA. The question of404

why δ15NNO3 values are low in the first place will be addressed here. In the following discussion,405

two depth ranges will be considered: 1) STSMW-SSMW (150-300 m), and 2) SSMW-NPIW406

(300-500 m). These depth ranges represent intervals between defined water masses, which may407

serve as end members for diapycnal mixing.408

409

4.2.1 Mixing410

The processes contributing to the distribution of δ15NNO3 in the 150-300 m depth range411

include mixing and remineralization of organic nitrogen (particulate and dissolved). Nitrate will412

tend to diffuse upward due to its concentration gradient from below 300 m and exit into the413

euphotic zone above 150 m. These two fluxes are countered by nitrate from remineralization of414

organic nitrogen coupled to nitrification. Conservative mixing of nitrate between STSMW (150415

m) and SSMW (300 m) would generate waters with nitrate concentrations and salinities falling416

along the solid line in Figure 4A. The nitrate concentrations from this depth range fall roughly417

along the conservative mixing line indicating that sources are roughly balanced by sinks, with418

perhaps a small net source of nitrate between 150 and 300 m depth. Thus, nitrate in this depth419

range appears to be roughly in steady-state. However, the non-conservative nature of nitrate in420

the 150-300 m range is apparent from examination of the δ15NNO3 data. The expected δ15NNO3 vs.421

salinity trajectory for mixing of STSMW ([NO3
-] of 0.2 µmol kg-1 and average δ15NNO3 of 1.9‰)422
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with SSMW ([NO3
-] of 9 µmol kg-1 and average δ15NNO3 of 5.8‰) is indicated by the solid line423

in Figure 4B. The steepness of the mixing curve reflects the dominance of the isotopic424

composition of the mixture by the end member with the higher nitrate concentration (SSMW).425

The measured δ15NNO3 values fall below this mixing line, indicating the non-conservative nature426

of δ15NNO3, which requires a source of low δ15NNO3 in the depth range between 150 and 300 m.427

In deeper waters, the nitrate concentrations suggest a small net sink of nitrate between428

SSMW (300 m) and NPIW (500 m) (Figure 4A). This could be explained by isopycnal mixing429

with denitrifying waters in the eastern tropical Pacific (26.7 kg m-3). Maximal δ15NNO3 values at430

this depth are also consistent with an impact from nitrate removal in remote denitrifying waters.431

A few δ15NNO3 values from this depth range fall below the mixing line between SSMW (300 m)432

and NPIW (500 m) (Figure 4B), consistent with a small input of low δ15NNO3, which will be433

discussed in more detail below.434

Given that mixing in the 150-300 m and 300-500 m intervals cannot explain the origin of435

the low δ15NNO3 values, we turn to remineralization of organic nitrogen as a mechanism for436

lowering δ15NNO3 and examine two potential (and not mutually exclusive) mechanisms for437

generating the low δ15NNO3 values observed in near surface waters at ALOHA: 1) fractionation438

due to preferential remineralization of a 15N-depleted fraction of sinking particles, and 2) long-439

term accumulation of nitrate sourced from N2-based export in the upper thermocline.440

441

4.2.2 Sinking particle remineralization442

Particle flux attenuation in the water column can be modeled approximately by a power443

law Fz = F150(z/150)-b, where Fz is the measured flux at a given depth (z) and F150 is the measured444

flux at 150 m. The exponent “b” is derived from an empirical fit to the flux data and dictates the445
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steepness of the flux attenuation profile (Martin et al., 1987). Averaging both deployments of the446

NBST sediment traps during the VERTIGO occupation of station ALOHA, the measured flux of447

organic nitrogen was approximately 0.18 mmol N m-2 d-1 at 150 m, 0.07 mmol N m-2 d-1 at 300448

m, and 0.03 mmol N m-2 d-1 at 500 m using NBST sediment traps (Lamborg et al., this issue).449

