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ABSTRACT 

Temporal and depth variability in rates of dinitrogen (N2) fixation at Stn. ALOHA, 

an oligotrophic site in the North Pacific Subtropical Gyre (NPSG), were assessed with 

direct measurements and using an isotope mass balance model based on the particulate 

nitrogen (PN) export flux during the period April 2004 - March 2005. Measured N2 

fixation rates and the implied large fraction of new production supported by diazotrophy 

emphasize the importance of N2 fixation in nutrient dynamics in the NPSG. Nearly all 

(95%) N2 fixation in the euphotic zone (0 - 125 m) occurred in the upper 75 m and was 

mostly supported (57 - 76%) by diazotrophs less than 10 ~m in diameter. Over the year 

long period of observation, N2 fixation varied with measured soluble reactive phosphorus 

(SRP) inventories and previously documented seasonality of iron (Fe) delivery to the 

North Pacific. High surface diazotroph activity was observed in July - August 2004 

(1.63 - 1.68 ~mol N m-3 dol) and low N2 fixation rates occurred September - November 

2004 (0.38 - 0.68 Ilmol N m-3 d-\ The dependence of diazotrophy on available Fe and 

phosphorus (P) was further explored using manipulation experiments which resulted in 

enhanced N2 fixation rates upon addition of Fe and/or P. Occasional Fe and/or P 

limitation on diazotroph activity may result in a net decrease in N2 fixation at Stn. 

ALOHA. The potential decreasing contribution of N2 fixation to new production in the 

NPSG is suggested by the observed increase in Ol5N of exported PN during July 2001 -

November 2004. 
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INTRODUCTION 

Marine Nitrogen Cycle 

Oceans are responsible for one-half of the photosynthesis occurring on Earth 

(Field et aI., 1998) and most of this production is supported in open-ocean environments 

such as subtropical gyres (Martin et aI., 1987; Karl et aI., 1996). Subtropical gyres 

comprise a significant portion, almost 40%, of the Earth's surface (Longhurst, 1998). 

What controls marine production, in the geologic past as well as currently, is an 

important and heavily debated question (Ryther and Dunstan, 1971; Schindler, 1977; 

Falkowski, 1997; Tyrrell, 1999). 

Nitrogen (N) availability in the marine environment plays an important role in 

biological productivity. The N cycle involves an intricate set of primarily 

microbiologically-mediated processes. Over long time-scales (millennia), denitrification, 

which ultimately removes bioavailable N, and dinitrogen (N2) fixation, which adds 

bioavailable N to the global ocean, are in overall balance (Karl et aI., 2002; Gruber, 

2004). Small perturbations to this balance impact the exchange of carbon dioxide (C02) 

between the ocean and atmosphere (Falkowski, 1997). Inorganic fixed N species, nitrate 

(N03'), nitrite (N02,), and ammonium (NH/) are in short supply «30 nM) in the North 

Pacific Subtropical Gyre (NPSG) surface waters, while dissolved organic N is present at 

orders of magnitude greater concentration (5-6 IlM) but may be only partially 

bioavailable. Dissolved N2, however, is extremely abundant (400 IlM; Emerson et aI., 

2002) throughout the water column and provides a nearly inexhaustible source of 

nitrogen for microbes capable of using it. 
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Evidence for and Importance of Nitrogen Fixation 

In N limited systems, "new" production, in contrast to "regenerated" production, 

is fueled by allochthonous inputs of N such as upwelled N03- originating below the 

nitracline or newly fixed N via N2 fixation (Dugdale and Goering, 1967). In addition to 

enhancing producti vity, N2 fixation can impact the decoupling of carbon (C), N, and 

phosphorus (P) cycles, the C:N:P stoichiometry of exported organic matter, and net C 

sequestration to the deep sea. Evidence for the contribution of N2 fixation in the global 

marine environment includes geochemical tracers such as natural 15N isotope balance 

(Saino and Hattori, 1980; Saino and Hattori, 1987; Karl et a!., 1997; Dore et a!., 2002), 

anomalous N to P ratios (Michaels et aI., 1996; Gruber and Sarmiento, 1997; Deutsch et 

a!., 2001), dissolved inorganic carbon (DIC) draw down in the absence of N03- (Lee et a!., 

2002), and P drawdown in the NPSG throughout the past decade (Karl and Tien, 1997; 

Karl et aI., 1997). Distribution and quantification of nitrogenase activity by 

Trichodesmium, a filamentous cyanobacterium, (Carpenter, 1973; Mague et a!., 1974) 

and the discovery of widespread genetic potential for N2 fixation (Zehr et a!., 1998; Zehr 

et a!., 2001) provide additional substantiation for the importance of N2 fixation in the 

global marine N cycle. 

The activity of diazotrophs has been shown to contribute new N comparable to 

that delivered via vertical advection of N03· in oligotrophic oceans (Karl et aI., 1992; 

Capone et a!., 1997; Karl et a!., 1997; Dore et a!., 2002; Montoya et a!., 2004). Using 

isotope mass balance and N:P stoichiometry, Karl et a!. (1997) suggested that 

Trichodesmium supported one-quarter to one-half of the new production at Stn. ALOHA. 

Due to its significant impact on new production, Trichodesmium activity has important 
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implications for local C, N, and P transport and cycling (Letelier and Karl, 1998). With 

the discovery of new unicellular diazotrophs using molecular techniques, Zehr and others 

(1998) reinforced the value of quantifying rates and controls of whole community 

assemblages. As with Trichodesmium, N2 fixation by small (<10!-lm diameter), possibly 

unicellular organisms has proved to support a significant fraction of new production in 

the oligotrophic Pacific Ocean (Dore et aI., 2002; Montoya et a!., 2004). Cyanobacterial 

symbioses involving diatoms may also be a significant source of newly fixed N 

(Villareal, 1991; Karl et aI., 2003). 

Most information illustrating the significant spatial and temporal variability in 

global N2 fixation has been gleaned from studies of Trichodesmium. For example, 

Trichodesmium abundance and activity generally appear highest in warm (>20°C), 

oligotrophic water that is highly stratified with low wind speed «10 knots) (Carpenter 

and Romans, 1991). High surface concentrations of Trichodesmium have been detected 

remotely using Earth-orbiting satellites due to their specific reflectance properties 

resulting from possession of the accessory pigment, phycoerythrin, and gas vesicles 

(Subramaniam et aI., 1999; Hood et a!., 2002; Subramaniam et aI., 2002; Capone and 

Subramaniam, 2005). In addition, considerable depth variation has been observed in 

measured N2 fixation rates throughout the euphotic zone (Dore et a!., 2002; Montoya et 

aI., 2004). Although few studies have been able to substantially explain temporal 

variability of diazotroph activity, this variability may be linked to habitat seasonality or 

the aperiodic delivery of nutrients (iron (Fe) or P) (Karl et aI., 1997). 
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Controls on Nitrogen Fixation Rates and Ecological Implications 

In addition to quantifying Nz fixation rates by various size classes of organisms, it 

is imperative to understand the rate controlling factors. Fe limitation of photosynthesis 

has been determined experimentally in high-nutrient, low-chlorophyll regions (Martin et 

aI., 1994; Kolber et aI., 1994; Coale et aI., 1996). However, due to high Fe 

concentrations required by diazotrophs (Kustka et aI., 2002; Kustka et aI., 2003), Fe may 

play an even greater role in limiting Nz fixation in low-nutrient, low-chlorophyll regions. 

