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5 [1] Nitrogen (N) fixation by specialized microorganisms
6 (diazotrophs) influences global plankton productivity because
7 it provides the ocean with most of its bio‐available N. How-
8 ever, its global rate and large‐scale spatial distribution is still
9 regarded with considerable uncertainty. Here we use a global
10 ocean nitrogen isotope model, in comparison with d15NO3

−

11 observations, to constrain the pattern of N2 fixation across
12 the Pacific Ocean. N2 fixation introduces isotopically light
13 atmospheric N2 from to the ocean (d15N = 0‰) relative to
14 the oceanic average near 5‰, which makes nitrogen isotopes
15 suitable to infer patterns of N2 fixation. Including atmo-
16 spheric iron limitation of diazotrophy in the model shifts
17 the pattern of simulated N2 fixation from the South Pacific
18 to the North Pacific and from the East Pacific westward.
19 These changes considerably improve the agreement with
20 meridional transects of available d15NO3

− observations, as
21 well as excess P (PO4

3− − NO3
−/16), confirming that atmo-

22 spheric iron deposition is indeed important for N fixation in
23 the Pacific Ocean. This study highlights the potential for
24 using d15N observations and model simulations to constrain
25 patterns and rates of N fixation in the ocean.Citation: Somes,
26 C. J., A. Schmittner, and M. A. Altabet (2010), Nitrogen isotope
27 simulations show the importance of atmospheric iron deposition
28 for nitrogen fixation across the Pacific Ocean, Geophys. Res. Lett.,
29 37, LXXXXX, doi:10.1029/2010GL044537.

30 1. Introduction

31 [2] Nitrogen (N) fixation is the dominant source of biolog-
32 ically available nitrogen (fixed‐N) into the ocean [Codispoti,
33 2007], which is performed by specialized prokaryotes
34 (diazotrophs) that can reduceN2 gas instead of oceanic fixed‐N
35 (NO3

−, NO2
−, NH4

+) during photosynthesis. Since diazotrophs
36 are not limited by fixed‐N, they can grow in N‐depleted sur-
37 face water provided other required nutrients (e.g., phosphorus
38 (P) and iron (Fe)) are available. Diazotrophs can have an
39 important influence on climate because fixed‐N limits primary
40 production and biological sequestration of atmospheric CO2.
41 The efficiency, with which diazotrophs can balance the N‐loss
42 from denitrification and anammox, themajor sinks for fixed‐N,
43 determines if the oceanic fixed‐N inventory could fluctuate
44 significantly enough to affect atmospheric CO2.
45 [3] Throughout much of the contemporary ocean, biolog-
46 ical productivity is limited by fixed‐N suggesting other factors,
47 such as light, temperature, P and Fe availability, and/or NO3

−

5555555555555555inhibition, are preventing diazotrophs from fixing atmospheric
56N. It has been observed that blooms of Trichodesmium, one of
57the most important and best studied diazotrophs, occur more
58frequently and are more extensive in warm (>25°C) surface
59water where fixed‐N is depleted and rates of atmospheric Fe
60deposition are high such as the North Atlantic, Indian, and
61North Pacific compared to areas of low Fe deposition such as
62the South Pacific where the abundance of Trichodesmium
63appears to be much lower [Carpenter, 1983;Karl et al., 2002;
64Carpenter and Capone, 2008]. This pattern of less N2 fixation
65in Fe‐depleted waters is also consistent in the South Atlantic
66[Moore et al., 2009]. This suggests that temperature and Fe
67availability may be the most important factors that determine
68where N2 fixation is able to occur. However, other more
69uncharacterized unicellular diazotrophs have been observed
70to grow in cooler water near 20°C [Needoba et al., 2007], and
71it has been suggested that they also may significantly con-
72tribute to the global N2 fixation rate [Zehr et al., 2001;
73Montoya et al., 2004].
74[4] The large spatial and temporal variability of diazotrophs
75makes it difficult to constrain the global rate of N2 fixation.
76Recent estimates range widely between ∼100–200 Tg N yr−1