These fluxes imply that the coefficient “b” in the flux equation is approximately 1.48 ± 0.12 (C.450

Lamborg, personal communication), which is similar to that estimated previously from HOT451

time series data (1.12 ± 0.015; Christian et al., 1997). Based on these measurements of particle452

flux attenuation, we can also estimate that the remineralization flux is 0.12 mmol N m-2 d-1453

between 150 and 300 m and 0.03 mmol N m-2 d-1 between 300 and 500 m (Figure 5), assuming454

solubilization keeps pace with particle disaggregation (i.e. the suspended particle pool is not455

changing with time).456

In addition to nitrogen fixation, isotopic fractionation during particle remineralization457

may cause preferential retention of low-δ15N material in the upper water column. Preferential458

remineralization of a low δ15N fraction of sinking PN should result in an increase in sinking459

δ15NPN with depth. Individual measurements of the δ15N of sinking particulate nitrogen (sinking460

δ15NPN) captured in the NBST traps ranged from an average of 2.5 ± 0.4‰ at 150 m to 3.5 ±461

0.2‰ at 300 m and 3.3 ± 0.3‰ at 500 m (Figure 2B). The increase in sinking δ15NPN between462

150 and 300 m suggests that fractionation of the particulate N takes place during463

remineralization in this depth range. From the increase in sinking δ15NPN between 150 and 300 m464

seen at ALOHA, we can estimate using mass balance that the nitrate produced from particle465

remineralization between 150 and 300 m would correspond to a flux of about 0.12 mmol N m-2466

d-1 with a δ15NNO3 of 1.9 ± 0.6‰ (Figure 5). Using a Rayleigh-type model to estimate the isotope467

effect for this remineralization flux (εremin) yields 1.0‰, given by εremin = (δ15NPN,150 –468
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δ15NPN,300)/(lnf), where f (here having a value of 0.36) is the fraction of particle flux remaining at469

300 m. The increase in sinking δ15NPN with depth could be due to preferential remineralization of470

low δ15N organic matter in specific classes of organic nitrogen or particle types (Lehmann et al.,471

2002), although regardless of mechanism, the result is the release of low δ15N material from the472

sinking particle flux into the water column between 150 and 300 m. Remineralization of DON473

may also contribute to the cycling of N in the upper thermocline (Abell et al., 2000; Knapp et al.,474

2005; Mahaffey et al., 2005). However, δ15NDON values from ALOHA surface waters (+5.5‰;475

Mahaffey et al., 2005; Meador et al., 2007) suggest that downward mixing of DON from the476

euphotic zone and subsequent remineralization may not be a source of low δ15N material to the477

thermocline unless there is preferential remineralization of a low-δ15N component (Knapp et al.,478

2005).479

Between 300 and 500 m, the sinking δ15NPN does not change significantly, but further480

particle remineralization is expected to contribute 0.03 mmol N m-2 d-1 of nitrate with δ15NNO3 of481

approximately 3.7± 0.8‰ (Figure 5). Given that the particle flux and associated remineralization482

flux decrease with depth, and the nitrate concentration increases with depth, the isotopic impact483

of the remineralization flux will be greatest in shallow waters. Thus, overall, the production of484

lowered δ15NNO3 during particle remineralization can contribute to a distribution of δ15NNO3 that485

decreases towards the surface. However, the particle flux cannot explain all of the observations486

and an additional source of low δ15NNO3 is required to balance the isotope budget in the 0-300 m487

and 0-500 m depth ranges.488

To illustrate this point, one needs only to expand the box over which mass balance is489

considered from 0-150 m to 0-300 m. Whereas in the 0-150 m nitrogen isotope budget, little490

nitrogen fixation was required to make up the isotopic difference between upward nitrate flux491
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(δ15NNO3 = +2.5 to +4.5‰) and sinking particle flux (δ15NPN = +2.5‰), the diffusive nitrate flux492

at 300 m is estimated to have δ15NNO3 of +6.8‰ and sinking δ15NPN at 300 m is +3.5‰ (Figure493

