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Abstract. There are a number of hypotheses concerning theange 51-110) Tg N yt* in the open ocean, acknowledging
environmental controls on marine nitrogen fixation (NF). that it could be substantially higher as th#-assimilation
Most of these hypotheses have not been assessed agaimsethod used by most of the field samples underestimates NF.
direct measurements on the global scale. In this study, wéviore field NF samples in the Pacific and Indian oceans, par-
use~ 500 depth-integrated field measurements of NF cov-ticularly in the oxygen minimum zones, are needed to reduce
ering the Pacific and Atlantic oceans to test whether theuncertainties in our conclusion.

spatial variance of these measurements can be explained hy
the commonly hypothesized environmental controls, includ-
ing measurement-based surface solar radiation, mixed layer

depth, average solar radiation in the mixed layer, sea surfacé Introduction

temperature, wind speed, surface nitrate and phosphate con-

centrations, surface excess phosphatg ¢Bncentration and  Nitrogen (N) is one of the most important nutrients for ma-
subsurface minimum dissolved oxygen (in upper 500 m), adine ecosystems. Nitrogen fixation (NF), a process converting
well as model-based*Rconvergence and atmospheric dust dinitrogen (N) gas into ammonia by bacteria and archaea
deposition. By conducting simple linear regression and Step(collectively termed diazotrophs), is considered to contribute
wise multiple linear regression (MLR) analyses, surface sola@Pout one half of the total input of bioavailable N to the con-
radiation (or sea surface temperature) and subsurface minfemporary ocean (Galloway et al., 2004; Gruber, 2008).
mum dissolved oxygen are identified as the predictors that Marine NF has been hypothesized to be controlled by a
exp|ain the most Spa’[ia| variance in the observed NF data, a|number of environmental variables, most of them related to
though it is unclear why the observed NF decreases when th@nergy and nutrient supply (Carpenter and Capone, 2008;
level of subsurface minimum dissolved oxygen is higher thanDeutsch et al., 2007; Karl et al., 2002; Sohm et al., 2011).
~ 150 uM. Dust deposition and wind speed do not appear tdcompared to assimilation of fixed forms of N such as ni-
influence the spatial patterns of NF on global scale. The wealrate and ammonium, NF requires additional cellular energy
correlation between the observed NF and thedhvergence 0 split and then reduce the;Mnolecule. Thus, light, in sup-
and concentrations suggests that the available data currentBlying sufficient energy to diazotrophs, can be an important
remain insufficient to fully support the hypothesis that spatialfactor controlling NF (Karl et al., 2008). It has been shown
variability in denitrification is the principal control on spa- that the nitrogenase (the enzymes used to fpy &ttivity

tial variability in marine NF. By applying the MLR-derived of photoautotrophic diazotrophs is closely linked to photo-