77and predict significantly different spatial patterns [Gruber and
78Sarmiento, 1997; Karl et al., 2002; Deutsch et al., 2007;
79Moore and Doney, 2007]. For example, a model using xsP
80(PO4

3− − NO3
−/16) observations within an ocean circulation

81model estimates that N2 fixation is tightly coupled with deni-
82trification in the Pacific Ocean [Deutsch et al., 2007], but does
83not explicitly account for Fe. In contrast, the Biogeochemical
84Elemental Cycling model [Moore and Doney, 2007], which
85explicitly includes the effects of Fe availability, predicts that
86N2 fixation should be more abundant in the Western North
87Pacific, where atmospheric Fe deposition is greater, and sug-
88gests that the Pacific represents a fixed‐N sink because the
89absence of sufficient Fe prevents N2 fixation from balancing
90denitrification throughout much of the South Pacific.
91[5] N2 fixation introduces relatively isotopically light N
92(d15N = 0‰) into the ocean compared to the global mean
93d15NO3

− near 5‰. Therefore, the ratio of the two stable
94nitrogen isotopes, represented in the d15N notation where
95d15N = [(15N/14N)sample /(

15N/14N)atmosphere – 1]•1000,may be
96a powerful tool to trace patterns of N2 fixation. Here we
97compare a model of nitrogen isotopes, embedded within the
98ocean component of a global Earth System Climate Model,
99with d15NO3

− measurements across the Pacific Ocean to
100constrain N2 fixation focusing on the effect of atmospheric Fe
101limitation of diazotrophy.

1022. Model Description

103[6] The marine ecosystem/biogeochemical model includ-
104ing N isotopes is the 2N2PZD (2 Nutrients, 2 Phytoplankton,
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105 Zooplankton, Detritus) model of Somes et al. [2010] that
106 includes N2 fixation, water column denitrification, and ben-
107 thic denitrification. It has run for over 1500 years as it ap-
108 proaches equilibrium. Diazotrophs grow according to the
109 same principles as the “general” phytoplankton class in the
110 model, but we also account for some of their different char-
111 acteristics. Since fixing dissolved N2 is energetically
112 more costly than assimilating fixed‐N, the growth rate of

113diazotrophs is lower than that of general phytoplankton in the
114model. It is zero inwaters cooler than 15°C and increases 50%
115slower with temperature than the growth rate of general
116phytoplankton (note this value is increased from 40% in
117Somes et al. [2010], which results in an additional ∼20 Tg N
118yr−1 of N2 fixation). Diazotrophs are not limited by NO3

− and
119can out‐compete general phytoplankton in surface waters that
120are depleted in fixed‐N, but still contain sufficient P (i.e., high
121xsP water due to denitrification). However, diazotrophs will
122consume NO3

− if it is available, consistent with culture
123experiments [Mulholland et al., 2001; Holl and Montoya,
1242005], which is another factor that inhibits N2 fixation in
125the model. Denitrification, and the propagation of N‐deficient
126waters into the shallow thermocline by physical transport
127processes, creates an ecological niche for diazotrophs stim-
128ulating N2 fixation [Tyrrell, 1999]. Fe is currently not
129included as a prognostic tracer in the model. However, we
130include a simple parameterization of atmospheric Fe limita-
131tion of diazotrophy as described in Section 3.
132[7] The nitrogen isotopemodel simulates the distribution of
133the two stable nitrogen isotopes, 14N and 15N, in all N species
134included in the marine ecosystemmodel. The processes in the
135model that fractionate nitrogen isotopes are algal NO3

−

136assimilation ("ASSIM = 5‰), zooplankton excretion ("EXCR =
1376‰), water column denitrification ("WCD = 25‰), and N2

138fixation ("NFIX = 1.5‰). Fractionation results in the iso-
139topic enrichment of the more reactive, thermodynamically
140preferred, light 14N into the product of each reaction by a
141process‐specific fractionation factor [Mariotti et al., 1981].
142Although little fractionation occurs during N2 fixation in the
143model, it has an important effect on d15N by introducing
144isotopically light atmospheric N2 (d

15N = 0‰) into the oce-
145anic fixed‐N pool. Benthic denitrification has been observed
146to have little effect on the oceanic isotopic N pool because
147denitrifiers consume nearly all NO3

− diffusing into the reactive
148zones within the sediments, leaving the oceanic N pool
149mostly unaltered [Brandes and Devol, 2002; Lehmann et al.,
1502007]. Therefore, in the model, there is no fractionation
151during benthic denitrification ("BD = 0‰), although this is a
152simplification of observations [Lehmann et al., 2007].