5). Therefore, considering a two-component mixture (NO3
- and N2) for nitrogen entering the 0-494

300 m box, nitrogen fixation is estimated to supply approximately 50% of the nitrogen escaping495

the 300 m depth horizon. Similarly, if one extends the depth interval for mass balance to 500 m,496

nitrogen inputs from nitrogen fixation (approximately 54%) are required to balance the diffusive497

nitrate flux with δ15NNO3 of +7.1‰ and sinking δ15NPN of +3.3‰ (Figure 5). The large498

contribution of nitrogen fixation to the sinking PN flux at 300 and 500 m can be reconciled with499

the low percentage of nitrogen fixation required for isotope balance in the 0-150 m depth range500

(~25%) by considering the time scale of nitrogen cycling through the upper 300 or 500 m and the501

vertical distribution of nitrogen sources.502

The arguments above based on nitrogen isotope balance in the upper 150 m suggests that503

the instantaneous PN flux is fueled primarily by nitrate uptake, although nitrogen fixation is504

required to lower the sinking δ15NPN relative to the nitrate supply. Nitrate averaged over the 150-505

300 m depth range turns over in approximately 20 years with respect to export. During this time,506

the remineralized input from nitrogen fixation can accumulate to cause a proportionately greater507

impact on the δ15NNO3 of the near surface nitrate pool than the isotopically enriched nitrate508

diffusing up from below. Therefore, in an integrative sense, nitrogen fixation contributes even509

more significantly to new production in that it enhances the pool of nitrate that diffuses upward510

to fuel export production. These estimates are consistent with the mass balance models of Liu511

and coworkers (1996) that showed a large integrated contribution of N2 fixation to the subsurface512

nitrate pool despite low annual N estimated fluxes of export due to new nitrogen fixation in the513

western tropical Pacific.514
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This mass balance presented in this study (Figure 5) is based on δ15NNO3 and δ15NPN515

measurements collected over a three-week period, and studies carried out over the long time516

series at ALOHA show a large amount of annual and interannual variation in productivity and517

export (Karl et al., 1996). Stochastic event-driven nutrient injections can also be important518

drivers of primary production at this site (Letelier et al., 2000; Sakamoto et al., 2004). Given the519

steep gradient in δ15NNO3 between 150 and 300 m, these events may bring nitrate to the surface520

with higher δ15N values, driving export of PN with a higher δ15N. In fact, annual average δ15NPN521

values ranging from +2.03 to -+4.15‰ (Dore et al., 2002) suggest that nitrate from below 150 m522

may be accessed by primary producers on an annual basis. Furthermore, since the turnover time523

of nitrate at 150 m is on the order of a year with respect to production and consumption fluxes,524

time series observations may reveal important variations in δ15NNO3 gradients below150 m that525

might cause the δ15NNO3 of the nitrate flux into the euphotic zone to vary with season. In order to526

construct a truly annual budget for 15N at station ALOHA, time series measurements of δ15NNO3527

are needed to compare with exported δ15NPN measurements.528

529

4.3 Constraints from δ18ONO3530

The depth distribution of δ18ONO3 did not completely track changes in δ15NNO3, with531

maximum δ18ONO3 values occurring shallower than maximum δ15NNO3 values (Figure 2A).532

Differences in the depth distributions of δ15NNO3 and δ18ONO3 have been analyzed in previous533

studies using a nitrate isotope anomaly, defined as Δ(15,18) (‰) = (δ15NNO3 – δ15NNO3deep) –534

15ε/18ε*(δ18ONO3 – δ18ONO3deep) (Sigman et al., 2005), where δ15NNO3deep and δ18ONO3deep are the535

isotopic values of deep ocean nitrate and 15ε/18ε is the ratio of isotope effects for δ15NNO3 and536

