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Abstract. The size of the bioavailable (i.e., “fixed”) nitrogen ing a balanced fixed nitrogen budget, we estimate that pre-
inventory in the ocean influences global marine productiv-industrial rates of M fixation, water column denitrification,

ity and the biological carbon pump. Despite its importance,and benthic denitrification were between 195-350 (225), 65—
the pre-industrial rates for the major source and sink terms80 (76), and 130—-270 (149) Tg N'V, respectively, with our

of the oceanic fixed nitrogen budget; fixation and denitri-  best model estimategp =2 %0) in parentheses. Although
fication, respectively, are not well known. These processesincertainties still exist, these results suggest that marine N
leave distinguishable imprints on the ratio of stable nitro- fixation is occurring at much greater rates than previously es-
gen isotopes§1°N, which can therefore help to infer their timated and the residence time for oceanic fixed nitrogen is
patterns and rates. Here we ugéN observations from the between~ 1500 and 3000 yr.

water column and a new database of seafloor measurements

to constrain rates of Nfixation and denitrification predicted

by a global three-dimensional Model of Ocean Biogeochem-1  |xtroduction

istry and Isotopes (MOBI). Sensitivity experiments were per-

formed to quantify uncertainties associated with the isotopeBiotically available “fixed” nitrogen (fixed-N) is one of the
effect of denitrification in the water column and sediments. major nutrients limiting phytoplankton growth in the ocean.
They show that the level of nitrate utilization in suboxic Its generally low abundance in sunlit surface waters limits
zones, that is the balance between nitrate consumption byhe primary production that forms the base of ocean ecosys-
denitrification and nitrate replenishment by circulation andtems and provides energy for more complex, higher-level or-
mixing (dilution effect), significantly affects the isotope ef- ganisms (e.g., marine animals). Thereby, fixed-N also limits
fect of water column denitrification and thus global meanthe biological sequestration of atmospheric carbon dioxide
815NO3 . Experiments with lower levels of nitrate utiliza- (COy) into biomass, part of which subsequently sinks to-
tion within the suboxic zone (i.e., higher residual water col- wards the deep ocean before being respired back inta CO
umn nitrate concentrations, ranging from 20 to 32 uM) re- This so-called “biological carbon pump” affects the parti-
quire higher ratios of benthic to water column denitrification, tioning of CQ, among the ocean and atmosphere. It has been
BD:WCD=0.75-1.4, to satisfy the global mean jl@nd  suggested that large changes in the oceanic fixed-N inventory
815NO§ constraints in the modern ocean. This suggests thatan modulate the strength of the biological carbon pump and
nitrate utilization in suboxic zones plays an important role in thereby influence atmospheric @@ver glacial/interglacial
global nitrogen isotope cycling. Increasing the net fractiona-timescales (McElroy, 1983; Falkowski, 1997). Since pro-
tion factoregp for benthic denitrificationggp = 0—4 %o) re- cesses that control the size of the fixed-N inventory are sensi-
quires even higher ratios, BD : WCP1.4-3.5. The model tive to climate (Gruber, 2004; Galbraith and Kienast, 2013),
experiments that best reproduce observed seaffdbrsup-  they may have an important feedback on atmospheris CO
port the middle to high-end estimates for the net fractiona-concentrations in past and future climates.

tion factor of benthic denitrificatioregp = 2—4 %o). Assum-
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N> fixation (NFix), the conversion of Ngas into fixed- 2011; Zehr, 2011), more Nixation could be taking place in
N by specialized microorganisms (diazotrophs), provides thehe ocean than previously thought.
ocean with most of its fixed-N. Other contributions to the Global estimates of denitrification vary considerably as
fixed-N pool are from river input and atmospheric N depo- well. In the water column, studies suggest global rates be-
sition, which are estimated to be approximately an order oftween 50 and 150 TgNy* and in the sediments gener-
magnitude lower than NFix in pre-industrial times (Galloway ally between 100 and 300 TgNyt (Middelburg et al.,
et al., 2004; Codispoti, 2007; Duce et al., 2008; Gruber,1996; Galloway et al., 2004; Gruber, 2004; Codispoti, 2007;
2008). However, industrial N emissions and fertilizer produc- Bohlen et al., 2012; DeVries et al., 2013; Eugster and Gru-
tion through the Haber—Bosch process that eventually cycleder, 2012). Since the high-end estimates for denitrification
fixed-N into the atmosphere and rivers have been steadily inare substantially larger than the high-end estimates for N
creasing in recent decades and are estimated to become coffixation, it has led to the debate whether the ocean could
parable to “natural” NFix in following decades (Galloway et be rapidly losing as much as 400 Tg Nyr(Codispoti et
al., 2004). al., 2001; Brandes and Devol, 2002; Seitzinger et al., 2006;

Denitrification and anammox (anaerobic ammonium ox- Codispoti, 2007), about 0.07 % of the total nitrate inventory
idation) are the most important fixed-N removal processeer year, or whether the nitrogen budget is more balanced
in the ocean. They convert fixed-N intopNgas under sub- (Gruber and Sarmiento, 1997; Gruber, 2004; Altabet, 2007;
oxic conditions (@ <~ 10uM) in the water column and Bianchi etal., 2012).
seafloor sediments. “Canonical” denitrification occurs when Stable nitrogen isotopes can provide constraints on
heterotrophic bacteria replace @onsumption with the re- N2 fixation and denitrification because they leave dis-
duction of nitrate (NQ) to dinitrogen gas (B) as the elec- tinguishable imprints on the ratio of oceandd®N, de-
tron acceptor during respiration, once © no longer avail-  fined ass*®N = [(1°N/2*N)sampid(*°N/2*N)sg— 1] - 2000 %o,
able in sufficient quantity. Anammox, on the other hand, where the standard (std) is atmospherig. Nhe main
is a chemoautotrophic process that converts nitrite JNO source of 815N into the pre-industrial ocean is from di-
and ammonium (NH)) into N, gas (Thamdrup and Dals- azotrophs that fixN-depleted atmospheric Ninto their
gaard, 2002; Kuypers et al., 2003). Since both denitrificationbiomass §*°Npja; = —2-0%o) relative to the deep ocean
and anammox processes occur in oxygen minimum zone§°NO; =5 %o (Sigman et al., 2000; Somes et al., 2010b),
(OMZs), the relative importance of each process is uncertainwith  minor contributions from atmospheric deposition
Recent studies have found that water column denitrification(6-°Ngep=~ —4 %o) and rivers §°Nyy = ~ 1-4 %o) (Bran-
(WCD) dominates N-loss in the Arabian Sea (Ward et al.,des and Devol, 2002). Denitrifying bacteria preferentially
2009; Bulow et al., 2010), while anammox is more impor- consume’®N-depleted nitrate, the lighter and more reac-
tant in the eastern tropical South Pacific (ETSP) (Lam et al. five isotope, during WCD s{ycp = 20-30 %o), leaving the
2009). However, Lam et al. (2009) estimate that nitrate re-oceanic nitrate poot°N-enriched (Cline and Kaplan, 1975;
duction, the first step of canonical denitrification, provides atBrandes et al., 1998; Voss et al., 2001). Benthic denitrifica-
least two-thirds of the nitrite that anammox consumes, sugtion (BD) is observed to have a much lower net fractiona-
gesting that canonical denitrification may be the most impor-tion factor ggp = 0-3 %o0), which is attributed to near com-
tant driver of total N-loss in OMZs. Therefore, we refer to plete NG, utilization in pore-water sediments (Brandes and
denitrification as the major fixed-N loss process in this pa-Devol, 2002; Lehmann et al., 2004). However, recent stud-
per. ies (Lehmann et al., 2007; Granger et al., 2011; Alkhatib

While the major source and sink processes of the fixed-Net al., 2012) investigating fractionation involved with the
budget, N fixation and denitrification, respectively, are rel- nitrification—denitrification loop in the sediments suggest a
atively well known, estimating their global rates remains alarger net fractionation factoegp = 4—8 %o).
challenge. Model estimates fopNixation have alargerange ~ The observed global mea®NO; provides a constraint
between~ 100 and 300 Tg N yr! and predict different spa- on the fixed-N budget (Brandes and Devol, 2002) since it
tial patterns (Gruber and Sarmiento, 1997; Brandes and Deis determined by the relative rates of NFix, WCD and BD
vol, 2002; Deutsch et al., 2007; Monteiro et al., 2011; Eugsterand their isotope effects. The input ®N-depleted nitrogen
and Gruber, 2012), whereas estimates based on extrapolatidrom NFix must compensate for the preferential removal of
of measured in situ rates agree with the low-end model es?®°N-depleted nitrate by denitrification. Modeling studies us-
timates near 100 TgNy# (Karl et al., 2002a; Mahaffey et ing this approach have produced differing results. For exam-
al., 2005). However, methods historically used to measuyre N ple, Brandes and Devol (2002) used a one-box model with
fixation rates have been found to underestimaidikation  fractionation factors ofgp = 1.5 %o andewcp = 25 %o. They
by as much as a factor of 2 (Mohr et al., 2010; GroRkopfestimated a ratio BD : WCE:3.7 : 1 to match global mean
et al., 2012). Since new importanpNixing species are also 815NO§, supporting the high-end estimates for BD.
still being discovered (Montoya et al., 2004; Foster et al., Other studies have used more complex box models

(Deutsch et al., 2004; Eugster and Gruber, 2012). Assum-
ing egp =0 %o andewcp = 25 %o, these studies estimate a
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lower BD : WCD ratio of 1.8—-2.7 compared to Brandes and N, fixation
Devol (2002) by accounting for mixing of locally reduced ni- \ l Exrie
trate concentrations in suboxic zones with surrounding oxic I biasP pias R
waters. Since the mixesf>NO3 value will be weighted to- -
wards the higher nitrate concentration of the oxic waters,
the local utilization of nitrate reduces the influence of the
15N-enriched nitrate from WCD on global meat’NO3, a
mechanism referred to as the “dilution effect” (Deutsch et al., _ _
2004). NO3' < i Pt

Altabet (2007) used another one-box model with parame- ( ) "N fast recycling 1*pPo
terized isotope effects of local nitrate utilization and dilution 02
during WCD. He argues that these effects would further re-
duce the isotope effect of WCD by 13 %o compared to the
inherent microbial process near 25 %.. Applying this reduced
isotope effect for water column denitrificatioty (2 %o), and
0 %o for BD, respectively, he estimated a BD : WCD ratio of
~1:1. These box model studies highlight how sensitive the
results can be to different assumptions made for the isotope
effects of denitrification.

In this study, we go beyond earlier box model approaches
and employ a global coupled three-dimensional circulation-
biogeochemistry-isotope model to investigate to what extent
rates of N fixation and denitrification can be constrained
by 81°N observations in the water column and seafloor sedi-Fig- 1. Schematic of the marine ecosystem/biogeochemical model
ments. In particular, we will investigate the uncertainties as-compartments including the nitrogen isotope parameters (colors)
sociated with (i) the effects of nitrate utilization and dilu- (S0mes et al., 2010b). The prognostic variables include 2 nutri-
tion on the isotope effect of WCD and (i) the net fractiona- €Nts: nitrate (N@) and phosphate (FP), 2 phytoplankton, b
tion factor associated with BD. In addition to water column fixing diazotrophs (Biaz) and other N@ -assimilating phytoplank-
815N05 observations, a new global seafloor sedimeaN ton (Pp), as well as zooplankton (Z), sinking detritus (D), and dis-
database (Tesdal et al., 2013) is used to evaluate the modgp!ved oxygen (Q).
experiments. The rates obNixation and denitrification im-
plicitin tlrée m9de| simulationl% that most cl_osely simulate (_)b- tion of 1.8 x 3.6°. A two-dimensional, single-level energy-
servedi™>NO; and seaflood™N then provide our best esti-  gigtre halance model of the atmosphere and a dynamic-
mate of Nfix and denitrification in the real ocean. thermodynamic sea ice model are used, forced with pre-

scribed NCEP/NCAR monthly climatological winds (Kalnay
etal., 1996).
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2 Model description
2.2 Biogeochemical-ecosystem model
The global coupled Model of Ocean Biogeochemistry and
Isotopes (MOBI) is based on the version of Somes etMOBI is animproved version of the model used in Somes et

al. (2010b). A technical description of the model is locatedal. (2010b) (see Fig. 1). The organic compartments include

in Appendix B and a brief overview is provided below. two classes of phytoplankton ;Mixing diazotrophs (Biaz)
and other nitrate assimilating phytoplanktopfPas well as
2.1 Physical model zooplankton (Z) and sinking detritus (D). The inorganic vari-

ables include dissolved oxygen {Cand two nutrients, ni-
The physical model is based on the University of Victoria trate (NG;) and phosphate (F{b), both of which are con-
Earth System Climate Model (Weaver et al., 2001), versionsumed by phytoplankton.
2.9 (Eby et al., 2009). It includes a general circulation model This model version deviates from that of Somes et
of the ocean (Modular Ocean Model 2) with physical param-al. (2010b) by including varying elemental stoichiometry.
eterizations such as diffusive mixing along and across isopyWhile general phytoplankton nitrogen to phosphorus ratio
cnals, eddy-induced tracer advection (Gent and McWilliams,(N : P) remains at the canonical Redfield ratio (N=B6),
1990), the computation of tidally induced diapycnal mix- diazotroph N:P is set to 40, which is in better agreement
ing over rough topography (Simmons et al., 2004), and arwith most observations (N :£ 20-50+; e.g., Letelier and
anisotropic viscosity scheme (Large et al., 2001) in the trop-Karl, 1998 and Saudo-Wilhelmy et al., 2004), as well as
ics. Nineteen vertical levels are used with a horizontal resolu-an optimality-based growth model (Klausmeier et al., 2004).