Fe and P have been found to co-limit Nz fixation in the Atlantic Ocean (Mills et aI., 

2004). In the NPSG, alternation between Nand P (or PlFe) limitation has been 

hypothesized to control production, export, and associated community structure and 

elemental stoichiometry (Karl, 2002). By determining the extent to which Fe and/or P 

control N2 fixation at Station ALOHA, it may be possible to deconvolute the role of 

diazotrophy in controlling nutrient dynamics in the NPSG. 

This study provides Nz fixation rates during an annual cycle (April 2004 - March 

2005) and an assessment of temporal surface variability and vertical structure of 

diazotroph activity at Stn. ALOHA. Potential rate limiting factors were identified using 

manipulation experiments involving P and Fe performed throughout the one-year study 

period. In addition, the relative contribution to new N from two sources, N z fixation and 
, 

N03', was calculated using data on particulate N (PN) mass export and isotopic 

composition, and a model (Karl et aI., 2002). This study provides evidence for the 

continued presence but possible decreasing contribution of Nz fixation at Stn. ALOHA, a 

site representative of the oligotrophic NPSG. 
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METHODS 

Station Location and Sampling Protocols 

All sampling and measurements were performed in conjunction with the Hawaii 

Ocean Time-series (HOT) program at Stn. ALOHA (A Long-term Oligotrophic Habitat 

Assessment) in the NPSG. Stn. ALOHA (22°45'N, 158°W) is representative of the 

oligotrophic open ocean of the NPSG (Karl and Winn, 1991; Karl, 1995; Karl and Lukas, 

1996). Since October 1988, monthly sampling of relevant biogeochemical and physical 

parameters has been performed. Water column sampling was conducted using a Sea-Bird 

CTD (conductivity, temperature, depth) sensor and 24 position pylon, aluminum-framed 

rosette sampler equipped with 12-liter PVC bottles. The mixed layer depth (MLD) is 

defined in this study as the depth at which potential density of the water exceeds that of 

the surface by 0.125 g cm·3• Samples for this study were taken on HOT 158-159 (April­

May 2004), HOT 161-165 (July - November 2004), and HOT 167-168 (February­

March 2005 which cover one annual cycle from April 2004 to March 2005. 

Nitrogen Fixation Rate Measurements and Manipulations 

In this study, the ISN isotopic tracer method (Montoya et aI., 1996; Capone and 

Montoya, 2001) was used to measure N2 fixation rates in the upper 125 m and the effects 

of P and Fe additions on N2 fixation rates in surface water from Stn. ALOHA. Gross 

primary production at Stn. ALOHA can exceed net production by a factor of 2 - 3 

(J uranek et aI., 2002); if gross N2 fixation scales with primary production, reported 

diazotrophy may underestimate gross N2 fixation by a factor of 2 - 3. During the 

majority of cruises in this study, HOT 158-159 and HOT 161-165, whole water samples 

(-4 I, no pre-screening) were incubated in 4.7 liter acid-washed Tedlar® gas sampling 
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bags fitted with septa ports. Sampling bags were filled and manipulated so as to remove 

any trapped air and sealed with Teflon-backed septa. For HOT 167-1684.5-1 

polycarbonate bottles were filled to overflowing with whole water samples and sealed 

using caps that included thick, silicone septa. Exactly 1 ml of 15Nz gas (99%, Isotech) 

was injected into each sample bag or bottle using a gastight syringe with a fixed stainless 

steel needle. For depth profiles, samples were stored in shaded chambers with the 

appropriate temperature and light quality and quantity in a three-chamber on-deck 

incubator. Surface samples were incubated for 24 hours in an on-deck surface chamber 

with circulating seawater. 

During May, July, August, October, November, January and March cruises 

manipulation experiments were performed with surface seawater to determine the effect 

of nutrient enrichment on Nz fixation rates. Potassium phosphate (KZHP04 source) was 

added to sample volumes at the start of 15N_spiked incubations resulting in variable final 

dissolved P concentrations (170 - 361 nM) during all the above mentioned cruises. 

Single addition experiments were also performed with iron chloride (FeCh source) (2 nM 

Fe addition) on the November, January and March cruises. Additions of Fe and P 

identical to those reported above were combined in a third set of incubations during these 

same three cruises. All manipulation experiments were carried out with parallel, 

unamended water as controls for comparison of Nz fixation rates. To determine the 

diazotrophic response to longer-term incubation with amendments, nutrient additions 

were made at time zero to the March manipulation experiments and one bottle of each 

treatment was harvested after a 24-hour incubation with 15N tracer for three consecuti ve 

days. 
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In an attempt to decipher diel variability of Nz fixation in surface seawater at Stn. 

ALOHA (Church et aI., 2005), a set of experiments was designed in which 12 water 

samples were injected with ISNz at the start of incubation and triplicate bottles were 

harvested every 12 hours over the course of two days. 

With the exception of samples in the diel experiments, incubated samples were 

removed and filtered 24 hours after the ISNz addition. Post-incubation, samples from 

selected profiles and manipulation experiments were size fractionated to determine the 

contribution of greater than and less than 10 ~m diameter diazotrophs to the net Nz fixed 

during incubation. Due to the nature of sampling (i.e., rosette sampler and bottle 

incubations) large diazotrophs, such as Trichodesmium colonies or large, aggregate-

forming diatoms with endosymbiotic Nz-fixing cyanobacteria, may be excluded. Known 

sample volumes were pressure filtered through pre-combusted GFIF filters, which were 

then stored frozen until preparation for analysis on the mass spectrometer. 

Filters were dried at 60·C and pelleted for analysis using a Carlo-Erba Elemental 

Analyzer NC2500 interfaced with a Finnigan delta S ion ratio-monitoring mass 

spectrometer via a Finnigan ConFlow-II to determine particulate nitrogen (PN) mass and 

stable isotopic composition of the particulate nitrogen (1) lsN_PN). All nitrogen isotopic 

data are presented in standard delta notation. 

JI5 N = snmpJe -1 * 1, 000 
{[ 

(I5N/I4N) ]} 
""",,' ( 15 N/ 14 N)""""",, 

Atmospheric Nz gas is the reference standard (15N/14N = 0.0036765, 1)lsN == 0 %0). 

Nz fixation rates were determined from PN mass and 1)ISN_PN of incubated samples, the 

1)15N_PN of unincubated samples, pre-existing dissolved Nzconcentration (Weiss, 1970), 
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and atom percent enrichment due to the addition of 15N2 (Montoya et a!., 1996). 

Unincubated samples represent natural abundance PN concentration and OI5N_PN of the 

depth sampled. The detection limit of this assay with the reported volume used (4 - 4.51) 

is 0.03 nmol N r) d·l. It is prudent to note that previously observed N2 supersaturation of 

0.3 - 2.6 % at Stn. ALOHA (Emerson et a!., 2002), which is not accounted for in the 

presented rate measurements, would increase calculated N2 fixation rates relative to the 

reported values by 2 - 3%. 

All reported percentage increases are calculated as the increase in N2 fixation rate 

of the treated samples above that of the control treatment as a percent of the control N2 

fixation rate. For example: 

% increase = «N2 fixation)treatment - (N2 fixation)contro) / (N2 fixation)control) 

Sediment Trap Particulate Nitrogen Flux and 15N Isotopic Composition 

As one component of the core measurements, floating sediment traps (150 m) are 

deployed during each HOT cruise to obtain sinking PN mass flux and isotopic signature 

of the export production. The material collected in these traps is pre-screened through 

333-J.lm Nitex mesh to exclude zooplankton "swimmers" prior to filtration onto a 

combusted GFIF. These sample filters were analyzed on the mass spectrometer as 

describe above. 