1533. Atmospheric Fe Limitation of Diazotrophy

154[8] The nitrogenase enzyme,which fixes N2 in diazotrophs,
155has a large structural iron (Fe) requirement [Raven, 1988;
156Sanudo‐Wilhelmy et al., 2001]. Diazotrophs may depend on
157Fe from atmospheric deposition in oligotrophic waters,
158where a deep pycnocline inhibits upward mixing of subsur-
159face Fe‐replete waters into the euphotic zone. Therefore, we
160include an atmospheric Fe limitation of diazotrophy experi-
161ment (Figure 1, FeLim), where diazotrophs’ growth rate is
162further reduced by the Fe limitation parameter (FeL), which
163scales an estimate of monthly climatological atmospheric
164dust deposition [Mahowald et al., 2005] between 0 and 1
165(Figure 1) by multiplying atmospheric dust deposition rate
166by a constant factor, and setting the maximum value to 1
167(i.e., maximum growth rate = mD•FeL). This parameteriza-
168tion does not account for any Fe that reaches the surface
169through vertical mixing or upwelling. Since this source of Fe
170will be accompanied by large concentrations of subsurface
171NO3

− and PO4
3−, we assume that the faster‐growing general

172phytoplankton class will consume all of this Fe along with the

Figure 1. (a–b) Annual rates of dust deposition [Mahowald
et al., 2005] and FeLim parameter used to decrease the growth
rate of diazotrophs. (c–d) Vertically integrated N2 fixation in
FeLim and CTL.
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173 macronutrients. The model does not include Fe input from
174 rivers or shelf sediments.

175 4. Results

176 [9] The control (CTL) simulation does not include Fe
177 limitation of diazotrophs (i.e., maximum growth rate = mD)
178 and results in large N2 fixation rates in the Central and Eastern
179 Tropical South Pacific (Figure 1). The only factor that pre-
180 vents N2 fixation from occurring in the Eastern Tropical

181Pacific of CTL is the presence of high surface NO3
− in the core

182of the HNLC region, where diazotrophs consume NO3
−

183instead of fixing dissolved N2 to meet their N requirement for
184growth. This tight coupling of N2 fixation and denitrification
185in the Eastern Tropical South Pacific is consistent with the
186model of Deutsch et al. [2007], which does not explicitly
187include Fe limitation or NO3

− inhibition. However, we note
188that the general pattern of N2 fixation in the work of Deutsch
189et al. [2007] throughout the rest of the tropical/subtropical
190Pacific is actually more consistent with the simulation
191including Fe limitation of diazotrophs (FeLim) than CTL,
192perhaps because atmospheric Fe deposition is greater there.
193[10] Global patterns of N2 fixation in FeLim—such as high
194values in the tropical/subtropical North Pacific, the western
195tropical/subtropical South Pacific, the western tropical/
196subtropical South Atlantic, the tropical/subtropical North
197Atlantic and the Indian Ocean—are more consistent with
198direct observations [e.g., Karl et al., 2002; Carpenter and
199Capone, 2008] and with results from a more complex eco-
200system/biogeochemical model [Moore and Doney, 2007].
201Nevertheless, N2 fixation in our model does not extend

Figure 2. Comparison of (a–c) FeLim and CTL with d15NO3− observations [Somes et al., 2010] and (d–f) World Ocean
Atlas 2005: xsP = PO43− −NO3−/16 and near‐surface (0–100m)NO3− contours of 5.0 and 0.5mM.Note that due to the too low
N:P for diazotrophs in the model (N:P = 16:1) compared to observations (N:P = ∼50:1) [Letelier and Karl, 1996, 1998; Krauk
et al., 2006; White et al., 2006], a slight overestimation of xsP is to be expected where N2 fixation occurs.