δ18ONO3 fractionation, respectively. Studies to date suggest that 15ε/18ε is very close to 1 for537
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processes that consume nitrate, such as assimilation (Casciotti et al., 2002; Granger et al., 2004)538

and denitrification (Granger et al., 2006). Therefore, the anomaly is interpreted to arise from539

processes involved with nitrate regeneration, such as remineralization of organic matter with low540

δ15NNO3 (e.g. from nitrogen fixation) (Sigman et al., 2005), reoxidation of nitrite produced from541

nitrate reduction in the subsurface (Sigman et al., 2005; Casciotti and McIlvin, 2007), or from542

cycles of incomplete nitrate assimilation and regeneration in surface waters (Sigman et al., 2005;543

Wankel et al., 2007). As discussed in section 4.2 on the basis of δ15NNO3, nitrogen fixation is544

likely to have both direct and indirect impacts on the distribution of δ15NNO3 in the upper 300 m545

at station ALOHA. Below 300 m, communication with denitrifying waters in the eastern tropical546

Pacific may influence nitrate concentrations (Deutsch et al., 2001) and isotopic values. In this547

section we focus on the Δ(15,18) trends in the upper 300 m and examine whether the δ18ONO3548

patterns are consistent with conclusions based on δ15NNO3 and what additional information the549

δ18ONO3 measurements brings to the interpretation.550

For the purposes of this study, δ15NNO3deep and δ18ONO3deep have been assumed to be551

+5.4‰ and +1.6‰, respectively, based on our NPBW data (Figure 2A). At station ALOHA,552

Δ(15,18) decreases steadily between the depth of the NPIW (500 m), through SSMW (300 m), to553

a minimum of –3.2‰ in the STSMW (150 m) (Figure 6). To first order, the distribution of554

Δ(15,18) between 150 and 500 m is consistent with the remineralization of low δ15N organic555

matter from N2 fixation and diagenetic fractionation of 15N as discussed above. However, to556

better understand the mechanisms behind the distribution of Δ(15,18) in the water column at557

ALOHA, it is instructive to examine the trends of δ15NNO3 and δ18ONO3 on an isotope-isotope558

plot (Figure 7).559
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As discussed above, nitrate diffusing upwards across the 300 m depth horizon is mixed560

with nitrate produced by remineralization coupled to nitrification in the 150-300 m depth range.561

In addition to lowering δ15NNO3, this process also lowers δ18ONO3, though to a lesser extent.562

While the input of nitrate from remineralization causes a non-linear mixing curve in δ15NNO3 vs.563

salinity between SSMW (300 m) and STSMW (150 m) (Figure 4B), it generates a straight564

mixing line between the two end members (SSMW and remineralization flux) on an isotope-565

isotope plot (Figure 7, dashed arrow). Our observations suggest that this mixing line has a slope566

of 0.59 ± 0.03. The remineralization flux therefore has the tendency to lower δ15NNO3 more than567

it lowers δ18ONO3, causing shallow nitrate to extend further from the 1:1 line that serves as the568

basis of the definition for Δ(15,18). Increasing amounts of remineralization thus lead to a more569

negative Δ(15,18) signal, with the minimum in Δ(15,18) corresponding to waters in which all of570

the nitrate originates from the remineralization flux. In order to calculate Δ(15,18) values for the571

150 m samples, it is necessary to extend the 1:1 line below the deep water δ15NNO3 and δ18ONO3572

values (Figure 7, dotted line). This extension is largely hypothetical because data are only573

expected to fall along this extension of the 1:1 line under very special circumstances where the574

remineralization end member happens to fall along the 1:1 line below the δ15NNO3deep and575

δ18ONO3deep values.576

The δ15NNO3 of the remineralization end member is controlled by the δ15NPN that is577

remineralized (and the isotope effect that is expressed during remineralization). The δ18ONO3578

value of the remineralization end member is set by the process of nitrification. The δ18ONO3579

signature for oceanic nitrification is not well understood at this time, but our data put an upper580

limit on the δ18O of nitrate produced by nitrification in this region. If we take the average581