equation, we estimate the global-integrated NF at 74 (errofynthesis (Carr and Whitton, 1982; Gallon, 2001; Karl et
al., 2008). For this reason, NF generally occurs in surface
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seawaters with strong stratification, shallow mixed layers,etal., 2012). Many of these previous measurements may have
and high solar energy fluxes. Enhanced stratification can alssignificantly underestimated NF, as tht\, gas used to es-
limit the resupply of nitrate into surface waters leading to timate in vitro rates of NF probably does not attain equilib-
fixed N stress and selection for diazotrophs. High temper+ium with surrounding water during a typical 12—24 h incu-
ature can also stimulate nitrogenase activity (Staal et al.pation period (Mohr et al., 2010). Two case studies showed
2003). Our current paradigm of the roles of light and temper-that previous methods may have underestimated NF on av-
ature is supported by the fact that diazotrophs, espediely  erage by~ 40 % (GroRRkopf et al., 2012) and 60 % (Wil-
chodesmiumare often found in warm marine habitats (Car- son et al., 2012). However, we believe that the previous mea-
penter, 1983a, b; Carpenter and Capone, 1992), where solaurements can still be used to reveal spatial patterns of ocean
energy fluxes are high and stratification is often strong. ThisNF. In addition, our oceanic data set represents a log-normal
paradigm leads to another hypothesis that high wind speedistribution of rates over- 6 orders of magnitude (Luo et
can be negative factor for marine NF, as it may cause destratl., 2012), so uncertainties of 40—60 % in measurement ac-
ification, surface cooling, and a resupply of nitrate. Note thatcuracy is probably not a first-order concern in our study. In
marine NF by heterotrophic organisms might also be impor-this study, we use simple linear regression and multiple linear
tant (Halm et al., 2012) and does not directly rely on solarregression (MLR) of log-transformed NF field observations
radiation; although the controlling mechanisms for aphoticto assess whether and to what degree observed spatial pat-
NF are unclear, they must rely on an adequate supply of enterns of NF in the Pacific and Atlantic oceans are consistent
ergy. with existing hypotheses for the environmental controls on
Iron (Fe) and phosphorus (P) are two major nutrients hy-NF. We further diagnose a global ocean NF rate based on
pothesized to limit marine NF. Fe is an important cofactor the resulting MLR equation, and propose how major envi-
for nitrogenase (Howard and Rees, 1996), and NF requiresonmental controls on NF operate in different ocean regions.
~5-10 times more Fe than that for ammonium assimilation
(Berman-Frank et al., 2001; Kustka et al., 2003). As dia-
zotrophs are not limited by N supply, P is inevitably another2 Methods
major requirement by diazotrophs. In the Atlantic Ocean, NF
was reported to be limited by Fe (Fernandez et al., 20102.1 Data sources
Moore et al., 2009), by P (Safiudo-Wilhelmy et al., 2001), or
co-limited by both Fe and P (Mills et al., 2004). NF in the Pa- NF and 11 environmental parameters were used in the re-
cific was also reported to be controlled by Fe (Dutkiewicz etgression analyses of this study (Table 1). A total 642 depth-
al., 2012; Watkins-Brandt et al., 2011) or P (Karl et al., 2001; integrated NF rates were retrieved from the MAREDAT di-
Karl et al., 1997) — findings which, however, were not sup- azotrophic database (Luo et al., 2012) stored in the data
ported by some other studies (Grabowski et al., 2008; Moutinrepository PANGAEA (doit0.1594/PANGAEA.7748531 It
et al., 2008). is noted that integration depths varied between the obser-
NF may also be triggered by loss of bioavailable N, vational studies incorporated into this original data set. We
which normally occurs in subsurface oxygen minimum zonesonly used 534 data points in the open ocean with ocean floor
(OMZs) through denitrification (Lam and Kuypers, 2011). deeper than 250 m. None of these open-ocean samples were
A low ratio of fixed N to P «16:1) in supply to the sur- in the Indian Ocean, as the seven only data points in the In-
face layer may lead to a selection for diazotrophs (Karldian Ocean were all collected in shallow coastal regions. The
and Letelier, 2008). N-deficient waters can be identified byrates were approximately log-normally distributed (Fig. 1a
P*=P—N/r,, the excess fixed P relative to fixed N, where and b); thus in this study we used base-10 logarithms of these
r, ~ 16 is the typical N: P stoichiometry for phytoplankton rates (practically trimming 5 zero-value data points). Most
biomass (Deutsch et al., 2007). Note that thesRnal can  rates (490 data points) were measured usindNe assim-
be both a driver and a responder to marine NF: N-deficientjlation method, and the others were based oR£reduc-
high-P* waters generated in subsurface layers, when broughtion. The!®N, assimilation method does not count the newly
to surface, may stimulate NF therein, which may in turn re-fixed N released by diazotrophs in dissolved forms, and may
duce the P. result in lower NF than those measured by th¢i€reduc-
Although these hypothesized environmental controls ontion method (Mulholland, 2007; Mulholland et al., 2004). We
marine NF are all plausible and may be important on bothincluded data measured by both methods in our analysis be-
cellular and ecosystem scales, most of them have not beecause the bias is reasonably low in log space. Furthermore,
validated against direct field measurements on a global scale@xclusion of NF rates by £, reduction would have resulted
In a recent effort, a database termed MAREDAT, with up-to- in large data voids for regions of the equatorial Pacific and
date direct field measurements of plankton functional groupssubtropical Atlantic.
(Buitenhuis et al., 2013), was compiled; it includes more than Environmental parameters used in our regression anal-
500 depth-integrated NF rates with good spatial coverage foyses included surface solar radiation, mixed layer depth,
the tropical and subtropical Pacific and Atlantic oceans (Luoaverage solar radiation in the mixed layer, sea surface
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files, and the mixed layer depth was estimated as the depth
where the potential density was 0.03 kg¥rhigher than at

the surface (de Boyer Montégut et al., 2004). It is noted
that this criterion for diagnosing the mixed layer depth us-
ing density profiles reflects the past mixing, but may not al-
ways be a good estimate for the present strength of turbu-
lence. Diazotrophs in the presently estimated mixed layer
may not be fully mixed on short time scale. Average solar
radiation in the mixed layer is derived from surface solar ra-
diation and mixed layer depth, assuming solar radiation at-
tenuates exponentially through water column with attenua-
tion coefficientKpar=0.045n1! (thus solar radiation de-
creases to 1% of its surface value at 100 m). To test sensitiv-