t1:1 Table 1. Global Measures of d15NO3
− and Excess P Model

t1:2 Performancea

t1:3 Model

d15NO3
− Excess P

t1:4 r STD RMS r STD RMS

t1:5 CTL 0.668 1.76 1.33 0.520 1.30 1.27
t1:6 FeLim 0.680 1.33 0.982 0.530 0.898 1.01

t1:7 aCorrelation coefficient (r), standard deviation (STD), and root mean
t1:8 squared (RMS) error. STD and RMS have been normalized by the standard
t1:9 deviation from the observations.
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202 northward of ∼30°N in the North Pacific, whereas some ob-
203 servations show N2 fixation as far north as 35–40°N
204 [Needoba et al., 2007;Kitajima et al., 2009]. We hypothesize
205 this discrepancy occurs due to the oversimplified fast‐re-
206 cycling microbial loop parameterization, which recycles
207 organic matter to inorganic nutrients at N:P=16. It has been
208 suggested that dissolved organic P recycles more efficiently
209 relative to dissolved organic N and may also be directly
210 consumed [Wu et al., 2000], which is a mechanism that could
211 help relieve diazotrophs of their P limitation throughout the
212 tropical/subtropical oligotrophic ocean and stimulate addi-
213 tional N2 fixation.
214 [11] Global measures of d15NO3

− and xsP improve in FeLim
215 compared to CTL (Table 1). Generally lower d15NO3

− and xsP
216 in the Northern Hemisphere relative to the Southern Hemi-
217 sphere in FeLim, due to more N2 fixation occurring in the
218 Northern Hemisphere where more atmospheric Fe deposition
219 exists, result in a better match with observations than in CTL
220 (Figure 2). The Central and Western Tropical Pacific repre-
221 sent regions where N2 fixation may occur as xsP flows
222 westward “downstream” from the suboxic zones. Measured
223 d15NO3

− shows a decreasing trend northwards in the two
224 transects across the Pacific (Figure 3), with a minimum near
225 the equator in the Central Pacific. This equatorial minimum is
226 reproduced in the model due to the low degree of surface NO3

−

227 utilization as a result of extensive NO3
− supply to the surface

228 from equatorial upwelling. The northward decreasing d15NO3
−

229 trend in FeLim in both transects is due to more N2 fixation
230 occurring north of the equator, where sufficient atmospheric

231Fe deposition exists (Figure 1). When atmospheric Fe limi-
232tation of diazotrophy is not included in the model (CTL), the
233opposite d15NO3

− trend is simulated because more N2 fixation
234occurs south of the equator, in contrast to the observations.
235[12] Global rates of N2 fixation, water column denitrifica-
236tion, and benthic denitrification are smaller in FeLim (123,
23789.4, 35.3 Tg N yr−1, respectively) compared to CTL (145,
238119, 34.6 Tg N yr−1, respectively) because a tighter coupling
239of N2 fixation and denitrification exists in CTL in the Eastern
240Pacific. More N2 fixation occurring in and around denitrifi-
241cation zones leads to increased export production and re-
242mineralization of organic matter at depth, lower oxygen
243concentrations, and more denitrification. Since denitrification
244creates an ecological niche for diazotrophs, its increase will
245stimulate additional N2 fixation, creating a positive feedback
246effect. This results in a bigger suboxic zone and more deni-
247trification in the Eastern Tropical South Pacific in CTL
248compared to FeLim. The amount of xsP water that commu-
249nicates with the Southern Ocean through the subsurface and
250then escapes the Pacific Ocean though the Antarctic Cir-
251cumpolar Current makes the Pacific Ocean a fixed‐N sink of
25210 TgN yr−1 in CTL. Since there is less xsP water south of the
253equator in FeLim (Figure 2), the Pacific Ocean is a nitrogen
254sink of only 4 Tg N yr−1, even though Fe limits N2 fixation
255throughout much of the South Pacific. Note that both model
256versions underestimate xsP off of Peru and Chile because the
257coarse‐resolution model cannot capture suboxia there. In the
258real ocean, a part of this water may sustain high xsP until it
259reaches a region with sufficient Fe (e.g., North Atlantic or