δ15NNO3 and δ18ONO3 values measured at 150 m to represent the remineralization flux, this yields582
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a δ15NNO3 of +1.9 ± 0.3‰ and δ18ONO3 of +0.9 ± 0.3‰. The δ15NNO3 of the remineralization flux583

estimated in this way is indistinguishable from the δ15NNO3 of the remineralization flux estimated584

from mass and isotope balance of the sinking PN, or +1.9 ± 0.6‰ (Figure 5). The δ18ONO3 is585

similar, though slightly higher than the commonly accepted δ18ONO3 value of 0‰ for nitrification586

(Casciotti et al., 2002; Sigman et al., 2005; Wankel et al., 2007; Casciotti and McIlvin, 2007).587

The δ15NNO3 and δ18ONO3 values from 150 m may overestimate the δ15NNO3 and δ18ONO3 values588

for nitrification, given that nitrate assimilation may be impacting the shallowest portion of this589

depth range (raising δ15NNO3 and δ18ONO3 above the source value), and that nitrate with higher590

δ15NNO3 and δ18ONO3 is diffusing up from below.591

The δ15NNO3 of the remineralization flux could be lower if dissolved organic nitrogen592

(DON) or suspended PN with a δ15N value lower than 2‰ is remineralized in the 150-300 m593

range. δ15N values as low as +1.5 ± 1.5‰ have been reported for high molecular weight DON594

(HMW DON) from cultures of Trichodesmium (Meador et al., 2007), although the same study595

reported δ15N values for bulk HMW DON at ALOHA of 5.5‰. If the nitrogen undergoing596

remineralization does have a δ15N less than 2‰ on average, this would push the estimates (along597

the dashed arrow in Figure 7) of the δ18ONO3 of the nitrification end member to values closer to598

0‰. If the previous δ18ONO3 estimates of ~0 ‰ are appropriate for nitrification, the value599

inferred for the δ15NNO3 of the nitrogen undergoing remineralization would be 0.66 ± 0.24‰.600

Based on the current dataset we can estimate that the δ18ONO3 of the nitrification source is601

likely to be between 0 and 0.9‰. We interpret the gradual decrease in both δ15NNO3 and δ18ONO3602

towards the surface to result from remineralization adding nitrate with low δ15NNO3 and δ18ONO3603

values relative to deep nitrate. At the same time, this remineralization flux causes Δ(15,18) to604

decrease due to the fact that the mixing line between 300 m and the remineralization source has a605
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slope that is less than 1. This leads to progressively decreasing Δ(15,18) values in shallow606

waters, where the remineralization flux has greater influence relative to upward diffusion of deep607

nitrate (Figure 5).608

From NPBW (3000 m) to NPDW (1000 m), both δ15NNO3 and δ18ONO3 increase (Figure 7;609

solid arrow). This is likely a result of communication of these waters with the eastern tropical610

Pacific where denitrification fractionates both δ15NNO3 and δ18ONO3 with a large isotope effect611

(Sigman et al., 2005; Casciotti and McIlvin, 2007). Between NPIW and SSMW (300 m), δ15NNO3612

decreases while δ18ONO3 continues to increase. Similar subsurface trends in δ15NNO3 and δ18ONO3613

have been attributed to remineralization of newly fixed N (Sigman et al., 2005; Casciotti and614

McIlvin, 2007) and nitrate/nitrite cycling (Sigman et al., 2005; Casciotti and McIlvin, 2007) but615

these studies focused on an oceanographic setting with a demonstrable subsurface nitrate sink616

through denitrification. Given the available data, we cannot confidently propose a mechanism for617

the coupled changes in δ15NNO3 and δ18ONO3 between 300 and 500 m. However, we note that that618

waters at 300 m (SSMW) and waters at 500 m (NPIW) have different source properties and619

circulation histories (Talley, 1985; Talley, 1993), with SSMW originating in the northeast620