www.biogeosciences.net/10/5889/2013/ Biogeosciences, 10, 58892013
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This allows diazotrophs to more efficiently fixoNnto the our iron limitation mask of diazotrophs to best reproduce
ocean when they are P-limited, but does not significantlylarge-scale meridional'®>N patterns across the Pacific and
change the pattern of Nixation. Since zooplankton are ca- Atlantic oceans.

pable of maintaining their own stoichiometry (Sterner and

Elser, 2002), we set zooplankton N:P to 16:1 and assum®.2.2 Water column denitrification

that they excrete excess N when grazing diazotrophs. Detri-

tal N and P are explicitly calculated as separate prognosti®WCD occurs when organic matter is respired under sub-
variables. The carbon to nitrogen (C:N) ratio for all com- oxic conditions. It is parameterized in MOBI according to

partments is held constant at C =\56.625. Eqg. (B14), which determines the relative amount of nitrate
consumption that takes place during respiration at low am-
2.2.1 N fixation bient oxygen concentrations. We use a threshold of 5 pM O

that sets the oxygen level at which respiration by denitrifica-
Diazotrophs grow according to the same principles as theion overtakes aerobic respiration. This parameterization was
general phytoplankton class in MOBI, but we account for designed to best capture the decreasinngBOf’[ ratios in
some of their different characteristics as follows, fik- suboxic zones. Anammox is also removing fixed-N in these
ation is energetically more costly than assimilating fixed- areas of low oxygen and high organic matter recycling. Al-
N. Diazotrophs must break down the strong triple-N bondthough the exact partitioning between WCD and anammox
and undergo extra respiration to keep thefXing compart-  is not well known, anammox likely depends on the first step
ment anoxic since @inhibits the expression of theNixing of denitrification (NG — NO,) to supply sufficient nitrite
gene (nifH). Thus, the growth rate of diazotrophs is reducecdthat typically exists in very low concentrations (Lam et al.,
compared to ordinary phytoplankton, which MOBI consid- 2009). Since MOBI does not differentiate between different
ers by using a handicap factarp{az; =0.13). Diazotrophs species of dissolved inorganic nitrogen, this WCD parame-
are allowed to grow at low rates in cool waters accordingterization is designed to implicitly capture total fixed-N loss
to Eq. (B4), consistent with culture experiments (Pandey etfrom both canonical WCD and anammox.
al., 2004; Le Qere et al., 2005), whereas in previous model
versions (Schmittner et al., 2008; Somes et al., 2010b) thei.2.3 Benthic denitrification
growth rates were zero below 16.

Diazotrophs are not limited by nitrate and can outcom-BD is included using a new empirical function deduced from
pete general phytoplankton in surface waters that are debenthic flux measurements (Bohlen et al., 2012) . This func-
pleted in fixed-N, but still contain sufficient phosphate andtion estimates denitrification in the sediments based on or-
iron. They will consume nitrate if available, consistent with ganic carbon rain rate into the sediments, and bottom wa-
culture experiments (Mulholland et al., 2001; Holl and Mon- ter O; and NG; concentrations (Eg. B15). It provides an
toya, 2005), which is another factor that inhibits fikation efficient alternative to coupling a full sediment model that
in high-nutrient, low-chlorophyll regions in the model. The would significantly reduce simulation speed. Note that all
prey-capture rate for zooplankton feeding on diazotrophs isorganic matter instantaneously remineralizes in the bottom
reduced relative to that for the general phytoplankton classvater when it reaches the seafloor sediment interface. Ni-
in order to account for observations (Table 1) (Mulholland, trate is then removed from the bottom water according to
2007), in contrast to Somes et al. (2010b), who used equathis benthic denitrification function. While the organic car-
rates. bon rain rate predicts benthic denitrification rates to first-

Due to uncertainties in the iron cycle (Aumont et al., 2003; order, Bohlen et al. (2012) found a strong non-linear rela-
Moore et al., 2004; Galbraith et al., 2010), iron is currently tionship to the empirical parameter; & O, — NO; in the
not included as a prognostic tracer. Instead, iron limitationbottom water overlying the sediments. BD rates are signifi-
is considered using a monthly mask based on modeled aesantly higher as ©decreases (i.e., wherp@ low and NG
olian dust deposition estimates (Mahowald et al., 2005ajs high) for similar organic carbon rain rates.

2006, 2009). This iron limitation mask is multiplied by di-  We use high resolution (19% bathymetry to account for
azotrophs’ maximum growth rate to account for iron limi- shallow continental shelves and other topographical features
tation (Somes et al., 2010a). Note that this diazotroph ironthat are not fully resolved in MOBI’s coarse-resolution grid
limitation mask does not account for upwelled iron. Since up-in order to calculate BD (Eq. B15). This scheme considers
welled iron will be accompanied by other macronutrients, weparticulate organic matter sinking and remineralization, but
assume this source of iron is consumed by other phytoplankit does not influence the physical circulation. Since details of
ton. This simplification may lead to an overestimation of iron the circulation that are not resolved in our global model are
limitation of diazotrophs in and around some upwelling re- responsible for nutrient fluxes in these areas (Fennel et al.,
gions because complete utilization of upwelled iron by other2006), our model will likely underestimate productivity, rain
phytoplankton will likely not occur in all of these areas (e.qg., rate of carbon into the seafloor, and thus BD there if the BD
Equatorial Atlantic; Subramaniam et al., 2013). We scaledrate is not further adjusted. This is one of the reasons why

Biogeosciences, 10, 5888910 2013 www.biogeosciences.net/10/5889/2013/
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Table 1. Model experiment parameter settings. Parameters are th@.4 Sensitivity experiments

nitrate threshold for the limitation of WCD (limWCD), BD frac-

tionation €gp), scaling factor for BD rateo(gp), prey-capture rate The model experiments were initialized with World Ocean
for zooplankton grazing on diazotrophsrfjaz), and mortality of  Atlas 2009 (WOA09) observations (temperature, salinity,

diazotrophs ipiaz)- oxygen, nitrate, and phosphate) (Antonov et al., 2010; Gar-
Experiment  IMWCD ean a0 - - ciaetal., 2010a: b; Loc_arnini t_at al., 2010) and ir!t_egrated for
[MNO;] (%] (mmol m,'g]{z g1 [,'f]z over 10000 yr with pre-mdustrlal_k_)OL_mdary cqnd|t|ons as t_he
nitrogen cycle approached equilibrium. While the scarcity
: i 8 122 %111 8'5? of water column observations makes it difficult to estimate
3 32 0o 15 0.15 025  global means’®NO;, vertical $1NOj profiles throughout
4 32 2 19 0.078 0.25 the global ocean converge 105 %o at depths below 2000 m
5 32 4 32 0.001 0.17 (Somes et al., 2010b). In our experiments we manually ad-
See text and Table B1 for additional details. just the global NFix and BD rates to match this deep ocean

81°NOj3 value and observed global mean & 30.8 pM by
) o ) ) ) modifying uncertain parameters (Tables 1, 2). Adjustigg
we prowdg sensitivity experiments that linearly increase BD getermines the total BD rate. For NFix, we adjust the prey-
rates by dlfferent factoirea(gD. =1.35-3.2; Tables 1, 2). Note  capture rateppiaz, and mortality rateypiaz, of diazotrophs,
still be influenced from water below through physical mixing annual mean results from the final 500 yr of the integrations
and circulation that can result in too much coupling with the 5re reported.
ocean interior.

2.3 Nitrogen isotope model 2.4.1 Water column denitrification experiments

r;I'his set of experiments was designed to test the importance

of the isotope effect of WCD on the global ocean mean
15N 0= i

Fractionation results in the preferential incorporation of the‘ls3 NO; 2 0\6\/7(9 fﬁllovly a mf]thOd mt:co\;ijg:Sdl.ble\/(l:oS re aqd
more reactive, thermodynamically preferfédl isotope into one;;}( h I)dt aft ZIBnItZSGt eéaéz OM T bl(lg] Fi Z)aEI'EI-

the product of each reaction by a process-specific fractionalrate thresholds of 20, 26, an UM (Table 2, 9. ) hese

tion factor,a (Mariotti et al., 1981). We report these values values were chosen tp produce WCD rates that lie within the
in the more commonly useds™ notation, where the frac- range of modern estimates between 50 and 150 TgM yr

tionation factor takes the form= (1 — a) >< 1000. The pro- Note that recent studies report a new low-end estimate for

= . oy ege . 1

cesses in the model that fractionate nitrogen isotopes are ph)‘/y a(tjerGCOLumnzgig{trglc\a/tllon rate\I(S(;(')l'fsN yrh) EF.U gster
toplankton nitrate assimilations{ssim="5 %o), N2 fixation aF " ru era. ' edn?s et a., r)] whic |shnot ex:
(enrFix = 1.5 %o0), zooplankton excretiomdxer = 6 %), WCD %ﬂii(’;ﬁrsteN |?10ur model experiments that cover the range
(ewcp = 25 %), and BD ¢gp =0, 2, 4%:). For example, di- =4 hg hY host threshold aolied (mWGBa2

azotroph biomass becomes 1.5 %o depleted!fiN relative nly the highest threshold applied (imWCB32) cap-

to the source (atmospherd®N, = 0 %q) giving diazotroph tures the average nitrate concentration in the suboxic zones

biomass a1°N signature of—1.5%. when they fix atmo- suggested by WOAQ9~(32uM), while the other exper-
spheric N for growth iments underestimate nitrate there. Models with higher

We refer to the fractionation factor as thevalue cho-  thresholds also have lower levels of nitrate utilization in the
sen for the fractionation equation and the “isotope ef“fect”s'UboxiC Z0ones th_at influences the_ isc_)top_e effect of W.CD' In
as the overall effect the process has on &N distribu- orderlto exclude impacts on the d|str|but|oq of ot.her.blogeo—
tion in the ocean. The total isotope effect also includes ef_chemmal tracers (oxygen, phosphgte), remmera_lgatmn of or-
fects from source values and processes that alter the impagtanIC matter was left unchanged n .these sensitivity experi-
of the net fractionation, such as nitrate utilization and dilu- ments. Only nltrat(_a consumptlon during WCD was turned off
tion. NFix, for example, has a low fractionation factor, but a below the respective nitrate threshold.
strong isotope effect by introducing vel§N-depleted nitro-
gen ¢1°Nnrix = —1.5 %o) into the oceanic fixed-N pool rela-
tive to deep ocean mea°NO; near 5 %o. In MOBI, frac- . . . N
tionation factors are constant in space and time, and choseﬁ'e'd studies estimate the fractionation factor of BD to be

to best represent estimates from field observations (Somes é‘EUCh smaller thap that O,f water colqmn den|tr|f|cat_|on, but
al., 2010b). to what extent still remains uncertain. The small increase

in bottom Water815NO§ overlying BD zones suggests the
fractionation factor should be in the range 0-3 %0 (Brandes
and Devol, 2002; Lehmann et al.,, 2004). However, more

The nitrogen isotope model simulates the two stable nitroge
isotopes,}*N and1°N, in all N species included in MOBI.

2.4.2 Benthic denitrification fractionation experiments

www.biogeosciences.net/10/5889/2013/ Biogeosciences, 10, 58892013
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Table 2. Model sensitivity experiment results.

Experiment \ Global results \ Suboxic zone results

# limWCD egp N> WC  Benthic| BD: | NO;  Deep Global | NO;  §1NO;  NO3:15PQ

(UM (%0) | fixation  deni. deni. | WCD | (30.8 ocean ocean | (335 (~12%o) (0.760)

NO3) (TgN  (TgN  (TgN uM)  s1NOZ  81NO; | pm)
yr=y oyl oyl (5.0%0)  (~5.5%0)

1 20 0 248 140 108 | 0.77 | 31.0 4.95 551 | 2458 17.5 0.549
2 26 0 232 109 123 | 1.13 | 30.8 5.01 5,59 | 287 15.9 0.635
3 32 0 203 86.4 117 | 1.39 | 30.2 5.01 559 | 33.3 14.1 0.722
4 32 2 225 75.7 149 | 1.96 | 30.6 5.01 553 | 33.2 13.6 0.734
5 32 4 342 75.6 267 | 3.53 | 30.4 5.06 545 | 329 11.9 0.789

Model results for the different sensitivity experiments in the global ocean and suboxic zerel@uM) with the observational estimate given in parentheses.