Figure 3. Comparison of FeLim andCTL d15NO3
−with observations in the (a) Central Equatorial Pacific (140°W) (100–250m)

[Altabet, 2001] (reanalysis), and (b)WesternNorth Pacific (100–250m) (model transect connects through latitude/longitude of
each data point): Location A, ∼6.75‰ at 0°N/S, 140°E [Yoshikawa et al., 2006]; location B, ∼6.0‰ at 6°N, 125°E [Kienast
et al., 2008]; location C, ∼3.0‰ at 25°N, 123°E [Liu et al., 1996].
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260 North IndianOcean), which could take hundreds of years, and
261 result in a significant decoupling of N2 fixation from deni-
262 trification that occurs in the Fe‐depleted Southern Hemi-
263 sphere [see also Falkowski, 1997].

264 5. Conclusion

265 [13] Model simulations that include Fe limitation of dia-
266 zotrophy show amuch better agreement with d15NO3

− and xsP
267 observations compared to a model that neglects this effect
268 (Table 1 and Figures 2 and 3). Nitrate isotope observations
269 show a decreasing northward trend across two transects in the
270 Central and Western Pacific (Figure 3). Comparisons with
271 model results reveal that these trends can be best explained by
272 the input of isotopically light N by N2 fixation, where higher
273 rates of atmospheric Fe deposition exist. This highlights
274 the potential of d15NO3

− as a tool to infer the spatial pattern
275 of N2 fixation. If no N2 fixation was occurring, the d15NO3

−

276 value would be expected to be very high (d15NO3
− > 10‰) due

277 to the nearly complete utilization of surface NO3
− in the oligo-

278 trophic ocean [Altabet and Francois, 1994; Somes et al., 2010],
279 which is a drastically different d15N signature than what would
280 be expected if N2 fixation was significantly contributing to the
281 local N pool (d15N2 = 0‰). Our results suggest that d15N
282 observations, in combination with models, can be used to
283 constrain N2 fixation patterns in present and past oceans.

284 [14] Acknowledgments. Thanks to Eric Galbraith, Moritz Lehman,
285 JosephMontoya, Ricardo Letelier, and AlanMix for helpful comments. This
286 work is funded by the Marine Geology and Geophysics program of the
287 National Science Foundation (0728315‐OCE).

288 References
289 Altabet, M. A. (2001), Nitrogen isotopic evidence for micronutrient control
290 of fractional NO3 utilization in the equatorial Pacific, Limnol. Oceanogr.,
291 46(2), 368–380, doi:10.4319/lo.2001.46.2.0368.
292 Altabet, M. A., and R. Francois (1994), Sedimentary nitrogen isotopic ratio
293 as a recorder for surface ocean nitrate utilization, Global Biogeochem.
294 Cycles, 8(1), 103–116, doi:10.1029/93GB03396.
295 Brandes, J. A., and A. H. Devol (2002), A global marine‐fixed nitrogen
296 isotopic budget: Implications for Holocene nitrogen cycling, Global
297 Biogeochem. Cycles, 16(4), 1120, doi:10.1029/2001GB001856.
298 Carpenter, E. J. (1983), Nitrogen fixation by marine Oscillatoria
299 (Trichodesmium) in the world’s oceans, in Nitrogen in the Marine Envi-
300 ronment, edited by E. J. Carpenter and D. G. Capone, pp. 65–103, Aca-
301 demic, San Diego, Calif.
302 Carpenter, E. J., and D. G. Capone (2008), Nitrogen fixation in the marine
303 environment, in Nitrogen in the Marine Environment, edited by D. G.
304 Capone et al., pp. 141–198, Elsevier, New York, doi:10.1016/B978-0-
305 12-372522-6.00004-9.
306 Codispoti, L. A. (2007), An oceanic fixed nitrogen sinke exceeding 400 Tg
307 N a−1 vs the concept of homeostasis in the fixed‐nitrogen inventory,
308 Biogeosciences, 4, 233–253, doi:10.5194/bg-4-233-2007.
309 Deutsch, C., J. L. Sarmiento, D. M. Sigman, N. Gruber, and J. P. Dunne
310 (2007), Spatial coupling of nitrogen inputs and losses in the ocean,
311 Nature, 445, 163–167, doi:10.1038/nature05392.
312 Falkowski, P. G. (1997), Evolution of the nitrogen cycle and its influence
313 on the biological sequestration of CO2 in the ocean,Nature, 387, 272–275,
314 doi:10.1038/387272a0.
315 Gruber, N., and J. L. Sarmiento (1997), Global patterns of marine nitrogen
316 fixation and denitrification, Global Biogeochem. Cycles, 11(2), 235–266.
317 Holl, C. M., and J. P. Montoya (2005), Interactions between nitrate uptake
318 and nitrogen fixation in continuous cultures of the marine diazotroph
319 Trichodesmium (cyanobacteria) , J. Phycol. , 41 , 1178–1183,
320 doi:10.1111/j.1529-8817.2005.00146.x.
321 Karl, D., A. Michaels, B. Bergman, D. Capone, E. Carpenter, R. Letelier,
322 F. Lipshultz, H. Paerl, D. Sigman, and L. Stal (2002), Dinitrogen fixation
323 in the world’s oceans, Biogeochemistry, 57/58(1), 47–98, doi:10.1023/
324 A:1015798105851.
325 Kienast, M., M. F. Lehmann, A. Timmermann, E. Galbraith, T. Bolliet,
326 A. Holbourn, C. Normandeau, and C. Laj (2008), A mid‐Holocene