30°N

i

ity of the analysis for using this constant attenuation coeffi-
cient, climatological SeaWiFS (Sea-viewing Wide Field-of-
view Sensor) near-surface chlorophyll concentrations “Chl”
(in mg m3) (http://oceancolor.gsfc.nasa.gpahd an empir-

o ical form (Morel, 1988) were also used to produce spatially
variable attenuation coefficient (inTh):

Kpar = 0.121 ChP428, (1)

30°s

60°'S

Fig. 1. Histogram of open-ocean nitrogen fixation measurements ) .
on (a) linear and(b) logarithmic scales(c) The nitrogen fixation ~ FOr the rate of atmospheric dust deposition, we used the

measurements in the Pacific and Atlantic oceans binneden22 ~ same product as in the Community Climate System Model
grids, with black triangles representing zero nitrogen fixation rates(CCSM-3) (Doney et al., 2009): simulation of a three-
(reported below detection limits). dimensional atmospheric chemical transport model which
has been well validated by in situ measurements (Luo et
al., 2003; Mahowald et al., 2003). The diagnosed marine NF
temperature (SST) (0-25m), surface nitrate and phosphaté/yr) from the convergence of'Rused in this study was the
concentration (0—25 m), atmospheric dust deposition (repreproduct from Deutsch et al. (2007), considering both inor-
senting Fe deposition), minimum dissolved oxygen in theganic and organic N and P. Althoughr was a product of
upper 500 m, surface wind speed, surface excess phosphal- rates, it was treated in our study as an independent en-
(P* =phosphate- nitrate / 16) and NF diagnosed from* P vironmental parameteldng also relies on several other vari-
convergence integrated from 0-125m (Table 1). Only theables used in its diagnosis, including the N : P ratios of non-
concentrations of nitrate and phosphate were used in thid,-fixing and N-fixing phytoplankton and particle export
study because of data availability, although we acknowledgeatio. However, the N: P ratio of marine organic matter has
that their fluxes can be better variables in assessing the imrecently been found to exhibit large spatial variations (Mar-
pacts on marine NF. For instance, a nutrient with low con-tiny et al., 2013). For this reason, we uség: only in the
centration but high supply fluxes (i.e., high turnover time) simple linear regression to test its correlation with the ob-
may not necessarily limit phytoplankton growth. Correlation served NF; we did not usér in the MLR, however, in order
between nutrient concentration and phytoplankton biomasso avoid introducing uncertainties of this variable in estimat-
can even change inversely during different phases of a phying global NF. Preliminary results have shown that the appar-
toplankton bloom (Cullen, 1991). entJnr in high latitudes in the results of Deutsch et al. (2007)
Solar radiation and wind speed data were from the NCERdisappears if the Pconvergence diagnostic model uses N:P
reanalysis climatologyhttp://www.esrl.noaa.goy/(Kalnay ratio of diatom in high latitudes. Thus we only uség: be-
et al., 1996). The nitrate, phosphate (Garcia et al., 2010b)tween 40 S and 40N in this study. The surface concentra-
dissolved oxygen (Garcia et al., 2010a), and temperature datons of nitrate, phosphate and,R\g and atmospheric dust
(Locarnini et al., 2010) were adopted from the World Oceandeposition were approximately log-normally distributed, and
Atlas 2009 bttp://www.nodc.noaa.go)/ At each location, thus were also log-transformed.
the minimum dissolved oxygen in upper 500 m was used for Annual climatologies were used for all the environmental
that location. The mixed layer depth data were downloadeddata. They were binned orf Z 2° grids as most of them
from IFREMER ttp://www.locean-ipsl.upmc.fr/~clement/ have original spatial resolution better thah (Zable 1). To
mld.html), in which ~ 50 yr of in situ measurements of tem- match the resolution, the log-transformed NF rates were also
perature and salinity from NODC (National Oceanographicbinned on 2 x 2° grids using the mean of data in each bin,
Data Center), WOCE (World Ocean Circulation Experiment) resulting in 235 binned vertically integrated NF rates in the
and Argo floats programs were used to construct density proPacific and Atlantic oceans (Fig. 1c).