(difference from center) (mmol N m~2 yr~1) (difference from center)
[TT T T TTTTT [TT T T TTTT
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Fig. 2. Global distribution of annual vertically integrated Nixation (top row), water column denitrification (middle row) and benthic
denitrification (bottom row) for the experiments imWGE20, egp = 0 (left); imWCD = 32,egp = 0 (center); and limWCBR=32,egp =4
(right). See text for model experiment details.

recent studies have suggested a much higher net fractionatiddowever, Lehmann et al. (2007) show that shallow regions
(Lehmann et al., 2007; Granger et al., 2011; Alkhatib et al.,have a higher net fractionation compared to deep ocean sites
2012). They suggest tH&N-enriched ammonium measured and the global average net fractionation is likely closer to
in the overlying bottom water, presumably released from the4 %.. Thus we performed experiments with BD net fraction-
sediments, was due to fractionation during the nitrification—ation at 0, 2, and 4 %.. Since these experiments nearly cover
denitrification loop in the sediments. These studies indi-the full range of previous estimates for BD rates between
cate a net fractionation factor for BD in the range 4—8 %.. ~ 100-300 Tg Nyr! and BD’s net fractionation factor, they
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likely test the full range of uncertainty of BD’s effect on the imately 3 times larger than suggested by uncorrected an-
global nitrogen isotope inventory. nual WOAOQ9 observations (Garcia et al., 2010a). However,
Bianchi et al. (2012) found that after correcting for biases
in historical @ measurements in suboxic zones and apply-
3 Results ing improved mapping/interpolation methods, this observa-
tional dataset is likely underestimating the global volume of
suboxic waters by a factor of 3, which would be in general
agreement with our model experiments.
Despite the uncertainty in global suboxic volume, it re-
Diazotrophs perform N fixation primarily in the trop- mains clear that the suboxic zones in the Pacific and Atlantic

ics/subtropics where sufficient atmospheric Fe deposition oc&re displaced over the productive equatorial regions, where
curs (e.g., North Atlantic, western Pacific, and north In- the large amounts of remineralization that occurs in the wa-

dian Ocean; Fig. 2). Besides temperature and Fe availabilté" column would be expected to result in too much WCD.
ity, another important factor that determines where modelThis quel bias can be attributed to the undgrestlmatlon of
diazotrophs are most abundant includes competition for re£guatorial and coastal undercurrents that ventilate the OMZs.
sources with other phytoplankton (i.e., N vs. P limitation). ~ T0 account for this model deficiency, we provide sensitivity
Denitrification consumes nitrate and increases N-€XPeriments that limit WCD in the upper part of the OMZ at
limitation “downstream” of denitrification zones. In MOBI, 9iven NGy thresholds to produce WCD rates that are within
this creates ecological niches for diazotrophs because thelj€VIous estimates (see Sect. 2.4.1) and produce more realis-
are not limited by nitrate. This applies not only to the three {i °NO;3 values and NQ utilization levels in the suboxic
WCD zones, but also to the BD zones that occur with greate?Ones (see Sect. 3.2.2). Note that the suboxic zones in MOBI
global rates and across all ocean basins. In fact, it is thélSC extend too deep in the water column {d.500m),
higher BD rates in the Atlantic Ocean that stimulate higherWhereas according to WOAOQ9 observations they do not ex-
N fixation rates there in experiment #5 (Fig. 2, right panel) tend below~ 1000 m. Since remineralization rates are much
compared to experiment #3 (Fig. 2, center panel). Nitrate!OWer at these depths, only 15 9% of total WCD occurs here
depletion at the surface thus stimulates fixation as long ~ Which suggests that our best model may still be overestimat-
as temperatures are high enough and sufficient Fe and P {89 WCD by~ 15%.
available. The spatial pattern of,Nixation is similar in all ) o
experiments, but with differing rates depending on the totai3-1-3  Benthic denitrification
denitrification rate in each experiment.

3.1 Patterns of N fixation and denitrification

3.1.1 N fixation

BD occurs where large amounts of particulate organic car-
3.1.2 Water column denitrification bon (POC) sink into the seafloor sediments (Middelburg et
al., 1996; Seitzinger et al., 2006; Fennel et al., 2009; Bohlen
In MOBI WCD occurs when organic matter is respired in et al., 2012). The largest BD rates in the model occur on the
suboxic zones of the eastern tropical North/South Pacific, theontinental shelves when primary production is high (e.g.,
Bay of Bengal, and the eastern tropical Atlantic (Fig. 2). Note Bering Sea Shelf, Fig. 2). Although rates are much lower in
that in the real ocean, large rates of WCD have been observeithe deep seafloor due to less sinking POC, it contains a much
in the Arabian Sea, which is not reproduced in the model. In-larger area and still significantly contributes to the global
stead, the model displaces the suboxic zone to the Bay oBD rate in the model. The percentage of total BD (including
Bengal, which is very close to the suboxic threshold in na-agp) simulated on the continental shelves (0-200 m), slopes
ture. Similar discrepancies between simulated and observe(200—-2000 m), and deep seafloor (2000-6000 m) is approx-
regions of WCD in the Indian Ocean have also been found inmately 40 %, 40 %, and 20 %, respectively, which does not
other models (Moore and Doney, 2007; Gnanadesikan et alvary by more thant5 % for the different model experiments.
2012). Its causes are not fully understood and may include 8D occurs across all ocean seafloor basins and thus has a
misrepresentation of coastal currents or precipitation in themore broad global distribution compared to WCD, which is
Indian Ocean. Although denitrification is not regularly ob- confined to three distinct tropical regions (Fig. 2).
served in the Atlantic Ocean, anammox has been measured
in the eastern tropical South Atlantic suggesting that N-loss3.2 Observational§1°N constraints
events can occur there (Kuypers et al., 2005). Nevertheless,
the model likely significantly overestimates water column N- 3.2.1  Seafloo$'°N
loss in the Atlantic Ocean.

Uncertainties in historical @measurements and interpo- We compare sinking'°N in the model with a new global
lation methods to a global scale make it difficult to assessdatabase of seaflod?°N (Tesdal et al., 2013) (Fig. 3). It
the global volume of suboxic waters in MOBI. The global is composed of 2347 bulk!>N measurements covering all
suboxic volume (@ < 10 uM) in our experiments is approx- ocean basins. This seaflo®t®N database provides a more
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Fig. 3. Seafloos1°N (Tesdal et al., 2012) comparison with model seaftdéN with imWCD = 26,egp = 0; and limWCD= 32, egp =0,
2, and 4 %o for all experiments shown here. Note a simple diagenetic model was applied to modeltﬁiﬁlkiimg account for diagenetic
alteration during burial into the seafloor sediments based on seafloor depth (Robinson et al., 2012). See text for additional details.

complete view of the global nitrogen isotope distribution show a~ 0.8—1%.81°N diagenetic increase per kilometer
compared to available water Colurﬁi"PNOg observations, of water depth. In our model-data comparison, we accord-
which are sparse in space and time (Somes et al., 2010bjngly adjust the simulated sinkintf°N of the particulate or-
Since seafloo1°N measurements represent the accumula-ganic nitrogen (PON) reaching the seafloor by increasing it
tion of material spanning the last hundreds to thousands oby 0.9 %o knt 1 to account for this effect that is not incorpo-
years, they remove seasonal, interannual, or anthropogeni@ated into MOBI. This diagenetic enrichment increases the
variability that can impact any single water column observa-globally averaged'°N-PON in the sediments by 3.36 %o
tion, making seafloo8°N an ideal dataset to constrain the in the model experiments performed here and makes global
long-term average of the pre-industrial ocean. mean values consistent with the observations (Table 3). Note
Diagenetic alteration of1°N occurs as sinking'®N be-  that this seafloor diagenesis adjustment is only applied for
comes buried in seafloor sediments, which can potentiallythe model-data comparison and does not affect isotope mass
bias the interpretation of bulk sedimef¥N. A recent anal-  conservation in the model. The data-masked global seafloor
ysis shows a clear relationship of diagenetic alteration with31°N average varies somewhat depending on rates,diN
water depth (Robinson et al., 2012). Data-&0 sites where  ation and denitrification in the different model experiments,
sinking 81°N from traps were compared to seaflodN but all model experiments show similar values across the
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Table 3.Measures of seaflot>N model performance

Experiment \ Seafloos15N evaluation
Southern Ocean Global ocean
# limWCD egp | Sinking Seafloor Seafloor R NSTD NRMSE | Sinking Seafloor Seafloor R NSTD NRMSE
(MMNO3)  (%o) PON full data- PON full data-
full mean masked full mean masked
mean mean mean mean
(%) (5.33 %o) (%) (7.00 %o)
1 20 0 1.93 5.37 5.27 0.387 124 1.26| 4.26 7.63 7.67 0.503 1.93 1.70
2 26 0 2.04 5.45 5.38 0.391 1.25 1.26| 4.37 7.73 7.46 0.553 1.6 1.35
3 32 0 2.20 5.61 5.54 0.391 1.26 1.29| 4.22 7.58 6.95 0.584 1.18 1.01
4 32 2 2.08 5.48 5.41 0410 1.25 1.24| 412 7.48 6.76 0.593 1.08 0.957
5 32 4 2.01 5.42 5.35 0.410 1.23 1.23| 3.63 6.99 6.28 0.592 0.975 0.968

* Statistical measures are the correlation coeffici&)t the normalized (by the STD of the observations) standard deviation (NSTD), and the normalized (by the STD of the
observations) root mean squared error (NRMSE). Observational estimates, where available, are given in parentheses. Note “full mean” refers to the entire ocean basin, whereas
“data-masked mean” only include grid points where observations exist.

Southern Ocean (Table 3), which is not significantly affected 130 g c.rvations
by denitrification and M fixation. _| MExperiment #1
MOBI reproduces the major trends of the seafl6biN *.Eiggﬁzﬁzg
dataset (Fig. 3). The isotope effects of phytoplankton;NO | MExperiment #4
assimilation, WCD, and pfixation are mainly responsible 10.0 1 Experiment #5
for these large-scale patterns &°N in the model. Rel-
atively 1°N-depleted sinking nitrogen hitting the seafloor
(815N = 0—4 %0) occur in high-nutrient, low-chlorophyll re-
gions of the Southern Ocean and eastern equatorial Pacific
where NG utilization by phytoplankton is low. Here phyto-

plankton are able to preferentially incorpora®-depleted

5.0 —
nitrate into their biomass due to high availability of nitrate -
(eassim= 5 %0). The nitrate utilization isotope effect also pro- 407
duces morel®N-enriched nitrate in surface waters as uti- 3.0 -

lization increases. In the subtropical gyres where nitrate is Southern Subarctic Tropical OMZs
nearly fully utilized, phytoplankton must consume th?- Atlantic

enriched nitrate remaining in the surface water, causing muc

hlgher.SIn!(lng(SlBN values the.re * 6%), in the .apsence (50-75 S), subarctic/Arctic Ocean (50-78l), tropical North At-

of N2 flxat|on.. All model experiments produce similar pat- lantic (0-25 N), and oxygen minimum zones §Q 10 uM) with
terns and regional averages across the Southern Ocean Whejgservational values in parenthesis. Note we include locations of
surface N@ utilization dominates thé™>N trend (Table 3,  gpserved and simulated OMZs to account for the displaced model
Fig. 4). OMZs in this comparison.

Very high seafloors1®N values & 10%o) are observed
near suboxic zones due to the large fractionation factor of
WCD. Modeling the correct extent of the suboxic zones re-
mains a challenge in global coarse-resolution models due t(r)‘nain deficiencies of the model. The model experiments that
the limited spatial extent of suboxic zones. While the sub- . ' .

. . . . contain the lowest amount of WCD (limWCB32) repre-
oxic zones are generally simulated in the correct ocean basmsent the seafloat'SN database the best (Table 3, Fig. 4)
(e.g., eastern tropical Pacific, northern Indian), they are alP N fixation  introduces 1SN-depleted ' nitgrb én
displaced in the model. Since WCD has a strong local ef_(615§lr\u:ix= _1.5%) into the ocean. plt OCCUS pri?nar-

fect ons—N, this displacement causes rather poor model fltsin in tropical/subtropical waters “downstream” of both

when comparing to the _seaﬂo&_b]rf’N database (e.gx,<_ 0.6, WCD and BD zones where nitrate has been depleted relative
Table 3). If all OMZ regions with less than 30 uM dissolved , o :
: . to phosphate and aeolian Fe deposition is high. Aeolian Fe
O3 in the model and WOAOQ9 are not included when calcu- N . . .
deposition is generally higher in the western portion of the

lating the global metrics, the correlation coefficient increases . . . )
from 0.59 to 0.68 (in model experiment #4), an indication ocean basins and in the Northern Hemisphere. In MOBI, this

: : ) . causes a trend of lower sinkirsg°N values in the northern
that the bias due to the displaced suboxic zones is one of thgubtropical ayres, which is supported by the observational

N
o

o
|

©
o
|

Seafloor 8'°N average (%o)
|

T T 111111 T 1T 17 T 171

rIlig. 4.Comparison of average seaflddPN in the Southern Ocean
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seafloors®N (Fig. 3), as well as water column observations OMZ nitrate utilization and dilution isotope effect
(Somes et al., 2010a).

Lowest values of seafloat'®N occur in the North At- . . .
The eIevatedSl5NO§ signature produced in suboxic zones

lantic, which is known to support high rates op Kxation ; o e
PP g b depends on the level of nitrate utilization there. Utilization

(Karl et al., 2002b). The model experiment that best repro-, determined bv the bal bet tion by deni
duces these low values there has the highest rate of glagbal NS determined by the balance between consumption by deni-

trification and replenishment by circulation and mixing. This

fixation (Fig. 4). This model experiment also has the highes ! _ S
rate of BD, which removes fixed-N and stimulates additionaltpalance determines the avera?jéNO3 Vf""“.e that denitri-
fiers consume and convert ta §as. The dilution effect takes

N> fixation (Fig. 2). Note that atmospheric nitrogen deposi- . : :
2 (Fig. 2) b g POSI into account thas1®NO; will be weighted towards the wa-

tionis not included in this model version. Since pre-industrialt [ with hiah itrate wh . Deutsch
deposition rates are estimated to be approximately an or-of parcel with nigher nitraté wnen mixing occurs (Deutsc

der magnitude lower than Afixation (Duce et al., 2008) et al., 2004). For example, if the nitrate concentration in the
it likely has a small effect in this pre-industriallyscenari,o suboxic zone is only half of the nitrate concentration in sur-

. . 5 p— . .
However, atmospheric N deposition can introduce even mord2unding oxic waters, the'>NO; ggna;tureﬁof the oxic water
15N-depleted nitrogen in the North Atlantié 1N = —4 %o) will have twice the influence on total>NOj of these water

(Ryabenko et al., 2012), which could bias the model-datd"@SS€s if they mix together. Note that the dilution effect is
comparison. inherently simulated in the physical circulation model.