327transition in the nitrogen dynamics of the western equatorial Pacific:
328Evidence of a deepening thermocline?, Geophys. Res. Lett., 35, L23610,
329doi:10.1029/2008GL035464.
330Kitajima, S., K. Furuya, F. Hashihama, S. Takeda, and J. Kanda (2009), Lati-
331tudinal distribution of diazotrophs and their nitrogen fixation in the tropical
332and subtropical western North Pacific, Limnol. Oceanogr., 54(2), 537–547.
333Krauk, J. M., T. A. Villareal, J. A. Sohm, J. P. Montoya, and D. G. Capone
334(2006), Plasticity of N:P ratios in laboratory and field populations of Tri-
335chodesmium spp, Aquat. Microb. Ecol., 42, 243–253.
336Lehmann, M. F., D. M. Sigman, D. C. McCorkle, J. Granger, S. Hoffmann,
337G. Cane, and B. G. Brunelle (2007), The distribution of nitrate 15N/14N
338in marine sediments and the impact of benthic nitrogen loss on the isotopic
339composition of oceanic nitrate,Geochim. Cosmochim. Acta, 71, 5384–5404,
340doi:10.1016/j.gca.2007.07.025.
341Letelier, R. M., and D. M. Karl (1998), Trichodesmium spp. physiology
342and nutrient fluxes in the North Pacific subtropical gyre, Aquat. Microb.
343Ecol., 15, 265–276, doi:10.3354/ame015265.
344Liu, K.‐K., M.‐J. Su, C.‐R. Hsueh, and G.‐c. Gong (1996), The nitrogen
345isotopic composition of nitrate in the Kuroshio Water northeast of Tai-
346wan: Evidence for nitrogen fixation as a source of isotopically light
347nitrate, Mar. Chem., 54, 273–292, doi:10.1016/0304-4203(96)00034-5.
348Mahowald, N. M., A. R. Baker, G. Bergametti, N. Brooks, R. A. Duce,
349T. D. Jickells, N. Kubilay, J. M. Prospero, and I. Tegen (2005), Atmo-
350spheric global dust cycle and iron inputs to the ocean, Global Biogeo-
351chem. Cycles, 19, GB4025, doi:10.1029/2004GB002402.
352Mariotti, A., J. C. Germon, P. Hubert, P. Kaiser, R. Letolle, A. Tardieux,
353and P. Tardieux (1981), Experimental determination of nitrogen kinetic
354isotope fractionation: Some principles; issulstration for the denitrification
355and nitrification processes, Plant Soil, 62(3), 413–430, doi:10.1007/
356BF02374138.
357Montoya, J. P., C.M. Holl, J. P. Zehr, A. Hansen, T. A. Villareal, and D. G.
358Capone (2004), High rates of N2 fixation by unicellular diazotrophs in
359the oligotrophic Pacific Ocean, Nature, 430, 1027–1032, doi:10.1038/
360nature02824.
361Moore, C. M., et al. (2009), Large‐scale distribution of Atlantic nitrogen
362fixation controlled by iron availability, Nat. Geosci., 2(12), 867–871.
363Moore, J. K., and S. C. Doney (2007), Iron availability limits the ocean
364nitrogen inventory stabilizing feedbacks between marine denitrification
365and nitrogen fixation, Global Biogeochem. Cycles, 21, GB2001,
366doi:10.1029/2006GB002762.
367Mulholland, M. R., K. Ohki, and D. G. Capone (2001), Nutrient con-