www.biogeosciences.net/11/691/2014/ Biogeosciences, 11, 832014


http://www.esrl.noaa.gov/
http://www.nodc.noaa.gov/
http://www.locean-ipsl.upmc.fr/~clement/mld.html
http://www.locean-ipsl.upmc.fr/~clement/mld.html
http://oceancolor.gsfc.nasa.gov/

694 Y.-W. Luo et al.: Environmental controls on marine N, fixation

Table 1. Data sources of nitrogen fixation and environmental parameters and the simple linear regressién results

Data description Symbol  Source Spatial  Log-normally Regression to nitrogen fixation
reso-  distributedand  R2 Slope R?
lution  log-transformed (linear) (linear) (quadratic)
Observed nitrogen fixation (umol N8 d—1) NF MAREDAT Yes
Surface downward solar radiation (Wf) Ig NCEP 2 No 0.34 0.58+ 0.05 0.38
Surface wind speed (nT$) WIND  Reanalysis 25 No 0.0 —0.01+0.07 0.0
Mixed layer depth (m) MLD IFREMER 2 No 0.19 —0.44+0.06 0.19
Average solar radiation in mixed layer (W)  ImL Isand MLD > No 0.18 0.43+0.06 0.23
Sea surface temperatufe) SST T No 0.26 0.51:0.06 0.27
Minimum dissolved oxygen in 0-500 m (uM) DGy World Ocean ? No 0.27 —0.52+0.06 0.39
Surface nitrate (M) DIN Atlas 2009 °1 Yes 0.0P -0.12+0.07 0.03
Surface phosphate (UM) DIP °1 Yes 0.03 0.16:-0.06 0.03
Excess phosphate (uM) *p DIP-DIN/16 r Yes 0.07 0.26:0.06 0.07
Surface dust deposition (mgrhd—1) DST Model 2 Yes 0.00 —0.04+0.07 0.16
Nitrogen fixation estimated from*Rconvergence Jng Model 2 Yes 0.07 0.240.07 0.11

(umolNnT2d-1)

aRegression results are for standardized log-transformed nitrogen fixation rate versus each standardized environmental paramet&? anudislinge £one standard error) when only linear,
1st-degree terms were used, atélwhen quadratic, 2nd-degree terms are added. Note that DIN, DJRST andJyr were also log-transformed before standardization.
b Regression model statistically does not fit the data well, witkalue of F test larger than 0.05.

2.2 Regression analyses to the model (in ascending order pj), which statistically
_ S 3 could improve the model fit to the data; and uspmg 0.10
All the regressions used in this study utilized least squaresss a criterion to remove predictors from the existing model

methods. Simple linear regressions were conducted for log(in descending order gf), which statistically would not de-
transformed NF against each environmental parameter. Beweriorate the model fit.

fore being applied to the regression, data were first standard- The final MLR equation for the fitted NFwas
ized to theirz scores (Glover et al., 2011):
- NFZZOK‘FZ,BiZi‘i‘ZVjZ?, 3)

= 2
‘ o @ whereq, is the intercept (constant tern); g;z; is the sum
wherex is samples of log-transformed NF or an environmen- Of first-degree terms, ity representing first-degree predic-
tal parameter among which, again, surface nitrate, phosphat@'s in the MLR model ang; the corresponding coefficients;
and P and dust deposition were also log-transformednd  Similarly, 3~ y;2% is the sum of the second-degree terms for
o are the mean and the standard deviation,akspectively. ~ the MLR predictors; with coefficientsy;. Cook’s distance
We use NE to represent the standardized log-transformed(C00k, 1977), which measures the effect of deleting an ob-
NF hereafterR-squared R2) values were calculated for each Servation from the regression, was used to identify outliers
linear regression to estimate the percentage of the variance it9 the MLR (see supplementary material). The MLR was re-

NF, that can be explained by each environmental parameteflone after removing outliers.

term of each environmental parameter in the regression, andhe last two terms in Eqg. (3) were decomposed into compo-
then added a second-degree term (i.e., quadratic) to the rélent equations for each environmental paramieter
gression equation.