Phosphorus Determination 

Seawater was collected in acid-washed, high density polyethylene bottles from 

known depths using the CID-rosette sampler. Samples were stored frozen until 

analyzed for soluble reactive phosphorus (SRP) using the MAGnesium Induced 

Coprecipitation (MAGIC) method (Karl and Tien, 1992) and measured 
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spectrophotometrically on a Beckman DU 640 (HOT protocols: 

http://hahana.soest.hawaii.edu). The MAGIC SRP measurement corrects for arsenate 

interference of the molybdenum blue colorimetric procedure (Johnson, 1971) and 

enhances both the sensitivity (detection limit - 1 nmol P rl) and the precision of the 

procedure. 

Phycoerythrin 

The concentration of the water-soluble accessory pigment phycoerythrin was 

determined in 3 size classes (> 10 ~m, 5.0 - 10 ~m, and 0.4 - 5.0 ~m) on each cruise. For 

these measurements, samples were pressure filtered sequentially through 10-~m Nitex® 

mesh followed by a 5.0 ~m polycarbonate filter. A portion of the filtrate (II) was 

vacuum-filtered onto 0.4 ~m polycarbonate filter. Each filter was placed in a 20 ml glass 

scintillation vial containing equal volumes of seawater and glycerol. Samples were 

placed on a shaker table to dislodge particles from the filter. Phycoerythrin fluorescence 

was measured on a Turner Designs TD700 fluorometer calibrated using commercial B­

phycoerythrin standard (Cyanotech Corporation) with 544 nm (excitation) and 577 nm 

(emission) wavelength filters. 

Microscopy 

Samples collected for microscopy-based enumeration of phycoerythrin-containing 

cells were fixed with 2% formalin. Various sample volumes (100 - 300 ml) were 

vacuum-filtered onto black polycarbonate filters (0.22 ~m) to achieve optimal cell 

density (5 - 20 cells per field enumerated). Two categories of phycoerythrin-containing 

cyanobacteria were enumerated (at 100 x) under an excitation wavelength of 510-560 

nm: Synechococcus and Crocosphaera-like (3 - 8 ~m diameter, coccoid cells). 
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Trichodesmium and free-living Richelia abundances were also recorded when observed. 

Richelia-diatom associations were not observed in any sample which may due to the low 

volume processed relative to cell density. 

Statistics Used 

Differences in the response to nutrient amendment, in whole water and the <10 

).lm size fraction, were analyzed using a one-way analysis of variance (ANOY A) with 

Tukey's post-hoc test. Linear regressions were used to assess correlations. All tests were 

performed using 95% probability. Statistical analyses were performed using either Excel 

(Microsoft, Inc.) or MINITAB Statistical Software (MINITAB, Inc.). 
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RESULTS 

Depth Distribution and Temporal Variability of Nz Fixation Measurements 

Depth profiles of diazotroph activity from November 2004, February 2005 and 

March 2005 reveal significant variability within the euphotic zone. In each profile, 

highest activity was in the surface and decreased to below detection (detection limit = 

0.03 !-lmol N m·3 d·') by about 75 m (Figure l). The cumulative contribution of N2 

fixation as a function of depth also illustrates that euphotic zone diazotrophy was surface 

dominated (Figure 2). At any depth sampled within the upper 75 m, the small (<10 !-lm) 

diazotrophs were calculated to suppoh between 31-100% (mean = 64%,SE = 5%) of the 

N2 fixation (Table l). Depth profiles indicate that, throughout the water column, the 

lowest N2 fixation rates occurred in November 2004, and dramatically higher rates 

occurred in March 2005. In these depth profiles, depth trends of the Nz fixation rates of 

small (<10 !-lm) diazotrophs do not parallel size-fractionated phycoerythrin 

concentrations (0.4 - 5.0 !-lm and 5.0 - 10.0 !-lm) or Crocosphaera-Iike cell counts 

(Figures 1 and 3). This observation suggests that 1) all diazotrophs may not contain 

phycoerythrin and 2) Crocosphaera-like cells may not be the dominant N2 fixers. 

Surface N2 fixation rates were determined in whole water over the course of the 

sampling period (April 2004 - March 2005) (Figure 4). High diazotroph activity was 

observed in July and August of 2004 (1.63 - 1.68 !-lmol N m·3 d·') and the maximum rate 

measured occurred in March 2005, with an average rate of 2.56 !-lmol N m·3 d·'. 

Consistently low N2 fixation rates (0.38 - 0.68 !-lmol N m·3 d·') were observed during 

September - November 2004, with the lowest average rate in October. The most striking 

temporal increase in surface N2 fixation rates occurred between February (0.99 !-lmol N 
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m-l d-I) and March (2.56 ).Imol N m-l d- I). Surface N2fixation rates during this I-year 

study period do not correlate with anyone size-fmction of phycoerythrin (PE) 

concentration (0.4 - 5.0 ).1m, 5.0 - 10.0 ).1m, or> 10.0 ).1m) (Figure 5). These data indicate 

that 1) not all diazotrophs contain phycoerythrin, as mentioned previously, and 2) one 

size class of phycoerythrin-containing diazotrophs may not always dominate N2 fixation 

rates. 

Depth integrated (0 - 125 m) N2 fixation rates reveal that more than 95% of N2 

fixation occurred in the upper 75 m for each time period sampled (Figure 2). Depth 

integrated N2 fixation systematically increased 5.8 fold for the <10 ).1m diazotrophs (14.5 

to 83.7 ).Imol N m-2 d- I) and 3.8 fold for the >1O).Im size class (6.9 to 26.3 ).Imol N m-2 

d-I) from November 2004 to March 2005 (integrated whole water mtes increased from 

20.2 to 109 ).Imol N m-2 d- I over the same period) (Table 1). Depth integrated rates 

indicate that 57-76% of N2 fixation is supported by the <10 urn fraction with no 

systematic temporal increase in their contribution between the 3 profiles. 

Geochemical Indicators of Nz Fixation 

Between April 2004 and March 2005, suspended OI5N_PN from the surface varied 

from a minimum of -1.44 %0 and a maximum of 2.10 %0 (Figure 4). During August 

through October, the most depleted surface suspended OI5N_PN values (-1.44 to -0.5 %0) 

were observed. The heaviest OI5N_PN (2.10%0) was observed in November. 

Exported material is representative of new production under steady-state 

conditions (Eppley and Peterson, 1979) and therefore the isotopic characteristic of 

sinking PN should reflect the relati ve contributions of N2 fixation and the upward 

diffusion of NO l -, two of the potential sources of new N to oligotrophic oceans. 
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Sediment trap data routinely obtained on HOT cruises overlaps in time N2 fixation rates 

presented here through November 2004. Maximum and minimum PN flux was 390 /Lmol 

N m·2 d·1 and 206 /Lmol N m·z d· l, respectively (Figure 6). No consistent pattern was 

observed in this time-series with the two extrema occurring only two months apart, with 

the maximum in June followed by the August minimum. The stable N isotopic 

composition during this time varied between 2.45 %0 (April 2004) and 4.7 %0 (May 2004) 

with a decreasing trend (r '" 0.45) between PN mass flux and olsN of the sinking 

material. Since July 1989, the exported PN has displayed variable trends in the stable-N 

isotopic composition (Figure 7). During that time, exported PN olsN values fluctuated 

between -1.17 %0 and 6.89 %0. A decreasing trend in the isotopic composition of sinking 

PN was observed for the period of July 1989 - December 2002. This is in contrast to the 

subsequent period (December 2002 - November 2004), during which the olsN of 

exported PN sharply increased. 