The subarctic oceans contain large, shallow shelves where H_igh levels of nitrate utilization reduce the_influence of
BD occurs. Seafloos*>N show higher values (6-10 %) to- the isotope effect of WCD on global meahr’NO3 . As aver-
wards the shallow shelves in the Bering Sea, Sea of Okhotskages °NOj increases in suboxic zones as denitrification oc-
Baffin Bay, and Banks of Newfoundland, despite the factcurs, the nitrate removed then becomes méhe-enriched.
that less enrichment during burial occurs on these shallowf he influence of the isotope effect of WCD on global mean
shelves (Robinson et al., 2012). The model experiment with$*>NOj3 is reduced when the removed nitrogen has a higher
the largest net fractionation factor for BBgp =4 %0) best  §1°N signature that is closer to global m&ﬂﬁNOg .
reproduces the observational trends of high seafibdy in For example, imagine a situation with high nitrate uti-
these areas (Fig. 4), although values are still slightly undereslization in which the averagé15NO§ value in the suboxic
timated. The other model experiments with smaller fraction-zone was 30.5 %o (instead of 12—15 %o in the real ocean).
ation factors produced too l08#°N throughout this region.  The nitrogen removed would then have an isotopic signature
Some of the bias in this region may also be due to the shallow25 %. depleted relative to this value, which would be equal to
continental shelves that are not fully resolved in MOBI, nor the global means¢®Nremoved=5.5 %o). In this case, it would
the small-scale processes that take place on them. This coulaave no influence on global me&ﬁNOg, even though den-
significantly affect surface NDultilization patterns, and thus itrification is still fractionating the nitrogen isotopes. Thus, as
seafloos°N. Future model versions with higher vertical res- nitrate utilization increases th€°NOj signature of the sub-
olution will evaluate this potential model bias. Nevertheless,oxic zone, it reduces the influence of WCD on global mean
this model-data comparison supports the view of net frac<315N0§ .
tionation factors for BD to be- 4 %o, at least in the shallow Experiments with high nitrate utilization in the suboxic

subarctic ocean. zone require less NFix relative to WCD, and thus lower ra-
tios of BD : WCD, to maintain global meatt>NO; with a
3.2.2 Water column615NOg balance fixed-N budget. The nitrate utilization effect alone

(varying limWCD) required BD : WCD ratios that varied by
The global ocean meatt>NO; is determined by the rates nearly a factor of 2 in our range of sensitivity experiments
and isotope effects of the source and sink terms of the fixed(Table 2). BD is needed in the model to stimulate additional
N budget: N fixation, WCD, and BD. N fixation provides N fixation to balance global mea¥>NO; to the observed
the ocean with°N-depleted nitrogens¢>Nnrix = —1.5%).  level. When nitrate utilization is high, the influence of the
N-loss processes, on the other hand, preferentially consumigotope effect of WCD is reduced and therefore less BD, and
this 1°N-depleted nitrogen, leaving the global mean nitrate lower BD : WCD ratios, are required to balance global mean
pool enriched ift°N (global mear*™>NO; =~5.5%0). The  §15NO;.
average net fractionation that occurs during total N-loss de- The model experiment that best reproduces nitrate and
termines how high the global meai"PNog will be relative 815NO§ observations in the suboxic zone is limWGELB2
to thel®N-depleted nitrogen source frompNixation. We fo-  (Table 2, Fig. 5). It gives a good agreement with the amount
cus on two isotope effects with high uncertainty in this study: of nitrate drawdown, as well as the slope of the increasing
(i) OMZ nitrate utilization and dilution impacts on the iso- 815NO§ as nitrate is consumed according to off-shelf ob-
tope effect of WCD and (ii) the net fractionation factor asso- servations in suboxic zones. The experiments with higher
ciated with BD. levels of nitrate utilization (limWCD=20, 26) show too

much nitrate consumption there. Due to deficiencies in the
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! ! ! ! rect on a global scale, higher BD : WCD ratios would be re-
quired to balance the nitrogen isotope budget because ad-
ditional N, fixation would be needed to balance this “ex-
tra” 1°N-enriched nitrogen produced in the sediments where
BD occurs. However, ammonium efflux from the sediments
is generally much higher on shallow shelves compared to
deep ocean seafloor (Bohlen et al., 2012), suggesting that the
global average fractionation of BD is likely lower than these
estimates (Lehmann et al., 2007). We test the sensitivity of
this effect by running experiments witigp set to 0, 2, and
4 %o, while holding the limWCD parameter constant at 32,
which best represented®NO; observations in the suboxic
_ 2 zone.
40 B S The range of relative rates of BD:WCD required to
e e R (ij;o o o closely reproduce observed global mé_é?i\log for our sen-
‘ sitivity experiments §gp = 0-4 %o) varied from 1.4 to 3.5

Fig. 5. Annual mears15NOj versus expected nitratgyo,) shows  (Table 2). This large range is mostly caused by variations in
the increase 081°NO; as NG is consumed in suboxic zones BD rates and suggests that a misrepresentation of this isotope
(O, < 10 uM) from the isotope effect of water column N-loss in €effect can significantly bias the estimate for the BD : WCD
limWCD = 20 (blue), imWCD=26 (green), limwCD=32 (red)  ratio. The lack of water colums>NH;” measurements over-
and observations (black) from Cline and Kaplan (1975) @Alta- lying sites of BD, most notably in the deep ocean, makes it
bet et al. (1995)4), Brandes et al. (1998))), Voss et al. (2001)  difficult to constrain the global response at this time. We note
(o), and Somes et al. (2010L))]. Noteegp = 0% for the model  yr data—model analysis with the seafl6biN database sup-
experiments Tc,hown herg. Expected nitrate is determ!ned to be at thﬁorts the high estimates for the net fractionation factor of BD
elemental ratl_o 15PO?1_ in the model ba_seq o_n experiments \{vhere (8D > 4 %) in the subarctic ocean that contains many shal-
WCD was switched off (not shown), which is in agreement with the |\ <o lves where BD rates are high (Table 3 and Figs. 3, 4).
expected nitrate calculation from Voss et al. (2001) based on nitrate,. . 1501 ; . . - . .
density isopycnals. Observations near the seafloor are excluded tlglver_lneé N input is not |ncludeq n thls_ model_, which can
avoid any impact from benthic denitrification. also influence some coastal settings with the Ian.KléN .

between 1 and 5 %o (Brandes and Devol, 2002). Since river-
ine N input ¢~ 25 TgNyr 1) is relatively small compared to
simulated suboxic zones, it still cannot be confirmed if the BD (= 150 TgNyr*) and introduces*°N near the oceanic
balance between nitrate consumption and replenishment i8verage, it is unlikely to have a large global impact on the
completely consistent with suboxic zones in the real ocearfatio of BD:WCD in the pre-industrial ocean, but still may
and the limWCD= 32 experiment. However, the high sensi- bias the model-data comparison at some locations.
tivity of estimated rates of NFix and denitrification in our
model experiments that test different levels of nitrate uti- _ )
lization suggests nitrate utilization plays an important role4 Discussion

in global nitrogen isotope cycling. This highlights the need ) , o .
for higher resolution models that fully resolve all of the ven- Our nitrogen isotope sensitivity experiments produce a large

tilation pathways (e.g., coastal undercurrents and eddies) di2n9€ of potential Nfix and denitrification rates that vary by
suboxic zones over a factor of 2 (Table 2, Figs. 2, 6). We show that dif-

ferent nitrogen isotope parameters chosen for the isotope

effects of WCD and BD significantly affect the estimates
Isotope effect of benthic denitrification of the BD: WCD ratio needed to satisfy the global mean

815NOj constraint. This is in general agreement with pre-
Recent studies (Lehmann et al., 2007; Granger et al., 2011vious box model studies that also estimate a large range from
Alkhatib et al., 2012) have suggested a higher net fraction-1 to 3.7 (Brandes and Devol, 2002; Deutsch et al., 2004;
ation factor associated with BDxgp =4-8 %0) compared Altabet, 2007; Eugster and Gruber, 2012), when different
to previous estimatessgp = 1-3 %o) (Brandes and Devol, isotope effects for denitrification were used in their respec-
2002; Lehmann et al., 2004). They suggest BD should havédive models. These results show the importance of correctly
a much higher net fractionation factor due to the measurednodeling each isotope effect to simulate the balance of Nfix
high 515NHj1r that is presumably released from the sedimentsand denitrification that determines the observed global mean
where BD occurs. They propose this signal is due to frac-615NO§-
tionation during the nitrification—denitrification loop in the  We create another global one-b&%?NOg model (called
sediments. If this high net fractionation factor is indeed cor-0D in the following) that includes Nfixation, WCD, and BD
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Fig. 6. Results of the one-b05<15NO§ model with different nitrogen isotope parameter settings according to previous configurations (Bran-
des and Devol, 2002; Deutsch et al., 2004; Altabet, 2007) and this study (Table 4). Each panel shows the sensitivity of one parameter on the
ratio of benthic denitrification to water column denitrification (BD : WCD) needed to achieve observed globallﬁm@g in a steady-state

scenario while all other parameters are held cons(ap¥WCD rate,(b) WCD fractionation factordycp), (c) averageSl5NO§ value where

WCD occurs(d) N> fixation fractionation factorsrix), (€) benthic denitrification fractionation factargp), and(f) average315NO§ value

where benthic denitrification occurs. Natgrix makes diazotroph biomass depleted AN by its associated value. The crosses (X) show

the parameter chosen for each reported model configuration and denotes the BD to WCD ratio of the previous studies as well as coupled
three-dimensional experiments from this study.

to perform a more thorough sensitivity analysis of the key ni- estimates for BD (100-280 Tg Ny¥) from previous nitro-
trogen isotope parameters. The OD model is designed to cagen isotope models (Brandes and Devol, 2002; Deutsch et
culate the required ratio of BD to WCD to maintain the ob- al., 2004; Altabet, 2007; Eugster and Gruber, 2012).
served global meaﬁl15NO§ in a steady-state pre-industrial ~ The large uncertainty associated with the net fractiona-
ocean. The 0D model then calculates the BD to WCD ra-tion factor of BD adds further difficulties to constraining
tio required for different nitrogen isotope parameters choserthe BD : WCD ratio using global meaﬁ5NO§. Our experi-
from previous model studies and the sensitivity experimentanents show that increasing this factor from 0 to 4 %. requires
from this study (Table 4) using Eq. (A12). almost triple the BD rate needed to maintain the global mean
The 0D model used here accurately reproduces the res'®NOs at observed levels. Recent estimates suggest that the
ported BD : WCD ratios of the various model configurations net fractionation factor may be even higher (4-8 %o) due to
used in this study as well as previous studies despite théractionation within the nitrification—denitrification loop in
large range of model design and parameter selections (Tahe sediments (Granger et al., 2011; Alkhatib et al., 2012). If
ble 4). This suggests our 0D model may be reliable to estithese high-end estimates are validated on a global scale, this
mate the sensitivity of the different nitrogen isotope param-could require larger BD : WCD ratios than our largest value
eters in a steady-state scenario. It shows that the BD : WCimulated here % 3.5). An experiment testingsp = 6 %o
ratio needed to match global me&WNOg is very sensitive  in MOBI required too high BD rates to achieve a balanced
to the level of OMZ nitrate utilization that determines WCD global NG; inventory at the modern level in the model and
zone815NO§ and net fractionation factor chosen for BD, as thus is not included here. However, Lehmann et al. (2007)
well as other parameters (Fig. 6). The range of uncertaintyshow that shallow regions have a higher net fractionation
for these two effects can alone account for a large range o€ompared to deep ocean sites and the global average net
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Table 4.81°N box model parameter list.

eNFix (%0) WCDrate ewcp  WCDzone epp BD zone BD:WCD BD:WCD
(TgNyr'1y (%) 515NOZ (%) (%) §19NO; (%) (0D model) (reported)
3 3

B&D02 1 1 75 25 5 15 5 431 3.73
DEU04 0 70 25 12 0 5 2.69 2.71
ALTO7 2 1 90 25 18 0 5 1.01 ~1.00
limWCD =20ggp =0 15 144 25 18.2 0 5.86 0.787 0.757
limWCD = 26 £gp = 0 15 112 25 15.7 0 5.79 1.13 1.13
limWCD = 32¢gp =0 15 87.6 25 13.8 0 5.74 1.40 1.39
limWCD = 32¢gp =2 15 78.3 25 134 2 5.88 1.96 1.96
limMWCD = 32¢gp =4 15 77.0 25 11.6 4 5.96 3.58 3.53

1 Brandes and Devol (2002) reported ratio also included isotope effects from atmospheric N deposition, river input, and sediment burial, which are excluded in the 0D one-box
model calculation to maintain consistency with the other model configurations. These processes slightly reduce the BD : WCD ratio and suggests the other model estimates
may be slightly overestimating BD : WCD as well.