368trols on nitrogen uptake and metabolism by natural populations and
369cultures of Trichodesmium (cyanobacteria), J. Phycol., 37, 1001–1009,
370doi:10.1046/j.1529-8817.2001.00080.x.
371Needoba, J. A., R. A. Foster, C. Sakamoto, J. P. Zehr, and K. S. Johnson
372(2007), Nitrogen fixation by unicellular diazotrophic cyanobacteria in the
373temperate oligotrophic North Pacific Ocean, Limnol. Oceanogr., 52(4),
3741317–1327.
375Raven, J. A. (1988), The iron and molybdenum use efficiencies of plant
376growth with different energy, carbon and nitrogen sources, New Phytol.,
377109(3), 279–287, doi:10.1111/j.1469-8137.1988.tb04196.x.
378Sanudo‐Wilhelmy, S. A., A. B. Kustka, C. J. Gobler, D. A. Hutchins,
379M. Yang,K. Lwiza, J. Burns, D.G. Capone, J. A. Raven, and E. J. Carpenter
380(2001), Phophorus limitation of nitrogen fixation by Trichodesmium in the
381central Atlantic Ocean, Nature, 411, 66–69, doi:10.1038/35075041.
382Somes, C. J., A. Schmittner, A. C. Mix, R. M. Letelier, E. G. Galbraith, M. F.
383Lehmann, M. A. Altabet, J. P. Montoya, M. Eby, and A. Bourbonnais
384(2010), Simulating the global distribution of nitrogen isotopes in the ocean,
385Global Biogeochem. Cycles, doi:10.1029/2009GB003767, in press.
386Tyrrell, T. (1999), The relative influences of nitrogen and phosphorus on
387oceanic primary production, Nature, 400, 525–531, doi:10.1038/22941.
388White, A. E., Y. H. Spitz, and D. M. Karl (2006), Flexible elemental stoi-
389chiometry in Trichodesmium spp. and its ecological implications,
390Limnol. Oceanogr., 51(4), 1777–1790, doi:10.4319/lo.2006.51.4.1777.
391Wu, J., W. Sunda, E. A. Boyle, and D. M. Karl (2000), Phosphate depletion
392in the western North Atlantic Ocean, Science , 289 , 759–762,
393doi:10.1126/science.289.5480.759.
394Yoshikawa, C., Y. Yamanaka, and T. Nakatsuka (2006), Nitrate‐nitrogen
395isotopic patterns in surface waters of the western and central Equatorial
396Pacific, J. Oceanogr., 62, 511–525, doi:10.1007/s10872-006-0072-4.
397Zehr, J. P., J. B. Waterbury, P. J. Turner, J. P. Montoya, E. Omoregie, G. F.
398Steward, A. Hansen, and D. M. Karl (2001), Unicellular cyanobacteria
399fix N2 in the subtropical North Pacific Ocean, Nature, 412, 635–638,
400doi:10.1038/35088063.

401M. A. Altabet, School for Marine Science and Technology, University of
402Massachusetts Dartmouth, New Bedford, MA 02744, USA.
403A. Schmittner and C. J. Somes, College of Oceanic and Atmospheric
404Sciences, Oregon State University, Corvallis, OR 97331, USA. (csomes@
405coas.oregonstate.edu)

SOMES ET AL.: FE LIMITATION OF N2 FIXATION LXXXXXLXXXXX

5 of 5



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

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