The comparative importance of N2 fixation and N03· to exported N can be 

approximated using the N isotopic signature of atmospheric Nz (olsN '" 0 %0), N03· (olsN 

'" 6.5 %0) (Karl et aI., 1997), and sinking PN isotopic composition (OI5N_FpN) and mass 

flux of sinking PN (FPN) collected in sediment traps below the euphotic zone. Dore and 

others (2002) used the following two equations derived from Wada and Hattori (1991) to 

calculate the fraction of export PN (j) attributable to Nz fixation (FpN[Nz])and N03· 

(FPN[N03·j). 

FpN[Nzl '" f* FPN '" FpN * (1 - (OI5N_ FpN/6.5)) 

FpN[N03·1 '" (1- f)* FPN '" FpN * (OIIN_ FpN/6.5) 
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Neither FPN [N21 nor FPN[N03-1 displayed obvious seasonal patterns between April 

and November 2004 when separated in this manner (Figure 8)_ Little variability was 

observed in FpN[N03-1, with calculated values ranging from 109 to 174 umol m-2 d-!_ 

However, substantial variability, similar in magnitude to that exhibited in FpN, was 

observed in FpN[N21 (65 - 220 umol m-2 d- I
)_ The temporal changes in total PN flux seem 

to be more dependent on new N from diazotrophic activity than N03- injection, because 

FpN[N21 is highly and significantly correlated with FPN (~=0.85, P < 0.05) whereas, 

FpN[N03-1 is not (~= 0.22, P > 0.05). Monthly averages of olsN_ FpN between July 2001 

and November 2004 also showed irregular variability. In this 3.5-yr data set, N2 fixation 

and N03-input appeared to contribute equally to the temporal variability of FpN, with 

FpN [N21 and FpN[N03-1 both showing good correlation with total N flux (~ = 0.73, P < 

0.05; and ~ = 0.65, p < 0.05 respectively) (Figure 9). 

Soluble Reactive Phosphorus Variability 

The temporal variability in surface SRP concentrations were similar to that 

observed in N2 fixation rates between April 2004 and March 2005 (Figure 10). Highest 

recorded SRP concentrations during this time precede a two-month period of relatively 

high N2 fixation rates in the surface water. The lowest surface SRP concentrations, 

occurring in October and November 2004 (6.1 - 9.9 nM), are concurrent with the lowest 

measured diazotroph activity. SRP turnover time during this I-year study period varied 

from 2.1 - 14.8 days (Table 2). There is a moderate correlation between SRP turnover 

time and surface N2 fixation rates (r2 = 0.39, P > 0.05). 
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Nutrient Addition Experiments 

To determine the effect of P addition on N2 fixation rates, experiments were 

performed on seven of the nine cruises included in this study. The diazotroph response to 

P enrichment varied between cruises (Table 3). No increase in N2 fixation rates relative 

to control treatments was observed with the addition of 157 - 277 nM P (representing a P 

increase of 140 - 1520 % relative to ambient) during May, July, August and November 

2004, and March 2005. For November 2004 and March 2005 cruises, all samples were 

size-fractionated post-incubation. Neither whole water nor the <10 I!m size-class showed 

enhanced N2 fixation rates with amendment during those 2 sampling occasions. During 

October 2004, glucose was added in addition to P to observe the response of 

Proteobacteria, presumed heterotrophic, diazotrophs (Zehr et aI., 2001; Church et al., 

200S). While no response to the addition of glucose alone was measured, a positive 

response to the glucose and P (174 nM P added) treatment was observed (87% increase 

above control) suggesting the increase in N2 fixation rate was due to P addition. 

Although this increase was not statistically significant at the 90% confidence interval (z = 

0.81, ZcriHme tail = 1.28, ZcriHwotaH= 1.64), a rate increase of 87% is substantial. During 

February 2005, P addition (160 nM) resulted in a large increase in diazotrophic activity 

relati ve to control treatments in both whole water (64% increase, not significant as tested 

by ANOVA) and the <10 I!m diazotrophs (34% increase, not significant as tested by 

ANOV A) (Figure 11). A subsequent experiment (March 2005) in which variable 

concentrations of P were added (160 and 320 nM P) revealed an increase in N2 fixation 

only in the higher P treatment in the whole water samples (by 30% above control) over 

the first day of incubation (Figure 12). In the <10 I!m fraction, however, additions of 160 
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nM P and 320 nM P each resulted in the same relative increase of 21 % during the first 

day. Due to the lack of replication at each time point, no statistical significance could be 

assigned. Over the course of this 3 day experiment, the average Nz fixation rate at each 

time point decreased dramatically in whole water (3.1 to 0.5 Jlmol N m·3 d·') and size­

fractionated (<10 Jlm) samples (2.7 to 0.5 Jlmol N m·3 d·') for all treatments (control, P 

(160 nM and 320 nM), Fe, and FelP), representing an average decrease of 85% (whole 

water) and 82% (<10 Jlm fraction) relative to respective initial measurements. 

On the November, February and March cruises, Fe addition experiments were 

conducted. No significant increase in Nz fixation rate relative to control incubations was 

observed in Fe (2.0 nM added) or combination FelP (2.0 nM Fe and 160 nM Padded) 

treatments in whole water or the <10 Jlm size-fraction during November. However, 

identical manipulations in February revealed significantly enhanced Nz fixation in whole 

water and the <10 Jlm size-class for both Fe and FelP treatments relati ve to control 

incubations (Figure 11). Whole water incubations amended with Fe showed significant 

increases in Nz fixation rates, averaging 128% above control treatments (ANOVA, p < 

0.05). Additions of FelP to whole water also resulted in statistically significant increases 

of 142% (ANOVA, P < 0.05). Diazotroph activity by small (<10 Jlm) organisms 

increased significantly 86% and 100% with addition of Fe and Fe/P, respectively 

(ANOV A, P < 0.05). In the first 24 hours of the March enrichment experiment, whole 

community and <10 Jlm diazotrophs showed increased Nz fixation rates with Fe addition 

(32% and 37%, respectively), and no increase with FelP addition (Figure 12). As 

mentioned previously, there is a striking decline in Nz fixation in all treatments during 

this three-day time-course. Several possibilities exist for this observed decline, including 
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nutrient depletion to the detriment of N2 fixation or potentially this lengthy incubation 

captured the crash of a bloom. 

Diel Experiments 

Temporal variation was observed in incubations sustained for two days and 

sampled every 12 hours during the November and February cruises. During the 

November experiment, N2 fixation was constant for the first 24 hours, followed by small 

increases by 36 hours in both the whole water samples and the <10 urn size-fraction 

(Figure 13). Whole water diazotroph activity was constant (-0.8 J.l.mol N m·3 d'!) for the 

duration of the incubation. N2 fixation by small diazotrophs decreased by the end of day 

two (0.15 J.l.mol N m·3 d'!) relative to initial rate measurements (-0.5 J.l.mol N m·3 d'!). In 

contrast to the November results, parallel data from February showed a distinct pattern 

that can be linked to light-dark exposure times. In the latter experiment, N2 fixation rates 

were initially low (0.34 J.1mol N m·3 d'!) then reached their maxima of -1.8 J.l.mol N m·l 

d'! (whole water) and -1.5 J.l.mol N m·l d'! (<10 J.l.m) within the first 24 hours (Figure 14). 