2 Altabet (2007) used a combination of reducing the fractionation factor of WCD (to account for circulation effects not included in the one-box model) and increasing WCD

zonesSNO3 so thes SN value of nitrogen removed was7 %.. We leavesycp at 25 % and increase the WCD zoRENO3 to 18 %o to achieve his suggeststPN value
of —7 %o for nitrogen removal.

fractionation is likely closer to 4 %.. Our OD experiments  For example, Brandes and Devol (2002) did not account
also show that no model configuration is able to support afor the locally high815NOg of WCD zones in their one-box
global net fractionation factor for BD greater than 6 %. and model (Fig. 6¢). Th&>NO; removed during WCD is thus
predict BD : WCD ratios in range of observational estimatesych more!>N-depleted compared to the other models that
(BD:WCD <4) (Fig. 6e). take into account nitrate utilization in the suboxic zone. This
MOBI experiments #4 and #5 predict BD rates on the jhcreases the isotope effect of WCD in the Brandes and De-
continental shelves (60 and 108 TgNyr respectively) vel (2002) model configuration, and it thus needs moge N
that are on the low-end of most recent estimates (801ixation to maintain global meaft>NO3, which is achieved
125TgNyr?) (Bianchi et al., 2012; Bohlen et al., 2012; by imposing a higher BD : WCD ratio. If they had accounted
DeVrieS et a.l., 2013) and mUCh |0Wer than another esti'for a more rea”stic SUbOXiC'ZOﬁé"SNO; Signature in the
mate of 250 TgNyr' (Seitzinger et al., 2006). If much range of the other model configurations, our 0D model sug-

more BD is occurring on the continental shelves than pre-gests their estimate for BD : WCD could have been nearly a
dicted by MOBI, this can impact the isotope effect of BD be- factor of 2 lower (Fig. 6c).

causes’>NOj of bottom water on the shelves is on average  our MOBI experiment #5 (limWCB-= 32, sgp = 4) is in

~ 1.5 %o higher compared to the deep ocean in the model dugeneral agreement with the final results of Brandes and Devol
to its close proximity to surface NPutilization. This would  (2002), suggesting a relatively high rate of BD, despite that
lead to higher values for the BD zoé°NO; parameter,  thes°N model configuration for the isotope effects of water
which would require lower BD : WCD ratios (Fig. 6f). Note column and BD is much different (Table 4). This suggests
that this parameter has a smaller effect on BD : WCD ratiosthat even though the simple one-box model of Brandes and
compared to the others (Fig. 6), suggesting that its uncerpevol (2002) was able to reach a similar result, it was due to
tainty is likely lower than the other isotope parameters (e.g..a different combination of isotope effects that are difficult to
net fractionation factor of BD). constrain in a one-box model. The fact that MOBI results are
The level of nitrate utilization in OMZs has a strong influ- directly comparable t61°N observations in regions where

ence on the isotope effect of WCD. It determinessf®O;  denitrification occurs in the water column and sediments al-
value in WCD zones that is consumed by denitrifiers. Fig-lows better validation of the various isotope effects.

ure 6¢ shows the range of BD : WCD ratios required for given  The average level of nitrate utilization throughout the
81°NOj3 signatures in the WCD zones for all experiments. ocean’s prominent suboxic zones remains difficult to assess.
These idealized experiments using the parameter settings af/hile studies in the eastern tropical North Pacific (ETNP)
limWCD = 20, 26, and 32 (whesgp = 0) show that the dif-  and Arabian Sea OMZs do not typically show nitrate de-
ferent level of nitrate utilization, and its effect @°NO;  pleted below half of its expected value (Brandes et al., 1998;
in the WCD zone, is causing the range of BD : WCD ratios \oss et al., 2001), recent results from the ETSP suboxic zone
from 0.8 to 1.4 in these experiments. This demonstrates thaghow more than two-thirds of the expected nitrate was con-
if the isotope effect of WCD is not modeled accurately, it can sumed with a much smaller fractionation factor (Ryabenko et
lead to large biases of the estimates for BD : WCD. al., 2012). They note large rates of BD occurring within close

proximity to WCD were likely contributing to this larger
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nitrate deficit and reduced fractionation. Furthermore, evi-sizes the need to better understand and quantify them in fu-
dence from an eddy entraining suboxic water from the ETSPure studies.

OMZ showed an even larger level of nitrate utilization as it

moved offshore (Altabet et al., 2012). These results suggests

that an average level of nitrate utilization in the global sub-5 Conclusions

oxic zones may be higher than off-shore observations from . 15

the Arabian Sea and ETNP included in Fig. 4. Since MoB| OUr Study uses water colus®NO; and seafloos™°N ob-
does not incorporate these specific isotope effects inferreGervations to constrain the rates of Kxation, WCD, and
from observations in the ETSP OMZ, the model may overes-BD In the global ocean. The uncertainty associated with iso-

timate the global net WCD isotope effect and thus BD : wcD tope effects of denitrification in the water column and sed-
ratios in the ocean (Altabet, 2007). iments makes it difficult to constrainJ\fixation and total

The 6-box model of Deutsch et al. (2004) accounts for |o_denitrific§ltion rates. Previous box modgl studies usitiN
cal nitrate utilization with a designated suboxic box, but still have estimated a large range for the ratio of BD : WCD from

estimates a higher BD : WCD ratio (2.69) compared to the re- 1©© 3.7 (Brandes and Devol, 2002; Deutsch et al., 2004;

sults from our MOBI experiment in which the fractionation Altabet, 200,7; Eugstgr and Gruber, 2012). Here'we “?ed a
factor for BD was also set to 0% (BD : WCB- 1.4). The set of experiments with a global coupled three-dimensional

most significant difference between the Deutsch et al. (2004firculation-biogeochemistry-isotope model (MOBI) and a

and the other model configurations is the isotope effect Ofone—box model to show that nitrate utilization in the suboxic
N, fixation. Deutsch et al. (2004) choses¥Nyrix signa- zone and the net fractionation factor of BD, both of which

ture of 0 %.. while all other models selected betweehand &€ not well constrained by observations, can lead to rates of

—1.5%. Ifthe Deutsch et al. (2004) study would have chosenBD that vary by over a factor of 2 if not modeled correctly.

the same value as her&¥Nyrix = —1.5 %s), our 0D model With our global coupled three-dimensional model, we are
= — 1.9 %0), 15 e

suggests this would decrease their estimated BD : WCD rati@P!€ 10 comparé™N observations in the water column and

from 2.69 to 1.83. which would then be more consistent with seafloor in the regions where denitrification occurs to con-
the results from MOBI. This shows that even small differ- strain the nitrogen isotope parameters in the model. This

ences & 2 %o) for the isotope effect of Nfixation can alter highlights the importance Qf using' models that can resolve
the ratio of BD : WCD by 30 % or even more depending on ailsof t_he Iocgll_y_mportant nitrogen isotope effect_s that affect
the model configuration used (Fig. 6d). 3°N in denitrification zones. The_ model experiments that

The MOBI experiments that most closely reproduce bes_t reproduc§15N observations in the water column and
seafloor 515N observations are experiments #4 and #5S€diments estimate the rates of fikation, WCD, and BD
(IMWCD =32, sgp=2 and 4), withegp=2 producing " the ranges of 195-350, 65-80, and 130-270 TgNi,yr
slightly better correlation and root mean squared error_reSpeC_“Vely’ assuming a balanceql f'?(Ed"\_' buc_iget n the pre-
statistics. (Table 2). They predict a range of rates forindustrial ocean. AIthoggh_unqertamtle_s still exist, this model
N, fixation, WCD, and BD between 225-342, 76, and result suggests_thatzl\flxagon is occurring at much gre_ater
149-267 TgNyrL, respectively. These experiments produce rates t_ha_n prev_lously gsnmated, and the residence time for
a large range of BD: WCD ratios from 2 to 3.5 and high- oceanic fixed nitrogen is between1500 and 3000 yr.
light the high sensitivity of the BD : WCD ratio to the net
fractionation factor of BD. Although the average level of ni-
trate utilization in the suboxic zones is uncertain, our experi-
ments using limWCD= 32 best represent observations from N
the ETNP and Arabian Sea. Assuming this range for nitrogen
isotope parameters, our model estimates a potential range f{y  Fractionation equation
BD: WCD of 2.0-3.5.

Our model experiments are in general agreement with &ractionation is calculated using kinetic fractionation (Mari-
recent 3D inverse model that included nitrogen isotopes taotti et al., 1981):
constrain marine denitrification rates (DeVries et al., 2013).

They similarly show a high sensitivity to the NQutilization ~ **Npro  *5Ngyp
in the suboxic zone and fractionation factor assumed for BD.14Npro = NGy
However, they estimate lower ratios of BD : WCD from 1.3

to 2.3 compared to our results with MOBI. The main rea- wherea is the kinetic fractionation factor associated with
sons for this discrepancy are likely that DeVries et al. (2013)the process and theph and Nyyp refer to the nitrogen of
assumed a slightly higher level of nitrate utilization in the the product and substrate of the reaction, respectively. In
suboxic zones and lower values fasp = 0—3 %o, whereas the model, we includé®N as the prognostic variable in-
our high-end estimate for BD:WCB 3.5 is due to using stead of the ratid®N/**N. The!°N equations are embedded
egp = 4 %o. The high sensitivity to these parameters empha-within the marine ecosystem model that calculates total N

Appendix A

itrogen isotope model description

(A1)
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("N =1N+N). Solving Eq. (A1) for'®Ny with respect  are as follows:

to " Npro yields 915NO=
3 T * ,Bexcr % T *
——3 = (TRou D+ ——=—u3Z + T Rpy s P
R ot ( Ho 1+ ﬂexchZ oHPoT0
o
lszrQ:l_’_TS]l;bbT Npro, (Az) +T RPDiaZMEDiaZ Pbiaz + T RPDiaZV GE(Ppiaz)Z
= ,Bassim % ,3assim

- (i Unos Vi SiazPDia2>
. . . . 1+ im © 1+ i 3
where Rsyp is the isotopic ratid>N/L4N of the substrate of Passim Passim

: NO-
the reaction. X [1 — MO.Sro;NpSOXS anwcp]

This equation can be equivalently expressed in the com- 1+ pweo
monly gsed delta ¢”) notation by applying the relation _ @spBD - Lep. (A5)
(Mariotti et al., 1981): 1+ BeD
315N—PO Bassim
a=1-¢/100Q A3 - TP — T Ro- % P,
/ ( ) 9 1+ Bassim ofFo PoMpyFO
T T
which gives positive values foe with this definition. RpoG(Po)Z RPOVPOPZ’ (A6)
Eqg. (A2) then becomes
9. (A2) 95N —Ppia =< Passim . Pneix g _))
B ot 1+ Bassim NOy 1+ BNFix NOy
15 — T
Npro= 1+ 8 Npro, (A4) JSiazPDiaZ - TRPDiazM;DiaZPDiaZ (A7)

_TRPDiazG(PDiaZ)Z - TRPDiaszDiazP%iaZ’
where 8 = Rsun(1 — £/1000) (Giraud et al., 2000), which is 15
i i i i 0°N—-Z
the nitrogen isotope equation coded into MOBI. Note we =y [TRPOG(PO)+TRPDiaZG(PDiaZ)]Z

use aRsyg value of 1 so that*N and 1°N have concen- ar
f[ratlons of the same or_der of magnitude. This r_educes the _ Bexcr Wiz - T RyvyZ2. (A8)
impact of numerical noise caused by the advection scheme 14 Bexcr

on the §1°N value. If the atmospheric Nratio was used and
(Rstq=0.0036765), thé®N concentration would be over two SIN_D
orders of magnitude smaller and be more susceptible to nu —(1-y) [TRPOG(PO) + TRPDiaZG(PDiaz)] 7

merical noise, which produces erronedtN values. In the ot
pola_lr oceansx 80° N/S) where numericgl noi_se is t_he high_— T RouD + T RpgvpoP3 + T Repia, VPois Poia
est in our global model, some model grid points still contain

i i ion i i i +T Rzv22% = " Rpwp— (A9)
erroneous isotope values so this region is not included in the zVz DWD 9z

statistical analysis.
where” Ry =1Nx/(*Nx+1%Ny). Here it suffices to note

that the equations for total nitrogell + 1°N) are identical
to the ones fof°N, except thaf Ry = Bx/(1+ Bx) =1 in

. . . . the total nitrogen equations. The parameter list is given in
The fractionation equation used for I§@onsumption dur- Table B1

ing phytoplankton uptake and WCD follows Eq. (A4) where
B=Rsudl—¢-(1—u)lu-In(1—u)/1000] andx is the frac- A3 0D model
tion of available total nitrate consumed during each time step.
This fractionation equation is used to ensure that if a signifi-The one-bo>615NO§ model assumes the fixed nitrogen in-
cant portion of the nitrate pool is consumed in one time stepyentory and the nitrogen isotope inventory are both in steady
mass balance of the different nitrogen isotope species is corstate. This yields the following equations for total fixed ni-
served. In the experiments here, we artificially limit WCD at trogen ands>NO;3:
high enough nitrate concentrations (26—32 uM) so this term
[(1—u)/u-In(1—u)] has a negligible effect for WCD in this NFix =WCD+BD (A10)
study. Since zooplankton excretion and BD are parameterz,q
ized in the model, the instantaneous fractionation equation is
used (Eq. A4) with a given fractionation factor to mimic the NFix - (L) —WCD- (i)
net fractionation that occurs during the integrated reaction. 1+ 8/ NFix 1+8/wep

The full set of time-dependent equations 8N that are
embedded into the marine ecosystem biogeochemical model

A2 Coupled model equations

)
BD.- | —— All
* <1+l3 BD, (AL)
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Table B1.Marine ecosystem-biogeochemical parametet list

Parameter Symbol Value Units
Phytoplankton (B, Pp) coefficients

Initial slope of P-I curve o 01 (Wnr?)~1g1

Photosynthetically active radiation PAR 0.43

Light attenuation in water kw 0.04 ml

Light attenuation through phytoplankton k¢ 0.03 nri(mmolm3)-1

Light attenuation through sea ice ki 5 ml

Half-saturation constant for N uptake kN 0.7 mmolnr3

Phytoplankton specific mortality rate o 0.025 d1

Maximum growth rate (at 8C) ap 035 d?

Phytoplankton fast-recycling rate (atG)  upyo 0.014 d1

Diazotrophs’ growth rate handicap CDiaz 013 d1?

Diazotroph specific mortality rate VPoia 0.025 d1

Diazotroph fast-recycling rate (at') HPpiag0 0.0016 d?