Pacific and NPIW originating in the northwest Pacific, which could lead to different processes621

affecting these water masses and their trajectories in Δ(15,18) space. Consideration of lateral622

isopycnal transport using a 2-dimensional dataset may be required to explain the isotopic623

distributions in the subsurface, but this is beyond the scope of the current study.624

625

5. Conclusions: Significance for estimates of N2 fixation at ALOHA626

Previous studies have used isotope mass balance mixing models to estimate the627

proportion of annual nitrogen export that is driven by nitrogen fixation and that driven by nitrate628
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assimilation (Dore et al., 2002; Karl et al., 1997). Using available data, the δ15N contribution629

from newly fixed N was assumed to be 0‰ and the δ15N contribution from nitrate was assumed630

to be +6.5‰. Our new high-resolution nitrate isotope data suggest that the source of nitrate to631

surface waters in June/July 2004 is considerably lower, in the range of +2.5 to +4.5‰. These632

values in turn imply a contribution from nitrogen fixation to the export of nitrogen from the633

euphotic zone at station ALOHA of 25% or less during the VERTIGO study period. Our sinking634

δ15NPN values are within the range of summer sinking δ15NPN values previously reported from635

ALOHA, which have been interpreted to reflect a large amount of nitrogen fixation (~ 50% of636

export production) occurring in summer months (Dore et al., 2002). The major difference in our637

study is the refinement of the estimate of the δ15NNO3 end member. Moreover, our measurements638

have the potential to reveal links between the supply of new nitrogen, export, and subsurface639

remineralization processes. In addition to reflecting variable intensities of the two sources of new640

nitrogen, sinking δ15NPN may also reflect variations in the δ15NNO3 of nitrate utilized in the641

euphotic zone or the depth from which nitrate is drawn. Of course, our measurements were642

limited to a single period in a single summer, and time series measurements of δ15NNO3 are643

needed to fully understand the potential seasonal and interannual variability in the δ15N of the644

nitrate source to the euphotic zone.645

The contribution of N2 fixation to nitrogen export is one factor that causes low δ15NPN646

values at this site. In addition, once the low δ15NPN is exported below 150 m the increase in647

sinking δ15NPN between 150 and 300 m suggests that it is remineralized with an isotope effect648

that preferentially traps 14N in the upper water column and exports 15N (a process that is revealed649

in our δ18ONO3 data, which are the first for this site). The combination of these two processes650

cause the accumulated nitrate in the upper thermocline to retain a much larger isotopic signal651
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from N2 fixation than from upwelled deep nitrate. The vertical distribution of these processes652

generates an upwardly decreasing trend in δ15NNO3 towards the surface and supplies low δ15NNO3653

to the euphotic zone, which serves to further lower sinking δ15NPN. Thus, we find that at steady654

state, organic N produced from N2 fixation contributes both directly and indirectly to the export655

flux, with exported N2-fixer biomass remineralized into nitrate in the upper mesopelagic playing656

an important role in sustaining export production.657
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Figure Legends658

Figure 1: (A) Depth profiles of temperature, salinity, and density at station ALOHA. Data from659

VERTIGO are indicated by circles and data from HOT 160 are shown as lines for each property.660

(B) Depth profiles of nitrate, phosphate, and oxygen at station ALOHA. Data from HOT 160 are661

shown as lines, and interpolated nitrate and phosphate data at the depths of VERTIGO nitrate662

isotope samples are indicated by circles.663

664

Figure 2: (A) Depth profiles of δ15NNO3 (filled circles) and δ18ONO3 (open circles) at station665

ALOHA. Error bars indicate ±1 standard deviation of replicate measurements (n=2-4) for each666

sample.  (B) Depth profiles of suspended δ15NPN (filled diamonds) and sinking δ15NPN (open667

squares) at station ALOHA during VERTIGO (June/July 2004). Error bars represent ±1 standard668

deviation of replicate analyses of standard materials at the time of sample analyses.669