The subsequent two time points repeat this pattern: with greater exposure to dark, N2 

fixation rates are reduced compared to those samples with greater exposure to light. 
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DISCUSSION 

Nz Fixation, Fe and P Dynamics 

In each depth profile, highest N2 fixation is present at the surface and decreases to 

below the detection limit (detection limit == 0.03 I1mol N m·3 d· l
) by about 75 m, with 

95% of total diazotrophy taking place in the upper euphotic zone « 75 m) (Figures 1 and 

2). This depth dependence is consistent with the high energy requirement of diazotrophs 

and the increase of bioavailable N with depth which selects against diazotrophs. Given 

that diazotrophs demand 7-11 times more Fe than phytoplankton supported by 

ammonium (Kustka et ai., 2003), the observed decrease in diazotrophy with depth is 

expected due to the decline in Fe concentration with depth within the euphotic zone at 

Stn. ALOHA (Boyle et ai., 2005). The dependence of diazotrophy on Fe availability is 

highlighted in the February 2005 manipulation experiments in which N2 fixation 

increases 128% and 142% for whole water and 86% and 100% above corresponding 

controls for small «10 11m) organisms upon addition of Fe and Fe/P, respectively. N2 

fixation rates of the whole community and <10 11m diazotrophs also increased in March 

during a subsequent Fe enrichment experiment (32% and 37% above respective controls). 

Although Trichodesmium has been viewed by some as the dominant diazotroph in 

the open ocean (Capone et ai., 1997; Carpenter and Romans, 1991), at any depth sampled 

within the upper 75 m, size-fractionated N2 fixation rates in this study show small «10 

11m) diazotrophs support 30-100% (mean == 64%, SE == 5%) of the whole water Nz 

fixation (Table 1). This is a considerably larger fraction than the average Nz fixation 

supported by <10 11m diazotrophs during 2000 - 2001 when the mean was 47% (SE == 

8%) (Dare et ai., 2002). Together these results suggest that smaller diazotrophs have 
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become more dominant or more active at Stn. ALOHA. Such changes in community 

structure have large implications for the N cycle and net C sequestration as small cells do 

not sink as readily as large cells. Reduced sinking would result in decreased strength of 

the Nz fixation-fueled C pump and therefore decreased C sequestration. As hypothesized 

by Karl et ai. (2001), a downward shift in the planktonic size structure would also lead to 

a reduction of C supply to higher trophic levels and a longer residence time for C, Nand 

P in the euphotic zone due to increased dissolved organic matter (DOM) production. 

Indeed a significant increase in DOM inventory at Stn. ALOHA from 1989 to 1999 has 

been observed (Church et ai., 2002). While a climate-forced increase in ocean stability 

may explain the population shift and organic matter accumulation, this "miniaturization" 

of diazotrophs may also be a response to nutrient (such as Fe or P) limitation. 

Insufficient data are available to determine the relation between PE concentration (> 10 

/lm) and large diazotroph abundance. However, the data presented in this study suggest 

that PE concentrations may not directly reflect <10 /lm Nz fixation rates (Figures 1 and 3) 

because 1) diazotrophic activity may not scale with biomass and 2) not all Nz fixers 

contain phycoerythrin. 

Nz fixation rates presented here agree well with previous observations. During 

November 2004 - March 2005, areal diazotroph activities in whole water and for small 

«10 /lm) organisms are similar to other published rates from the North Pacific (Table 4). 

Nz fixation rates presented here from Stn. ALOHA (whole water and <10 /lm) are also 

comparable to those observed in the tropical North Atlantic (Mahaffey et ai., in press). In 

addition, the temporal trend of Nz fixation at Stn. ALOHA for the period of April 2004-

March 2005 is consistent with previously documented seasonality in which higher Nz 
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fixation took place in the spring and summer months and lower activity was observed 

during winter (Dore et aI., 2002). The natural variation in the abundance of the two N 

isotopes, l4N (99.64% by atoms) and l5N (0.36% by atoms), can also be used to examine 

temporal variability in processes involved in the marine N cycle. For example, N2 

fixation affects PN by adding largely l4N (dissolved atmospheric N2) and therefore 

"lightening" the subsequent particulate matter isotopic composition. Surface N2 fixation 

was high in July and August 2004 (1.63 - 1.68 I1mol N m') d· l) followed by the most 

depleted surface suspended OI5N_PN (-1.44 to -0.5 %0) from August through October 

2004. Consistently low N2 fixation rates were observed from September through 

November (0.38 - 0.68 I1mol N m') d· l) coincident with the heaviest recorded OI5N_PN of 

the surface suspended PN (2.10 %0) (Figure 4). The temporal offset between N2 fixation 

and suspended OI5N_PN is consistent with the addition of N2-derived N into a dynamic 

pool of PN. Seasonality in suspended OI5N_PN (Figure 4B), which is not reflected in the 

temporal trend of exported OI5N_PN (Figure 6B), provides further evidence of the 
, 

dynamic nature of the PN pool. This discrepancy may be a result of accumulation of N2-

derived dissolved organic nitrogen (DON) in the euphotic zone (Church et aI., 2002). 

Anther complication to the PN pool dynamics is the consideration of zooplankton 

recycling and the subsequent effect on the isotopic composition of PN. Zooplankton will 

preferentially retain isotopically enriched N as biomass and excrete depleted ammonium 

(~\ Checkley and Miller, 1989). However, the light ~ + may be reincorporated into 

particulate matter resulting in an unknown net effect on the isotopic character of the total 

PN pool. 

20 



N2 fixation has been shown to contribute new N on the order of that delivered via 

advection of N03- (Karl et aI., 1992; Capone et aI., 1997; Karl et al., 1997; Dore et al., 

2002; Montoya et aI., 2004). This can be assessed with a N budget based on 

measurements and estimates of N imports to and exports from the euphotic zone at Stn. 

ALOHA during April 2004 - March 2005 (Table 5). Given the calculated values from 

Table 5, N2 fixation may contribute 10 - 46 % of new N to the euphotic zone at Stn. 

ALOHA. This range is probably a lower limit on the significance of N2 fixation with 

respect to new N in the oligotrophic Pacific Ocean because N2 fixation estimates 

calculated from 1) Trichodesmium N2 fixation (Karl et aI., 1992; Letelier and Karl, 1996) 

and 2) particulate N export isotope mass balance (this study; Karl et aI., 1997) are equal 

to or greater than the above range. Issues related to undersampling also suggest that this 

range (10 - 46%) is an underestimate (see text below). 

Experimental (Mills et aI., 2004) and theoretical (Karl, 2002; Kustka et al., 2002; 

Kustka et aI., 2003) evidence has been presented for the importance of Fe and P as 

controls on diazotrophy. Euphotic zone DIP declined over the past decade in the NPSG 

(Karl and Tien, 1997; Karl et aI., 2001) and observed diazotroph limitation by P in the 

Atlantic Ocean (Sanudo-Wilhelmy et aI., 2001) emphasize the potential for P control of 

diazotroph activity at Stn. ALOHA. In addition, Boyle et al. (2005) provide data 

indicating maximum (March - June) and minimum (July - January) dust delivery of Fe 

occurs concurrently with our measured N2 fixation rate variability. Although total 

dissolved (<0.4 !lm) Fe concentrations at Stn. ALOHA (0.2 - 0.8 nM) may not be 

considered limiting to primary production throughout most of the year (Boyle et aI., 

2005), the presence of colloidal (0.02 - 0.4 !lm) Fe decreases the bioavailability of the 
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dissolved Fe pool (WU et ai., 2001) and may, therefore, exert control on N2 fixation. 