Zooplankton (Z) coefficients

Assimilation efficiency y 0.925
Maximum grazing rate 2 1575 d!
Phytoplankton prey-capture rate P, 5.0 (mmolnT3)—2d-1
Diazotroph prey-capture rate OPpiay 0.125 (mmolm3)—2d-1
Mortality vz 0.34 (mmolm3)~2d-1
Excretion (at 0C) Uz0 0.015 d1

Detritus (D) coefficients
Remineralization rate (at<C) DO 0.065 d1
Sinking speed at surface wpo 13 md1l
Increase of sinking speed with depth Ny 0.06 d1
E-folding temperature of biological rates T}, 1565 °C

Elemental ratios

Molar oxygen : nitrogen Ro:N 10.6
Molar carbon : nitrogen Rc:N 6.625
Phytoplankton nitrogen : phosphorus No P 16
Diazotroph nitrogen : phosphorus Np R, 40
Zooplankton nitrogen : phosphorus Nz P 16

* Ecosystem-biogeochemistry parameter list for experiment #3 (lim\A&#GRsgp = 0). See Table 1 for changes to
parameters for other experiments.

where B =« - Rsup= Rsun(1—¢/1000), consistent with tal nitrogen {*N +1°N) ecosystem variables are identical to

Eq. (A4). Solving for benthic to WCD ratio yields the ones of®N if Ry = Bx/(1+ Bx) = 1, which are located
in Appendix A.
v Sy - The function J% provides the growth rate of non-
BD 1 ; T o)
Wb = ( +§)NF'X ( ;ﬁ>WCD. (A12) diazotrophic “ordinary” phytoplankton, determined from ir-
(m)BD - (m>NFiX radiance (), NO; and PG~
These results are displayed in Table 4 and Fig. 6. J5UI,NO3, PO?{):min(JS,, IEmadNs JOmattP) (B1)
The maximum growth rate is dependent only on temperature
Appendix B (T),
Marine ecosystem-biogeochemistry model description JSmax= a0 - eX(T/ Tp), (B2)

This appendix provides a description of the parameters useduch that growth rates increase by a factor of ten over the
in the full set of time-dependent equations in the marinetemperature range 6f2 to 34°C. Note that all terms with
ecosystem model. It suffices to note that the equations for totemperature dependency are denoted with the star symbol

Biogeosciences, 10, 5888910 2013 www.biogeosciences.net/10/5889/2013/
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Fig. B1. Reduction factor applied to water column denitrification

for given NG5 concentration (UM) thresholds.

(*). We useag=0.35d"! for the maximum growth rate
at 0°C which was determined to optimize surface nutrient G(Po)=
concentrations. Under nutrient-replete conditions, the light-

limited growth rateJo, is calculated according to

[JE2 ot (@])?

]1/2’

where « is the initial slope of the photosynthesis vs. ir-

although they do take up NpIf it is available (see term 1
on the right hand side of Eq. A7). The N: P of model dia-
zotrophs is set to 401.

The first-order mortality rates of phytoplankton and dia-
zotrophs are linearly dependent on their biomass concentra-
tions, Ry and RByjaz. Dissolved organic matter and the micro-
bial loop are folded into a single fast-remineralization pro-
cess, which is the product of their biomass and the tempera-
ture dependent term.

Wkpy = po0 €X(T / Th) (B6)

Diazotrophs also die at a linear rate, which is included in this
fast-remineralization process.

HPpja = HPpiaz0 €XX(T / To) (B7)

The grazing of ordinary phytoplankton by zooplankton re-
mains unchanged from Schmittner et al. (2005) as follows:

ng’oF% (B8)
8 +wpg on 7

whereg is grazing ratey is prey-capture rate, and P is phy-
toplankton concentration (Table B1). Note prey-capture rate
is reduced for diazotrophs relative to ordinary phytoplankton

in these experiments (Table 1).
Since diazotrophs have a higher N : P ratio (NWi:P= 40)

radiance (P-1) curve. The calculation of the photosyntheti-compared to zooplankton (N zP=16), this excess N is in-

cally active shortwave radiatioh and the method of aver-

stantaneously excreted to nitrate. The grazing formulation for

aging Eq. (B3) over one day is outlined in Schmittner et diazotrophs becomes

al. (2005). This version also includes the correction for the P2 N : Py
error in the calculation of light limitation in previous ver- G (Ppjag) = — a2 Diaz ( °°p>, (B9)
sions (Schmittner et al., 2008). Nutrient limitation is repre- 8 +wDiaZP2Diaz N : Peya,

sented by the product 0, and the nutrient uptake rates, \yith the instantaneous grazing excretion (GE) term,

un =NO3 /(kn +NO3) andup=PO; /(kp+ PO}~ ), with

kp = knrp:N providing the respective nutrient uptake rates. GE(Pojay) = ngiazPZDiaz 1 N : Pzoop (B10)
Diazotrophs grow according to the same principles as~  °°° ¢+ wpiaP2,, N : Ppyy, /)’

the ordinary phytoplankton class, but are disadvantaged in ) )
nitrate-bearing waters by a lower maximum growth rate, "outed directly to nitrate.

E3 .
J| Diazmax

JBiazmax= CDiaz - FeLim-aq - exp(T/ T).

The coefficientepia; handicaps diazotrophs by dampening
the increase of their maximal grovyt_h rate versus that of the Wwpo -+ myz, z < 1000m
general phytoplankton class with rising temperature. We usé’D = )
cpiaz = 0.13, such that the growth rate of diazotrophs is 13 %

Detritus is generated from sloppy zooplankton feeding and
mortality among the three classes of plankton, and is the only
component of the ecosystem model to sink. It does so at a
speed of

wpo + m,,;,1000m z > 1000m (B11)

that of ordinary phytoplankton. This handicap is further de-increasing linearly with deptb from wpg=7md! at the
creased by the Fe limitation parameter, which is scaled besurface to 40 md! at 1 km depth and constant below that,
tween 0 and 1 by multiplying a monthly climatology of aeo- consistent with observations (Berelson, 2001). The reminer-
lian dust deposition (Mahowald et al., 2005b, 2006, 2009) byalization rate of detritus is temperature dependent and de-
a constant factor and setting the maximum value to 1 (Somesreases by a factor of 2 in suboxic waters, asd@creases

et al., 2010a). However, diazotrophs have an advantage ifrom 10 uM to O uM:

that their growth rate is not limited by NOconcentrations,

JSiaz(Iv POy)= mir](‘ISiazl’ JSiazma)l"P)’

www.biogeosciences.net/10/5889/2013/

ud = npoexp(T / Tp)[0.75+ 0.25taniO2—6)]. (B12)
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Fig. B2. Basin-scale model-data compariso{@fP Oy , (b) Oz, (c) apparent oxygen utilization (AOU), arfd) AYAC with limwCD =32,
egp = 2, model experiment #5.

Remineralization transforms the N and P content of de-a mol per mol basis (i.e., one mol of NGcan accept 5™
tritus to NG; and P(ﬁ‘. Photosynthesis produces oxygen, while 1 mol of G can accept only 47).
while respiration consumes oxygen, at rates equal to the We include the scheme of Bohlen et al. (2012), which pa-
consumption and remineralization rates ofP@spectively, rameterizes BD based on the rain rate of POCH&R into
multiplied by the constant ratio. p. Dissolved oxygen ex- the seafloor and bottom water oxygen and nitrate:
changes with the atmosphere in the surface layeg) ac- _
cording to the Ocean Carbon-Cycle Model IntercomparisonBD = eBp (0~09782+ 0.22944x 0.9811"C2~NOs )

Project protocol (Orr, 1999). %xRRpoC. (B15)
Oxygen consumption in suboxic watersy(@ ~ 5 uM) is
inhibited, according to BD is the rate at which nitrate is removed from the bottom
water. We assume that the rain rate of carbon into the sed-
rgozxz 0.5[tanh(O»—5) + 1], (B13) iments occurs at a ratio dtc.y = 6.625 of the nitrogen in

the sinking organic detritus.
but is replaced by the oxygen-equivalent oxidation of nitrate, Since the continental shelves and other small-scale bathy-
metric features are not well resolved in the model, we use
a subgrid-scale parameterization. The portion of each bot-
r§023 = 0.5[1—tanh(O2-5)]. (B14) tom ocean grid box that is deeper than the real sea floor
is calculated at each location from high-resolution {1/5
Denitrification consumes nitrate at a rate of 80 % of the oxy-bathymetry. The rain rate of carbon that is included in the
gen equivalent rate, as NOis a more efficient oxidant on  BD function in this shelf parameterization is the amount of
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particulate organic carbon that sinks into the portion of theBerelson, W. M.: Particle settling rates increase wth depth in the
grid box covered by a shallower continental shelf. In the ocean, Deep-SeaRes. Pt. I, 49, 237-251,1@01016/S0967-
model,~ 30 % of BD occurs within this shelf parameteriza- ~ 0645(01)00102-32001.
tion. The remaining particulate organic matter continues toBianchi, D., Dunne, J. P., Sarmiento, J. L., and Galbraith, E. D..
sink to greater depths. The coarse-resolution physical circu- Ec?rt\ai-nbﬁws:gssgrr?:tnzst?wfesi?ts)g)rjgiissire]gntfcl)czrs?sg’l \z‘; gzlgb‘zlc’duc'
lation model’s |nabll|ty tq fully resolve poastal systgms gen- Biogeochem. Cy. 26, GB2009, db0.1029/2011gb004209
erally underestimates primary production and sinking carbon 012
fluxes on these continental shelves, Which Iikel_y_results inBohIen,.L., Dale, A. W., and Wallmann, K.: Simple transfer func-
too-low BD rates there. To account for this deficiency, we jons for calculating benthic fixed nitrogen losses and C: N : P re-
multiply the BD transfer function by an arbitrary coefficient  generation ratios in global biogeochemical models, Global Bio-
(ap). This parameter is tuned to set the global deep ocean geochem. Cy., 26, GB3029, dbd.1029/2011gb004198012.
815NO§ in the model to~ 5 %o for each experiment. Figure 2 Brandes, J. A., Devol, A. H., Yoshinari, T., Jayakumar, D. A., and
shows the spatial distribution of BD. Nagvi, S. W. A.: Isotopic composition of nitrate in the central
arabian sea and eastern tropical north pacific: A tracer for mixing
and nitrogen cycles, Limnnol. Oceanogr., 43, 1680-1689, 1998.
Brandes, J. A. and Devol, A. H.: A global marine-fixed nitrogen iso-
AcknowledgementsiVe thank the NICOPP working group for  topic budget: Implications for holocene nitrogen cycling, Global
providing the seafloos®N data and two anonymous reviewers Biogeochem. Cy., 16, 1120, ddD.1029/2001GB001858002.
for their helpful comments. C. J. Somes and A. Oschlies weregylow, S. E., Rich, J. J., Naik, H. S., Pratihary, A. K., and Ward, B.
supported by the Deutsche Forschungsgemeinschaft via the Son- B : penitrification exceeds anammox as a nitrogen loss pathway
derforschungsbereich 754 “Climate—Biogeochemistry Interactions in the arabian sea oxygen minimum zone, Deep-SeaRes. Pt. |,
in the Tropical Ocean”. A. Schmittner was supported by grant 57 384-393, 2010.

OCE1131834 from the Marine Geology and Geophysics Progranciine, J. D. and Kaplan, I. R.: Isotopic fractionation of dissolved

of the National Science Foundation. nitrate during denitrification in the eastern tropical north pacific
ocean, Mar. Chem., 3, 271-299, 1975.

The service charges for this open access publication Codispoti, L. A.: An oceanic fixed nitrogen sink exceeding

have been covered by a Research Centre of the 400 TgN a 'l vs the concept of homeostasis in the fixed-nitrogen

Helmholtz Association. inventory, Biogeosciences, 4, 233-253, 16i5194/bg-4-233-
2007, 2007.

Edited by: K. Fennel Codispoti, L. A., Brandes, J. A., Christensen, J. P., Devol, A.

H., Nagvi, S. W. A., Paerl, H. W., and Yoshinari, T.: The
oceanic fixed nitrogen and nitrous oxide budgets: Moving tar-
gets as we enter the anthropocene?, Sci. Mar., 65, 85-105,

References doi:10.3989/scimar.2001.65s288001.
Deutsch, C., Sigman, D. M., Thunell, R. C., Meckler, A. N., and
Alkhatib, M., Lehmann, M. F., and del Giorgio, P. A.: The ni- Haug, G. H.: Isotopic constraints on glacial/interglacial changes

trogen isotope effect of benthic remineralization-nitrification-  in the oceanic nitrogen budget, Global Biogeochem. Cy., 18,

denitrification coupling in an estuarine environment, Biogeo- GB4012, doii0.1029/2003gb002182004.

sciences, 9, 1633-1646, dui.5194/bg-9-1633-2012012. Deutsch, C., Sarmiento, J. L., Sigman, D. M., Gruber, N., and
Altabet, M. A.: Constraints on oceanic N balance/imbalance Dunne, J. P.: Spatial coupling of nitrogen inputs and losses in

from sedimentarylSN records, Biogeosciences, 4, 75-86, the ocean, Nature, 11, 163-167, 2007.

doi:10.5194/bg-4-75-20Q2007. DeVries, T., Deutsch, C., Rafter, P. A., and Primeau, F.: Marine den-

Altabet, M. A., Francois, R., Murray, D. W., and Prell, W. L.. itrification rates determined from a global 3-D inverse model,
Climate-related variations in denitrification in the arabian sea Biogeosciences, 10, 2481-2496, d6i5194/bg-10-2481-2013
from sediment®N/14N ratios, Nature, 373, 506-509, 1995. 2013.