670

Figure 3: Comparison of ALOHA depth profiles of δ15NNO3 with previous results: ALOHA (this671

study; filled circles), western tropical Pacific (Liu and Kaplan, 1996; open circles), Bermuda672

Atlantic Time Series station (Knapp et al., 2005; filled diamonds), Sargasso Sea (Karl et al.,673

2002; open diamonds), and Subarctic Pacific (Casciotti et al., 2002; dot-dashed line).674

675

Figure 4: (A) Property-property plot of VERTIGO [NO3
-] vs. salinity results. Symbol sizes676

correspond to sample depths and associated water masses, and lines indicate conservative mixing677

between STSMW (150 m) and SSMW (300 m) (solid line), SSMW and NPIW (500 m) (dotted678

line), NPIW and NPDW (1000 m) (dashed line) and NPDW and NPBW (>3000 m) (dot-dashed679

line). (B) Property-property plot of VERTIGO δ15NNO3 vs. salinity results. Conservative mixing680
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lines follow the same scheme as in (A). Since isotope ratios mix non-linearly, the conservative681

mixing lines are curved in δ15N-salinity space.682

683

Figure 5: Schematic nitrogen mass and isotope balance for station ALOHA. The upper water684

column is divided into three vertical layers: 0-150 m, 150-300 m, and 300-500 m. Fluxes of685

nitrate (FNO3), particulate nitrogen (FPN), nitrogen fixation (Fnfix), and remineralized organic686

matter (Fremin) are reported in units of mmoles m-2 d-1. Nitrogen isotope values for nitrate fluxes687

(δ15NNO3), particulate nitrogen fluxes (δ15NPN), remineralization flux (δ15Nremin) and nitrogen688

fixation flux (δ15NNfix) are reported in units of ‰ vs. AIR. Measured fluxes and isotopic values689

are given in bold text, fluxes and isotopic values calculated from isotopic mass balances are690

given in italics, and isotopic values calculated from isotope gradients are given in plain text.691

Each vertical layer is solved independently for mass and isotope balance taking the sinking PN692

fluxes and δ15NPN values as known and solving for fluxes of nitrate based on estimated δ15NNO3693

fluxes (see text). The apportionment of new nitrogen sources in the surface layer is based on an694

assumed value for δ15NNfix of 0‰ (for consistency with Dore et al., 2002) and average of695

estimates for δ15NNO3 flux across 150 m. Uncertainties are based on one standard deviation for696

measured properties or propagated error based on calculated properties. The calculated fluxes697

and isotope values are our best guesses based on the available data, and sources of uncertainty698

are discussed in the text.699

700

Figure 6: Depth profile of Δ(15,18) at station ALOHA. The decrease of Δ(15,18) towards the701

surface is consistent with the introduction of nitrate with δ15NNO3 of 0.66‰ and δ18ONO3 of 0‰.702

703
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Figure 7: Property-property plot of δ15NNO3 vs. δ18ONO3 from station ALOHA. Error bars704

represent ±1 standard deviation of replicate measurements (n=2-4) for each sample. The solid705

arrow indicates the effect of processes that increase δ15NNO3 and δ18ONO3 in a 1:1 proportion706

(denitrification and assimilation). The dotted lines represent hypothetical extensions of the 1:1707

line above and below deep δ15NNO3 and δ18ONO3 values. The dashed arrow represents the708

processes of remineralization coupled to nitrification. The decrease in δ15NNO3 and δ18ONO3709

caused by this process between 300 m and 150 m occurs with a slope of 0.59 ± 0.03 and a y-710

intercept of -0.39 ± 0.14. Thus, if the δ18ONO3 can be assumed to be close to 0‰ (see text), then711

the observed correlation suggests an input of nitrate with a low δ15N (~0.66‰) that is consistent712

with nitrogen fixation.713
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Figure 5
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Figure 7
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