Further, Wu et ai. (2001) report that most "dissolved" Fe (80 - 90%) exists as much less 

bioavailable colloidal Fe rather than bioavailable soluble «0.02 ~m) organic ligand 

complexes in surface waters near Stn. ALOHA. 

There are several lines of evidence that support diazotroph dependence on P and 

Fe at Stn. ALOHA. First, SRP dynamics indicate that P exerts control on N2 fixation 

rates. SRP concentration and N2 fixation rates are temporally coherent throughout the 1-

year study period (Figure 10). Relatively high surface N2 fixation rates (July and August 

2004) occur after the highest observed SRP concentrations and the lowest surface SRP 

concentrations, occurring in October and November, are concurrent with the lowest 

measured diazotroph activity. Calculated SRP turnover time during April 2004 - March 

2005 varies from 2.1 - 14.8 days (Table 2). The average SRP turnover time (8 d) during 

that same period is less than one-half of that calculated by Karl and Yanagi (1997) during 

September 1991 - March 1992 (17 d). Two subsequent studies determined P turnover 

times, via 32P-uptake experiments, of 12 d during 1996 - 1997 (Bjorkman et ai., 2000) 

and 6 d during 2000 - 2001 (Bjorkman and Karl, 2003). This progression to more rapid 

turnover times is consistent with the observed decrease in DIP at Stn. ALOHA between 

these study periods and the continued P requirement by diazotrophs. N2 fixation limited 

by P is expected to result in faster turnover of the available SRP and enhanced use of 

dissolved organic phosphorus (DOP). Secondly, nutrient addition experiment results also 

provide information about the impact of P and Fe availability on diazotrophy. N2 fixation 

rate responses to P and Fe addition varied between manipulation experiments (Table 3, 

Figures 11 and 12) which may be due to a combination or alternation of Fe and P 
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limitation at Stn. ALOHA. Manipulations performed in February 2005 indicated that N2 

fixation rates increased more with Fe amendment (significant increase, ANOV A, 

P < 0.05) than with P addition (increase not significant, ANOV A) for whole water and 

the <10 ).lm size class (Figure 11). However, a combination of Fe and P addition 

produced an increase on the same order as the Fe-only treatment suggesting that, while 

diazotroph activity was enhanced by P concentration, Fe availability may have had a 

stronger influence on the N2 fixation rate. One month later (March 2005), a similar 

experiment showed slightly different dynamics. Whole water N2 fixation rates responded 

positively, and approximately to the same magnitude, to P (only with addition of 320 nM) 

and Fe additions (30% and 37%, respectively) (Figure 12). However, when added 

together, P and Fe produced a depressed rate relative to the control treatment. The 

smaller size-class displayed increased N2 fixation rates upon addition of P (same increase 

regardless of P concentration added: 160 nM or 320 nM) and Fe, suggesting the <10 ).lm 

diazotrophs may be more sensiti ve to Fe addition than P amendment. The most dramatic 

temporal increase in surface N2 fixation rates occurred between February and March 2005 

(0.99 - 2.56 ).lmol N m·3 d· l
) possibly due to a intense and sporadic dust event previously 

observed during this time of year (Johnson et a!., 2003; Gong et a!., 2003 summarized in 

Boyle et a!., 2005) (Figure 4). Depth integrated (upper 125 m) N2 fixation also 

dramatically increases from winter to spring (5.8 fold for the <10 ).lm diazotrophs and 3.8 

fold for the> 10 ).lm size class) (Table I). 

Two other factors that have proved important in previous N2 fixation studies, 

mixed-layer depth (MLD) (Coles et a!., 2004) and PE concentration (Dore et a!., 2002), 

are not clearly connected to our observed diazotroph activity patterns. Unlike other 
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published results (Dore et aI., 2002), our surface N2 fixation rates (April 2004 - March 

2005) do not correlate with anyone size-fraction of PE concentration (0.4 - 5.0 )tm, 5.0 -

10.0 )tm, or >10.0 )tm) (Figure 5). However, the period of relatively high surface N2 

fixation rates (July - August 2004) corresponds to highest observed PE in the largest size 

range (> 10 )tm) and the absolute maximum diazotrophy during our study period (March 

2005) occurs during high PE concentration in the smallest size-class (0.4 - 5.0 )tm). 

Trichodesmium abundance has been shown to be dependent on shallower Mill in 

coupled biological-physical models for the tropical north Atlantic (Coles et aI., 2004) and 

subtropical North Pacific (Fennel et aI., 2002). In contrast, surface N2 fixation rates in 

April 2004 - March 2005 do not correlate with MLD (~ = 0.02, P > 0.05) at Stn. 

ALOHA. 

A complex set of observations emerge from the three PlFe manipulation 

experiments concerning water column history, including potential Fe supply and MLD, 

and diazotrophy. When Mill was the shallowest and any available Fe would be most 

concentrated in the euphotic zone and ambient N2 fixation rate was fairly low (November 

2004), there was no recorded response to Fe addition. During a period with a deep Mill, 

resulting in more dilute Fe concentration (February 2005), the most significant response 

to Fe addition was observed. On the contrary, a Mill nearly equal to that in November 

2004 was present in March 2005 when there was a substantial increase in whole water 

and small diazotroph activity when Fe was added. This last experiment was performed 

during the highest measured ambient fixation. The manipulation experimental results and 

parallel trends in surface N2 fixation rates and DIP inventories throughout our sampling 

year, suggest that diazotrophy is occasionally limited by bioavailable P and Fe at Stn. 
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ALOHA. Sporadic enhancement of N2 fixation may be due to high Fe deposition events 

or variable P input or (more likely) a combination of these complex processes. 

Export Production 

Several assumptions have been made in the mass balance method to infer N2 

fixation-supported and N03'-supported export (see Dore et aI., 2002 for detailed 

explanation of assumption validity). These include: (1) new N is balanced by exported N 

over time periods of months and there are no significant accumulations of N in surface 

waters, (2) inputs of new N (e.g., atmospheric deposition, or horizontal advection of 

N03') are negligible compared to N2 fixation and vertical advection of N03-, (3) l)lsN_ 

N03- = 6.5 %0 and l)lsN_N2 = 0 %0 and are constant (the extrema of l)lsN_ FpN for the 

whole time-series support the use of these end member l)lsN values), and (4) floating 

sediment traps collect material without an isotopic bias. However, floating sediment 

traps have been shown to undersample high-flux events (Benitez-Nelson et aI., 2001) that 

are often associated with periods of increased N2 fixation. 

Temporal variability in FpN during April-November 2004 is dominated by 

changes in FpN[N2], whereas FpN[N03-] displays relatively constant values (Figure 8). 