Altabet, M. A., Ryabenko, E., Stramma, L., Wallace, D. W. Duce, R. A., LaRoche, J., Altieri, K., Arrigo, K. R., Baker, A.
R., Frank, M., Grasse, P., and Lavik, G.: An eddy-stimulated R., Capone, D. G., Cornell, S., Dentener, F., Galloway, J.,
hotspot for fixed nitrogen-loss from the Peru oxygen minimum  Ganeshram, R. S., Geider, R. J., Jickells, T., Kuypers, M. M.,
zone, Biogeosciences, 9, 4897-4908, Hab194/bg-9-4897- Langlois, R., Liss, P. S., Liu, S. M., Middelburg, J. J., Moore,
2012 2012. C. M., Nickovic, S., Oschlies, A., Pedersen, T., Prospero, J.,

Antonov, J. |., Seidov, D., Boyer, T. P., Locarnini, R. A., Mishonov, Schlitzer, R., Seitzinger, S., Sorensen, L. L., Uematsu, M., Ul-
A.V, Garcia, H. E., Baranova, O. K., Zweng, M. M., and John-  |oa, O., Voss, M., Ward, B., and Zamora, L.: Impacts of atmo-
son, D. R.: World ocean atlas 2009, volume 2: Salinity, in: Noaa  spheric anthropogenic nitrogen on the open ocean, Science, 320,
atlas nesdis 69, edited by: Levitus, S., US Government Printing 893-897, doit0.1126/science.1150362008.

Office, Washington, DC, 184, 2010. Eby, M., Zickfeld, K., Montenegro, A., Archer, D., Meissner,
Aumont, O., Maier-Reimer, E., Blain, S., and Monfray, P.. K. J., and Weaver, A. J.: Lifetime of anthropogenic climate
An ecosystem model of the global ocean including fe, change: Millennial time scales of potential gCand sur-
si, p colimitations, Global Biogeochem. Cy., 17, 1060, face temperature perturbations, J. Climate, 22, 2501-2511,

doi:10.1029/2001gb001742003.

www.biogeosciences.net/10/5889/2013/ Biogeosciences, 10, 58892013


http://dx.doi.org/10.5194/bg-9-1633-2012
http://dx.doi.org/10.5194/bg-4-75-2007
http://dx.doi.org/10.5194/bg-9-4897-2012
http://dx.doi.org/10.5194/bg-9-4897-2012
http://dx.doi.org/10.1029/2001gb001745
http://dx.doi.org/10.1016/S0967-0645(01)00102-3
http://dx.doi.org/10.1016/S0967-0645(01)00102-3
http://dx.doi.org/10.1029/2011gb004209
http://dx.doi.org/10.1029/2011gb004198
http://dx.doi.org/10.1029/2001GB001856
http://dx.doi.org/10.5194/bg-4-233-2007
http://dx.doi.org/10.5194/bg-4-233-2007
http://dx.doi.org/10.3989/scimar.2001.65s285
http://dx.doi.org/10.1029/2003gb002189
http://dx.doi.org/10.5194/bg-10-2481-2013
http://dx.doi.org/10.1126/science.1150369

5908 C. J. Somes et al.: Isotopic constraints on the pre-industrial oceanic nitrogen budget

doi:10.1175/2008jcli2554,122009. ters, J. Geophys. Res., 116, C11006, 1®il029/2010jc006751

Eugster, O. and Gruber, N.: A probabilistic estimate of global ma- 2011.
rine n-fixation and denitrification, Global Biogeochem. Cy., 26, Gro3kopf, T., Mohr, W., Baustian, T., Schunck, H., Gill, D.,
GB4013, doi10.1029/2012gb00430Q012. Kuypers, M. M. M., Lavik, G., Schmitz, R. A., Wal-

Falkowski, P. G.: Evolution of the nitrogen cycle and its influence lace, D. W. R., and LaRoche, J.: Doubling of marine
on the biological sequestration of co2 in the ocean, Nature, 387, dinitrogen-fixation rates based on direct measurements, Na-
272-275, 1997. ture, 488, 361-364ttp://www.nature.com/nature/journal/v488/

Fennel, K., Wilkin, J., Levin, J., Moisan, J., O'Reilly, J., and Haid-  n7411/abs/nature11338.html-supplementary-informafi6a2.
vogel, D.: Nitrogen cycling in the middle atlantic bight: Results Gruber, N.: The dynamics of the marine nitrogen cycle and its influ-
from a three-dimensional model and implications for the north  ence on atmospheric GQuariations, in: The ocean carbon cycle
atlantic nitrogen budget, Global Biogeochem. Cy., 20, GB3007, and climate, IV Edn., edited by: Follows, M. and Oguz, T., Nato
doi:10.1029/2005GB00245&006. science series, Kluwer Academics, Dordrecht, 97—148, 2004.

Fennel, K., Brady, D., DiToro, D., Fulweiler, R., Gardner, W., Gruber, N.: Chapter 1 — the marine nitrogen cycle: Overview and
Giblin, A., McCarthy, M., Rao, A., Seitzinger, S., Thouvenot- challenges, in: Nitrogen in the marine environment, 2nd Edn.,
Korppoo, M., and Tobias, C.: Modeling denitrification in aquatic =~ Academic Press, San Diego, 1-50, 2008.
sediments, Biogeochemistry, 93, 159-178, Hdi1007/s10533-  Gruber, N. and Sarmiento, J. L.: Global patterns of marine nitrogen
008-9270-220009. fixation and denitrification, Global Biogeochem. Cy., 11, 235-

Foster, R. A., Kuypers, M. M. M., Vagner, T., Paerl, R. W., Musat, 266, 1997.

N., and Zehr, J. P.: Nitrogen fixation and transfer in open oceanHoll, C. M., and Montoya, J. P.: Interactions between nitrate up-
diatom-cyanobacterial symbioses, ISME J., 5, 1484-1493, 2011. take and nitrogen fixation in continuous cultures of the marine

Galbraith, E. D. and Kienast, M.: The acceleration of oceanic den- diazotrophrichodesmiunf{cyanobacteria), J. Phycol., 41, 1178—
itrification during deglacial warming, Nat. Geosci., 6, 579-584, 1183, d0i10.1111/j.1529-8817.2005.001462005.
doi:10.1038/nge01832013. Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D.,

Galbraith, E. D., Gnanadesikan, A., Dunne, J. P.,, and His- Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J., Zhu,
cock, M. R.: Regional impacts of iron-light colimitation in a Y., Leetmaa, A., Reynolds, R., Chelliah, M., Ebisuzaki, W., Hig-
global biogeochemical model, Biogeosciences, 7, 1043-1064, gins, W., Janowiak, J., Mo, K. C., Ropelewski, C., Wang, J.,
doi:10.5194/bg-7-1043-201@010. Jenne, R., and Joseph, D.: The ncep/ncar 40-year reanalysis

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., project, B. Am. Meteorol. Soc., 77, 437-471, d8i:1175/1520-

Howarth, R. W., Seitzinger, S. P., Asner, G. P, Cleveland, C. 0477(1996)07%#0437:tnyrp-2.0.c0;2 1996.
C., Green, P. A,, Holland, E. A., Karl, D. M., Michaels, A. F., Karl, D., Michaels, A., Bergman, B., Capone, D., Carpenter, E.,
Porter, J. H., Townsend, A. R., andd¥smarty, C. J.: Nitrogen Letelier, R., Lipschultz, F., Paerl, H., Sigman, D., and Stal, L.:
cycles: Past, present, and future, Biogeochemistry, 70, 153-226, Dinitrogen fixation in the world’s oceans, Biogeochemistry, 57—
doi:10.1007/s10533-004-037Q-B004. 58, 47-98, dot0.1023/a:1015798105852002a.

Garcia, H. E., Locarnini, R. A., Boyer, T. P,, Antonov, J. |, Bara- Karl, D., Michaels, A., Bergman, B., Capone, D., Carpenter, E.,
nov, O. K., Zweng, M. M., and Johnson, D. R.: World ocean atlas  Letelier, R., Lipshultz, F., Paerl, H., Sigman, D., and Stal,
2009, volume 3: Dissolved oxygen, apparent oxygen utilization, L.: Dinitrogen fixation in the world’s oceans, Biogeochemistry,
and oxygen saturation, in: Noaa atlas nesdis 70, edited by: Lev- 57/58, 47-98, 2002b.
itus, S., US Government Printing Office, Washington, DC, 344, Klausmeier, C. A., Litchman, E., Daufresne, T., and Levin, S.
2010a. A.: Optimal nitrogen-to-phosphorus stoichiometry of phyto-

Garcia, H. E., Locarnini, R. A., Boyer, T. P., Antonov, J. I., Zweng,  plankton, Nature, 429, 171-174ttp://www.nature.com/nature/
M. M., Baranov, O. K., and Johnson, D. R.: World ocean atlas journal/v429/n6988/suppinfo/nature02454 .htm| 2004.

2009, volume 4: Nutrients (phosphate, nitrate, silicate), in: NoaaKuypers, M. M. M., Sliekers, A. O., Lavik, G., Schmid, M., Jor-
atlas nesdis 71, edited by: Levitus, S., US Government Printing gensen, B. B., Kuenen, J. G., Sinninghe Damste, J. S., Strous,
Office, Washington, DC, 398, 2010b. M., and Jetten, M. S. M.: Anaerobic ammonium oxidation by

Gent, P. R. and McWilliams, J. C.: Isopycnal mixing in ocean circu- anammox bacteria in the black sea, Nature, 422, 608—611, 2003.
lation models, Journal of Physical Oceanography, 20, 150-155Kuypers, M. M. M., Lavik, G., Woebken, D., Schmid, M., Fuchs,
doi:10.1175/1520-0485(1990)020150:IMIOCM>2.0.CO;2 B. M., Amann, R., Jgrgensen, B. B., and Jetten, M. S. M.: Mas-
1990. sive nitrogen loss from the benguela upwelling system through

Giraud, X., Bertrand, P., Garc, on, V., and Dadou, |.: Modeling anaerobic ammonium oxidation, P. Natl. Acad. Sci. USA, 102,
deltal5n evolution: First palaeoceanographic applications in a 6478-6483, doi0.1073/pnas.05020881,02005.
coastal upwelling system, J. Mar. Res., 58, 609-630, 2000. Lam, P, Lavik, G., Jensen, M. M., van de Vossenberg, J., Schmid,

Gnanadesikan, A., Dunne, J. P.,, and John, J.: Understanding why M., Woebken, D., Guérrez, D., Amann, R., Jetten, M. S. M.,
the volume of suboxic waters does not increase over centuries of and Kuypers, M. M. M.: Revising the nitrogen cycle in the peru-
global warming in an Earth System Model, Biogeosciences, 9, vian oxygen minimum zone, P. Natl. Acad. Sci. USA, 106, 4752—
1159-1172, dof:0.5194/bg-9-1159-2012012. 4757, doi10.1073/pnas.08124441a8009.

Granger, J., Prokopenko, M. G., Sigman, D. M., Mordy, C. W., Large, W. G., Danabasoglu, G., McWilliams, J. C., Gent, P.
Morse, Z. M., Morales, L. V., Sambrotto, R. N., and Plessen, B.: R., and Bryan, F. O.: Equatorial circulation of a global
Coupled nitrification-denitrification in sediment of the eastern ocean climate model with anisotropic horizontal viscos-
bering sea shelf leads #8N enrichment of fixed n in shelf wa- ity, J. Phys. Oceanogr.,, 31, 518-536, @6i1175/1520-

Biogeosciences, 10, 5888910 2013 www.biogeosciences.net/10/5889/2013/


http://dx.doi.org/10.1175/2008jcli2554.1
http://dx.doi.org/10.1029/2012gb004300
http://dx.doi.org/10.1029/2005GB002456
http://dx.doi.org/10.1007/s10533-008-9270-z
http://dx.doi.org/10.1007/s10533-008-9270-z
http://dx.doi.org/10.1038/ngeo1832
http://dx.doi.org/10.5194/bg-7-1043-2010
http://dx.doi.org/10.1007/s10533-004-0370-0
http://dx.doi.org/10.1175/1520-0485(1990)020%3C0150:IMIOCM%3E2.0.CO;2
http://dx.doi.org/10.5194/bg-9-1159-2012
http://dx.doi.org/10.1029/2010jc006751
http://www.nature.com/nature/journal/v488/n7411/abs/nature11338.html-supplementary-information
http://www.nature.com/nature/journal/v488/n7411/abs/nature11338.html-supplementary-information
http://dx.doi.org/10.1111/j.1529-8817.2005.00146.x
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:tnyrp%3E2.0.co;2
http://dx.doi.org/10.1175/1520-0477(1996)077%3C0437:tnyrp%3E2.0.co;2
http://dx.doi.org/10.1023/a:1015798105851
http://www.nature.com/nature/journal/v429/n6988/suppinfo/nature02454_S1.html
http://www.nature.com/nature/journal/v429/n6988/suppinfo/nature02454_S1.html
http://dx.doi.org/10.1073/pnas.0502088102
http://dx.doi.org/10.1073/pnas.0812444106
http://dx.doi.org/10.1175/1520-0485(2001)031%3C0518:ECOAGO%3E2.0.CO;2

C. J. Somes et al.: Isotopic constraints on the pre-industrial oceanic nitrogen budget

0485(2001)0310518:ECOAGC-2.0.C0O;2 2001.

Lehmann, M. F.,, Sigman, D. M., and Berelson, W. M.: Coupling
the 15N/14N and 180/480 of nitrate as a constraint on benthic
nitrogen cycling, Mar. Chem., 88, 1-20, 2004.

Lehmann, M. F., Sigman, D. M., McCorkle, D. C., Granger, J.,
Hoffmann, S., Cane, G., and Brunelle, B. G.: The distribution
of nitrate 15N/14N in marine sediments and the impact of ben-

5909

Middelburg, J. J., Soetaert, K., Herman, P. M. J., and Heip, C. H.

R.: Denitrification in marine sediments: A model study, Global
Biogeochem. Cy., 10, 661-673, dti.1029/96gb02562996.

Mohr, W., GroRkopf, T., Wallace, D. W. R., and LaRoche, J.:

Methodological underestimation of oceanic nitrogen fixation
rates, PLoS ONE, 5, 12583, dif:1371/journal.pone.0012583
2010.

thic nitrogen loss on the isotopic composition of oceanic nitrate, Monteiro, F. M., Dutkiewicz, S., and Follows, M. J.: Biogeograph-

Geochim. Cosmochim. Ac., 71, 5384-5404, 2007.
Le Querg, C. L., Harrison, S. P., Colin Prentice, I., Buitenhuis, E.

ical controls on the marine nitrogen fixers, Global Biogeochem.
Cy., 25, GB2003, doi:0.1029/2010gb003902011.