However, there is no correlation (~ = 0.06, P > 0.05) between FpN[N2] and surface N2 

fixation rates. As a consideration of PN sinking rates, viewing surface N2 fixation rates 

and FpN[N2] with a one month time lag between measurements yields no correlation (~ = 

0.014, P > 0.05). Similarly, the one sampling occasion (H165, November 2004) that 

includes both depth profile ISN2-measured N2 fixation rates and a FpN[N2] calculation 

shows great disparity in areal N2 fixation from direct depth-integrated rate measurement 

(20.2 !lmol m-2 dOl) and sediment trap-derived diazotroph activity (102 !lmol m-2 dol). 
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There are several possible explanations for this difference. First, bottle incubations 

provide instantaneous rate measurements of the most abundant organisms. This is in 

contrast to depth- and community-integrated rates provided by sediment trap N mass and 

isotope data. Secondly, undersampling of large diazotrophs, such as Trichadesmium and 

Hemiaulus withendosymbiotic Richelia, and of high-frequency events may be more 

pronounced in bottle incubations. For example, previously reported rates of 

Trichadesmium Nz fixation in the tropical Pacific (Mahaffey et ai., in press) are 

substantially higher than the highest calculated diazotroph activity of 26.3 ~mol m'z d· l 

presented here for >10 ~m diazotrophs (Table 1). However, measured rates for whole 

water and <10 ~m diazotrophs throughout the euphotic zone are similar to other 

published data (Table 5), suggesting that discrete Nz fixation rate measurements 

underestimate diazotrophy due to undersampling. Another possibility is that specifically 

selecting Trichadesmium may overestimate large diazotroph activity. Surprisingly, from 

April to November 2004, FpN[Nz] is moderately positively correlated with Mill (r = 

0.54, p > 0.05) which suggests that deep Mill enhanced Nz fixation during this period. 

The absence of correlation between directly measured surface Nz fixation rate and Mill 

(r = 0.02, P > 0.05) corroborates this claim. There is no relation with FpN[N03-] and 

Mill (rz = 0.0006, P > 0.05). 

Monthly averages of FPN[Nz] and FPN[N03-] from July 2001 - November 2004, 

reveal several interesting conclusions. First, slightly higher calculated FpN[Nz] occurs 

each late spring during July 2001- November 2004 relative to the remainder of the year 

(Figure 9). However, this maximum is more irregular and much less pronounced than 

during spring- summer 1989-2001 (Dore et ai., 2002). Second, during this later period 
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(2001 - 2004), monthly averages of FPN[N2] and FpN[N03-] show no correlation to 

averages of MLD (r = 0.11, P > 0.05; and r = 0.08, P > 0.05 respectively), contrary to 

previous observations. Finally, 015N-FpN data during July 1989 - December 2002 reveal 

a significant decrease in OI5N_FpN (Figure 7). In contrast, a substantial increase in 015N_ 

FpN is observed during December 2002 - November 2004 (Figure 7). Coupled with the 

decade-long drawdown in DIP (Karl and Tien, 1997; Karl et aI., 2001) and more rapid 

SRP turnover times, this shift may indicate that P has become limiting to Trichodesmium 

and other diazotrophs to an extent that they cannot compete with smaller phytoplankton 

for the bioavailable P. To exacerbate the competition, N2 fixers may have provided DON 

(by exudation) (Gilbert and Bronk, 1994), thereby eliminating the advantage their 

diazotrophic capacity previously provided in an N-controlled ecosystem. Export 

production provides valuable information concerning nutrient dynamics, and this 

dramatic change in stable-N isotopes may imply decreasing contribution of N2 fixation in 

the NPSG. 
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CONCLUSIONS 

N2 fixation continues to be important in nutrient dynamics in the NPSG as 

evidenced by (1) substantial diazotroph activity throughout the year in the upper euphotic 

zone, (2) the considerable fraction of export production supported by diazotrophy and (3) 

the temporal coherence between total downward PN flux and N2-supported flux. This 

study has demonstrated the importance of P and Fe with respect to diazotroph distribution 

and activity at Stn. ALOHA. N2 fixation rates at Sth. ALOHA display a temporal pattern 

that mimics surface SRP concentrations and seasonal Fe delivery and results from the 

nutrient addition experiments reveal increased N2 fixation rates with P and/or Fe addition. 

The potential decreasing contribution of N2 fixation in the NPSG, as indicated by 

increasing isotopic values of exported PN and N budget calculations, may be due to P 

limitation, a condition suggested by rapid SRP turnover times. Due to P drawdown 

during the past decade, diazotrophs may have lost the competitive advantage. The 

evidence presented here supports previous speculation (Dore et aI., 2002; Hare and 

Mantua, 2000) concerning a potential climatic shift in the NPSG to a system less 

dependent on Nz as a new N source. 

While we do not yet have a predictive framework for determining changes in Nz 

fixation, the data presented here help constrain the factors controlling diazotrophy in the 

NPSG. In addition, by understanding the role of P and Fe in diazotroph variability, we 

may be better able to assess changing biogeochemistry in the oligotrophic ocean. 
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Table 1. Depth distribution of N2 fixation rate (~mol N m-2 d- 1
) for whole, <10 ~m, and 

>10 ~m (calculated by difference), depth integrated rates (~mol N m-3 d-1
), and percent 

contribution by small «10 ~m) diazotrophs to total areal N2 fixation rate. I data not 
available 2measured rates are below assay detection limit (DL = 0.03 ~mol N m-3 d- 1

). 

Cruise Depth Whole <10 Ilffi > 10 Ilffi Contribution 
Date) (m) Rate Rate Rate of<lO~ 

165 5 0.30 ± na1 0.35 ± na <DL' 100 
Nov-04) 25 0.27 ± 0.01 0.13 ± 0.02 0.14 ±0.02 48 

45 0.31 ± 0.04 0.19 ± 0.19 0.12 ± 0.19 61 
75 0.07 ±0.02 0.04 ± 0.02 0.03 ± 0.03 57 

100 <DL <DL <DL -
125 0.05 ± 0.01 0.06 ± 0.03 <DL 100 

Integrated 20.2 14.5 6.9 72 

167 5 0.78 ±0.08 0.50 ± 0.01 0.28 ± 0.08 64 
Feb-05) 25 0.93 ± 0.33 0.46 ±0.04 0.47 ± 0.33 49 

45 0.76 ±0.07 0.52 ±0.06 0.24 ±0.09 68 
75 0.16 ±0.04 0.05 ±0.03 0.11 ±0.05 31 

100 <DL <DL <DL -

125 0.06 ±0.04 <DL 0.06 ± 0.04 0 
Integrated 54.5 31.1 23.4 57 

168 5 2.66 ± 0.61 1.91 ± 0.46 0.75 ±0.76 72 
Mar-05) 25 1.78 ± 0.27 1.48 ± 0.25 0.30 ±0.37 83 

45 1.17 ± 0.05 0.90 ±0.02 0.27 ± 0.05 77 
75 0.15 ± 0.08 0.08 ± 0.02 0.07 ± 0.08 53 

100 <DL 0.03 ± 0.01 <DL 100 
125 0.03 ± 0.03 <DL 0.03 ±0.04 0 

Integrated 109.5 83.7 26.3 76 
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Table 2. Calculated SRP inventory (0-100 m) turnover time using P uptake estimated 
from depth integrated (0-100 m) primary production (calculated from 12-h in situ 14C_ 
uptake experiments). lrange calculated assuming a C:P molar ratio of 100: 1 (idealized 
phytoplankton; Karl and Yanagi, 1997) and 464: 1 (p-limited Prochlorococcus; Bertilsson 
et aI., 2003) 2value is the monthly average of 2000-2004 primary production 
measurements at Stn. ALOHA for appropriate month. 