T., Aumont, O., Bopp, L., Claustre, H., Cotrim Da Cunha, L., Montoya, J. P., Holl, C. M., Zehr, J. P., Hansen, A., Villareal, T.

Geider, R., Giraud, X., Klaas, C., Kohfeld, K. E., Legendre, L.,
Manizza, M., Platt, T., Rivkin, R. B., Sathyendranath, S., Uitz, J.,

A., and Capone, D. G.: High rates of n2 fixation by unicellular
diazotrophs in the oligotrophic pacific ocean, Nature, 430, 1027—

Watson, A. J., and Wolf-Gladrow, D.: Ecosystem dynamics based 1032, 2004.
on plankton functional types for global ocean biogeochemistry Moore, J. K., Doney, S. C., and Lindsay, K.: Upper ocean

models, Glob. Change Biol., 11, 2016-2040, #10i1111/j.1365-
2486.2005.1004,2005.
Letelier, R. M. and Karl, D. M.: Trichodesmium spp. Physiology

ecosystem dynamics and iron cycling in a global three-
dimensional model, Global Biogeochem. Cy., 18, GB4028,
doi:10.1029/2004gb00222@004.

and nutrient fluxes in the north pacific subtropical gyre, Aquat. Moore, J. K. and Doney, S. C.: Iron availability limits the ocean

Microb. Ecol., 15, 265-276, ddi0.3354/ame015263.998.
Locarnini, R. A., Mishonov, A. V., Antonov, J. |, Boyer, T. P., Gar-
cia, H. E., Baranova, O. K., Zweng, M. M., and Johnson, D. R.:

nitrogen inventory stabilizing feedbacks between marine deni-
trification and nitrogen fixation, Global Biogeochem. Cy., 21,
GB2001, doi10.1029/2006gb002762007.

World ocean atlas 2009, volume 1: Temperature, in: Noaa atlasMulholland, M. R.: The fate of nitrogen fixed by diazotrophs in

nesdis 68, edited by: Levitus, S., US Government Printing Office,
Washington, DC, 184, 2010.

the ocean, Biogeosciences, 4, 37-51,d0b194/bg-4-37-20Q7
2007.

Mahaffey, C., Michaels, A. F., and Capone, D. G.: The co- Mulholland, M. R., Ohki, K., and Capone, D. G.: Nutrient controls

nundrum of marine n2 fixation, Am. J. Sci., 305, 546-595,
doi:10.2475/ajs.305.6-8.548005.
Mahowald, N. M., Baker, A. R., Bergametti, G., Brooks, N.,

on nitrogen uptake and metabolism by natural populations and
cultures oftrichodesmiun{cyanobacteria), J. Phycol., 37, 1001—-
1009, 2001.

Duce, R. A, Jickells, T. D., Kubilay, N., Prospero, J. M., Orr, J. C.: Ocean carbon-cycle model intercomparison project

and Tegen, .. Atmospheric global dust cycle and iron in-

(ocmip): Pase 1 (1995-1997), GAIM Report, 7, 1999.

puts to the ocean, Global Biogeochem. Cy., 19, GB4025,Pandey, K. D., Shukla, S. P., Shukla, P. N., Giri, D. D., Singh, J.

doi:10.1029/2004gb002402005a.
Mahowald, N. M., Baker, A. R., Bergametti, G., Brooks, N.,
Duce, R. A, Jickells, T. D., Kubilay, N., Prospero, J. M.,

S., Singh, P., and Kashyap, A. K.: Cyanobacteria in antarctica:
Ecology, physiology and cold adaptation, Cellular and molecular
biology (Noisy-le-Grand, France), 50, 575-584, 2004.

and Tegen, |.: Atmospheric global dust cycle and iron in- Robinson, R. S., Kienast, M., Luiza Albuquerque, A., Altabet, M.,

puts to the ocean, Global Biogeochem. Cy., 19, GB4025,
doi:10.1029/2004GB002402005b.
Mahowald, N. M., Muhs, D. R., Levis, S., Rasch, P. J., Yoshioka,

Contreras, S., De Pol Holz, R., Dubois, N., Francois, R., Gal-
braith, E., Hsu, T.-C., Ivanochko, T., Jaccard, S., Kao, S.-J.,
Kiefer, T., Kienast, S., Lehmann, M., Martinez, P., McCarthy, M.,

M., Zender, C. S., and Luo, C.: Change in atmospheric mineral
aerosols in response to climate: Last glacial period, preindustrial,
modern, and doubled carbon dioxide climates, J. Geophys. Res.,

Mobius, J., Pedersen, T., Quan, T. M., Ryabenko, E., Schmittner,
A., Schneider, R., Schneider-Mor, A., Shigemitsu, M., Sinclair,
D., Somes, C., Studer, A., Thunell, R., and Yang, J.-Y.: A review

111, D10202, doit0.1029/2005jd006652006.
Mahowald, N. M., Engelstaedter, S., Luo, C., Sealy, A., Artaxo, P.,

of nitrogen isotopic alteration in marine sediments, Paleoceanog-
raphy, 27, PA4203, ddi0.1029/2012pa002322012.

Benitez-Nelson, C., Bonnet, S., Chen, Y., Chuang, P. Y., CohenRyabenko, E., Kock, A., Bange, H. W., Altabet, M. A., and Wallace,

D. D., Dulac, F., Herut, B., Johansen, A. M., Kubilay, N., Losno,

D. W. R.: Contrasting biogeochemistry of nitrogen in the Atlantic

R., Maenhaut, W., Paytan, A., Prospero, J. A., Shank, L. M., and and Pacific Oxygen Minimum Zones, Biogeosciences, 9, 203—

Siefert, R. L.: Atmospheric iron deposition: Global distribution,

215, doi10.5194/bg-9-203-2012012.

variability, and human perturbations, in: Annual review of ma- Saiudo-Wilhelmy, S. A., Tovar-Sanchez, A., Fu, F.-X., Capone, D.

rine science, Annual review of marine science, Annual Reviews,
Palo Alto, 245-278, 2009.

Mariotti, A., Germon, J., Hubert, P., Kaiser, P., Letolle, R., Tardieux,
A., and Tardieux, P.: Experimental determination of nitrogen ki-
netic isotope fractionation: Some principles; illustration for the

G., Carpenter, E. J., and Hutchins, D. A.: The impact of surface-
adsorbed phosphorus on phytoplankton redfield stoichiometry,
Nature, 432, 897-901http://www.nature.com/nature/journal/
v432/n7019/abs/nature03125.html-supplementary-information
2004.

denitrification and nitrification processes, Plant Soil, 62, 413— Schmittner, A., Oschlies, A., Giraud, X., Eby, M., and Simmons,

430, doi10.1007/bf02374138.981.
McElroy, M. B.: Marine biological controls on atmospheric co2 and
climate, Nature, 302, 328-329, 1983.

www.biogeosciences.net/10/5889/2013/

H. L.: A global model of the marine ecosystem for long-term
simulations: Sensitivity to ocean mixing buoyancy forcing, par-
ticle sinking, and dissolved organic matter cycling, Global Bio-
geochem. Cy., 19, GB3004, db0.1029/2004GB002282005.

Biogeosciences, 10, 583%-2013


http://dx.doi.org/10.1175/1520-0485(2001)031%3C0518:ECOAGO%3E2.0.CO;2
http://dx.doi.org/10.1111/j.1365-2486.2005.1004.x
http://dx.doi.org/10.1111/j.1365-2486.2005.1004.x
http://dx.doi.org/10.3354/ame015265
http://dx.doi.org/10.2475/ajs.305.6-8.546
http://dx.doi.org/10.1029/2004gb002402
http://dx.doi.org/10.1029/2004GB002402
http://dx.doi.org/10.1029/2005jd006653
http://dx.doi.org/10.1007/bf02374138
http://dx.doi.org/10.1029/96gb02562
http://dx.doi.org/10.1371/journal.pone.0012583
http://dx.doi.org/10.1029/2010gb003902
http://dx.doi.org/10.1029/2004gb002220
http://dx.doi.org/10.1029/2006gb002762
http://dx.doi.org/10.5194/bg-4-37-2007
http://dx.doi.org/10.1029/2012pa002321
http://dx.doi.org/10.5194/bg-9-203-2012
http://www.nature.com/nature/journal/v432/n7019/abs/nature03125.html - supplementary-information
http://www.nature.com/nature/journal/v432/n7019/abs/nature03125.html - supplementary-information
http://dx.doi.org/10.1029/2004GB002283

5910 C. J. Somes et al.: Isotopic constraints on the pre-industrial oceanic nitrogen budget

Schmittner, A., Oschlies, A., Matthews, H. D., and Galbraith, E. Subramaniam, A., Mahaffey, C., Johns, W., and Mahowald,
G.: Future changes in climate, ocean circulation, ecosystems, and N.: Equatorial upwelling enhances nitrogen fixation in
biogeochemical cycling simulated for a buisness-as-usugl CO the atlantic ocean, Geophys. Res. Lett, 40, 1766-1771,
emission scenario until year 4000 ad, Global Biogeochem. Cy., doi:10.1002/grl.502502013.

22, GB1013, doit0.1029/2007GB002952008. Tesdal, J.-E., Galbraith, E. D., and Kienast, M.: Nitrogen isotopes
Seitzinger, S., Harrison, J. A, ddlke, J. K., Bouwman, A. in bulk marine sediment: linking seafloor observations with sub-
F., Lowrance, R., Peterson, B., Tobias, C., and Drecht, seafloor records, Biogeosciences, 10, 101-11810¢&194/bg-

G. V.. Denitrification across landscapes and waterscapes: 10-101-20132013.
A synthesis, Ecol. Appl., 16, 2064-2090, ddi:1890/1051- Thamdrup, B. and Dalsgaard, T.: Production of n(2) through anaer-
0761(2006)016[2064:DALAWA]2.0.CO;2006. obic ammonium oxidation coupled to nitrate reduction in marine

Sigman, D. M., Altabet, M. A., McCorkle, D. C., Francois, R., and  sediments, Appl. Environ. Microb., 68, 1312—-1318, 2002.
Fischer, G.: The d15n of nitrate in the southern ocean: NitrogenVoss, M., Dippner, J. W., and Montoya, J. P.: Nitrogen isotope pat-
cycling and circulation in the ocean interior, J. Geophys. Res., terns in the oxygen-deficient waters of the eastern tropical north
105, 19599-19614, ddi0.1029/2000jc000262000. pacific ocean, Deep-Sea Res. Pt. |, 48, 190-1921, 2001.

Simmons, H. L., Jayne, S. R., Laurent, L. C. S., and Weaver, A. J.Ward, B. B., Devol, A. H., Rich, J. J., Chang, B. X., Bulow, S.
Tidally driven mixing in a numerical model of the ocean gen- E., Naik, H., Pratihary, A., and Jayakumar, A.: Denitrification as
eral circulation, Ocean Model., 6, 245-263, d6i:1016/S1463- the dominant nitrogen loss process in the arabian sea, Nature,
5003(03)00011-82004. 461, 78-81 http://www.nature.com/nature/journal/v461/n7260/

Somes, C. J., Schmittner, A., and Altabet, M. A.: Nitrogen iso- suppinfo/nature082761.htm| 2009.
tope simulations show the importance of atmospheric iron de-Weaver, A. J., Eby, M., Wiebe, E. C., Bitz, C. M., Duffy, P. B.,
position for nitrogen fixation across the pacific ocean, Geophys. Ewen, T. L., Fanning, A. F., Holland, M. M., MacFadyen, A.,
Res. Lett., 37, L23605, ddi0.1029/201091044532010a. Matthews, H. D., Meissner, K. J., Saenko, O., Schmittner, A.,

Somes, C. J., Schmittner, A., Galbraith, E. D., Lehmann, M. F., Al-  Wang, H., and Yoshimori, M.: The uvic earth system climate
tabet, M. A., Montoya, J. P., Letelier, R. M., Mix, A. C., Bour- model: Model description, climatology, and applications to past,
bonnais, A., and Eby, M.: Simulating the global distribution of  present and future climates, Atmos. Ocean, 39, 361-428, 2001.
nitrogen isotopes in the ocean, Global Biogeochem. Cy., 24,Zehr, J. P.: Nitrogen fixation by marine cyanobacteria, Trends Mi-
GB4019, doi10.1029/2009gb003762010b. crobiol., 19, 162-173, 2011.

Sterner, R. W. and Elser, J. J.: Ecological stoichiometry: The bi-
ology of elements from molecules to the biosphere, Princeton
University Press, 429 pp., 2002.

Biogeosciences, 10, 5888910 2013 www.biogeosciences.net/10/5889/2013/


http://dx.doi.org/10.1029/2007GB002953
http://dx.doi.org/10.1890/1051-0761(2006)016[2064:DALAWA]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2006)016[2064:DALAWA]2.0.CO;2
http://dx.doi.org/10.1029/2000jc000265
http://dx.doi.org/10.1016/S1463-5003(03)00011-8
http://dx.doi.org/10.1016/S1463-5003(03)00011-8
http://dx.doi.org/10.1029/2010gl044537
http://dx.doi.org/10.1029/2009gb003767
http://dx.doi.org/10.1002/grl.50250
http://dx.doi.org/10.5194/bg-10-101-2013
http://dx.doi.org/10.5194/bg-10-101-2013
http://www.nature.com/nature/journal/v461/n7260/suppinfo/nature08276_S1.html
http://www.nature.com/nature/journal/v461/n7260/suppinfo/nature08276_S1.html