Cruise Date SRP Primary Production SRPTumover 
Number (mmol m·2) (mmol C m·2 d") Time (d) 1 

158 Apr-04 3.05 47.3 6.4 - 29.9 
159 May-04 5.74 60.1 9.5 -44.3 
160 Jun-D4 4.77 47.8 10.0 -46.3 
161 Jul-04 5.74 55.52 10.3 -48.0 
162 Aug-04 3.68 48.9 7.5 - 34.9 
163 Sept-04 1.93 39.0 5.0 - 23.0 
164 Oct-04 0.98 45.6 2.1 -10.0 
165 Nov-04 2.03 27.3 7.4 - 34.5 
166 Dec-04 4.22 28.6 14.8 - 68.6 
167 Feb-OS 2.90 33.6 8.6-40.0 
168 Mar-OS 3.68 41.72 8.8 - 41.0 
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Table 3. Summary of whole water P addition experiments: ambient SRP, average P 
addition, total dissolved P (SRP + added), P addition as a percent of ambient P, and 
percent increase in N2 fixation rates relative to control where increase was substantial. 
data not available. 2no statistically significant increase. 

Date Ambient Average Total P % Padded Increase in 
SRP AddedP (nM) rate 
(nM) (nM) 

May 2004 na' 264 na na NS" 

July 2004 71.4 168 239 140 NS 

August 2004 37.1 157 194 320 NS 

October 2004 6.1 174 180 2750 87% 

November 2004 9.9 160 170 1520 NS 

February 2005 21.4 160 • 181 650 64% 

March 2005 40.5 160 201 300 NS 

March 2005 40.5 320 361 690 30% 
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Table 4. Summary of direct areal Nz fixation rate estimates in the Pacific Ocean as 
reported or calculated. 'calculated areal rates integrated to 100 m, 2acetylene reduction 
assay. 

Areal Estimate Method Reference 
(J1ffiol ffi·2d·') 

<lO/lffi 
92 15N, Zehr et aI., 200 1 

23 ±6' "N2 Dare et aI., 2002 
66 ± 19 I5N2 Montoya et aI., 2004 
43 ± 21 "N2 This Study 

Bulk Water 
72 ± 13' I5N

2 Dare et aI., 2002 
61 ± 26 15N, This Study 

Trichodesmium 
135 ARA2 Gunderson et aI., 1976 
33 ARA Mague et aI., 1977 

85 - 140 ARA Karl et aI., 1997 
53 - 143 ARA Mahaffey et aI., in press 
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Table 5. Annual N budget for Stn. ALOHA for April 2004 - March 2005. 'range is 2 -3 
times net p,rimary production (Juranek et aI., 2002), net production from direct in situ 12-
h in situ' C-uptake experiments and assuming a C:N ratio of 6.6, July 2004 and March 
2005 estimated from monthly average of 2000-2004 record; zcalculated using anf-ratio of 
0.06 (Eppley and Peterson,J979) and annual estimate of gross primary production; 
3calculated using anf-ratio of 0.11 (Knauer et aI., 1990) and annual estimate of gross 
primary production; 4direct measurement of sediment trap (150 m) collected particulate N 
at Stn. ALOHA, July 2004 and December 2004 - March 2005 estimated from monthly 
averages of 2000-2004; 5calculated from excreted dissolved N by migrant organisms in 
the central N. Pacific gyre (Longhurst and Harrison, 1988); 6calculated by Karl et al. 
(1992) using nitricline gradients (0.03 - 0.07 mmol N m·4; Chiswell et aI., 1990) and an 
eddy diffusivity coefficient (3.7 x 10.5 m2 sec· l

; Lewis et aI., 1986); 'calculated by Karl et 
al. (1992) using N03' + NOz' concentration in the upper nitricline (1- 2 mmol m·3; 

Chiswell et aI., 1990) and an upward vertical velocity (0.012 m d"; Munk, 1966); 
&measurements of wet and dry deposition in the central Pacific Ocean (Duce, 1986; 
Carrillo et aI., 2002); 9based on depth integrated (0-125 m) 15N2-tracer measurements of 
N2 fixation from November 2004, and February and March 2005, minimum value is 
based on low N2 fixation (November 2004) dominating during the remainder of the year 
and the maximum is based on high N2 fixation (March 2005) dominating the remainder 
of the year. Table after Karl et al. (1992). 

Rate Process 

Accumulations 
Gross Primary Production' 

ConventionalExpor~ 

New Production' 
New Production3 

Particulate Export' 
Migrant Zooplankton' 

Conventional Impor~ 
Upward Eddy Diffusivity" 
Upwelling' 
Atmospheric Fallout" 

Nonconventional Import 
N, Fixation" 

33 

NFlux 
(nunol N m" yr· l

) 

4604 - 6906 

138 
253 
104 

21-65 

41-95 
4-9 
8-26 

11-35 
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Figure I. Depth profiles of whole (A) and small « I 0 ~m) (B) di azotroph N2 fi xation rates during 
November 2004 (diamonds), February 2005 (squares), and March 2005 (triangles). 
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Figure 2. CWllulative contribution of whole (A) and small «10 folm) (B) diazotTOph N2 fixation 
rates during November 2004 (diamonds), Febmary 2005 (squares), and March 2005 (triangles). 
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Figure 3. Depth profiles of phycoerythrin concentration (0.4 - 5.0 J.l.m 
(diamonds) and 5.0 - 10.0 J.l.ID (squares», and Crocosphaera -like cell 
(3 - 8 J.l.m) abundance (triangles) from November 2004 (A), February 

2005 (B) and March 2005 (C). 
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Figure 4. Surface N2 fixation rates (A) and suspended (5 m) 1) 15N_PN (8) in April 2004 - March 2005. 
Error bars are standard error of replicate samples. Dore et al. (2002) data, collected at Stn. ALOHA between 

3 
July 2000 -June 2001, are provided for comparison. 
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Figure 5. Surface N2 fixation rates and size-fractionated phycoerythrin concentration 
April 2004 - March 2005. 
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Figure 6. Mass (A) and OI 5N_P (B) of export flux during 
April - November 2004. 
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Figure 7. Time-series of export /lux 1)1 5N_PN between July 1989 and November 2004. Equation for 
trendline between 1989 - December 2002: y = -0.004x + 18.3, r2 = 0.22. Equation ror trend line between 

December 2002 - 2004: y= 0.0013x - 45 .8, r2 = 0.14. 
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Figure 8. Total PN /lux (diamollds), FpN-[N21 (squares) and FpN-[NO)l (tTiangles) 
during April - November 2004. 
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Figure 9. Seasonali ty of monthly averaged (Ju ly 2001 - November 2004) total PN export (diamonds), 
FpN-[N2l (squares) and Fpw [NO)l (triangles) 
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Figure 10. Surface N2 fixation rates (diamonds) and SRP concentration (lJiangles) variabil ity 
during April 2004 - March 2005. 
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Figure 11: N2 fixation rates in control (D), +P(_ ), +Fe (D) and +PIFe (D) treatments for whole water and 
< 10 !-lIn diazotTophs from February 2005 manipulation experiment. 
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Figure 12: N2 fixation rates in conlTOI (D), +P 160 11M (_ ), +P 320 nM (D), +Fe (D), and +PlFe <- ) 
treatments for who le water (A) and < I 0 ~m diazotrophs (B) from March 2005 manjpulatiol1 experiment. 
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Figure 13. N2 fixation rales of whole (d iamonds) and < 10 11m diazotrophs (squares) during a diel variability 
experiment in November 2004. Arrow represents liming of 15N2 addition, i.e., start of incubation. 

Black bars represent dark hours. 
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Figure 14. N2 fi xation rates of whole (diamonds) and <10 f.lm di azotTophs (squares) during a diel variability 
experiment in February 2005. Arrow represents timing of 15N 2 addition, i.e., start of incubation. 
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