Stepwise multiple linear regression (MLR) analysis was NF. x = [Brzx] + [J/kzlf], (4)
conducted to establish a statistical model between &ifd
multiple standardized environmental parameters. Both firstwhere the square brackets represent that the terms inside the
degree and second-degree terms of all the environmental pdrackets are included only when they were included in the
rameters were included as predictor candidates for the MLRMLR model. If the relation between Nk andz; contra-
A stepwise procedure (Draper and Smith, 1998) iterativelydicted the hypothesized direction, we noted this discrepancy,
added or removed predictors from the MLR model using aexcluded that environmental parameter, and redid the MLR
sequence of tests of the change in the sum of squared er-analysis. When NF; included a second-degree term and
rors: usingp value< 0.05 as a criterion to add new predictors thus the relation between Nk andz, is not monotonic, we

Biogeosciences, 11, 69768 2014 www.biogeosciences.net/11/691/2014/
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identified whether NE; mainly increased or decreased with 3 Results
z, over the whole range af;.

3.1 Spatial variance of nitrogen fixation and
2.3 Diagnostic estimate of global nitrogen fixation environmental parameters

The obtained MLR Eq. (3) was used to diagnose NF in therq pinned observations (Fig. 1c) showed different patterns

global ocean. To be consistent with the MLR coefficient val- ¢ \E in the Atlantic and Pacific oceans. Observed NE was
ues, the global maps of environmental parameters were rangsan high in the tropical Atlantic, reaching levels on the or-
formed toz scores using the values of mean and standardy.. ot 1000 umolNm2d-1 in the western region. In the

deviatiqn found in Eq. (2) for. the NF samplinglloca.tipns. subtropical Atlantic, the observed NF was very low, gener-
In building the MLR equation, we assumed implicitly that ally on the order of 1 umol N m?d~ or less. Although the

the field data sampled NF under all the possible environ-.,\eraqe of the Pacific was not as good as that of the Atlantic,

mental conditions. In computing global maps we thereforey,q opnserved NF in the Pacific varied less and was mostly on
needed to bound the spatial region over which the regressiofo order of 10-100 umol Nm? d-1 — substantially higher
was valid, allowing for no extrapolation outside the domain than that found in the subtropical Atlantic.

in parameter space constrained by the regression. In the lo- ;¢ physical environmental parameters showed typical

cations where NF has been observed, we calculated loweg,iiq| patterns (Fig. 2). Subsurface minimum dissolved oxy-
(upper) bounds for properties that correlated positively (neg-gen (< 500 m) was low in the eastern and northern Pacific

atively) with NF. These levels were then used as the lowerg, northern Indian Ocean, while in the Atlantic, dissolved
(upper) limits for effe_ctlve NF when gsnmatmg global NF oxygen was low only in a small tropical region (Fig. 2e).
using the MLR equation. In any location where the value of Dust deposition was highly influenced by continental desert

any environmental parameter included in the MLR model fell sources, and generally was higher in the Atlantic than in the
outside the limits, the estimated NF was assumed to be Z€IGcific (Fig. 2j). P-convergence predicts high NF in most

We also limited the maximum estimated NF to the highest

regions of tropical and subtropical Pacific and in tropical
observed level.

and south subtropical Atlantic, but low NF in north subtropi-

For the MLR comlponent N _from each environmental cal Atlantic (Fig. 2i). Some of the environmental parameters
parametek, the spatial anomaly in the global ocean was thenWere highly correlated, especially log-transformed surface

used to study whether that environmental parameter favoreghosphate and*P(- =0.85), as well as surface solar radia-
or limited NF in different ocean regions. tion and SST { = 0.74) (Table 2). Average solar radiation
in the mixed layer {v.) is highly correlated to the mixed
layer depth £ = —0.91) (Table 2), indicatingy is mostly
For a MLR equation, considering the predicted variable asdetermined by the mixed layer depth.

the function of the coefficients = f (a1, a2, ...,a,), the er- ) . ]

ror for y, oy, is propagated from the covariance of the coef- 3-2  Simple linear regression

ficients (Glover et al., 2011):

2.4 Error propagation

Simple linear regressions were conducted between the stan-
52— iiag (ﬂ) (ﬂ) ) dardized NF and the standardized individual environmental
Y '\ 0a; ) \ 8a; parameters. When only linear, first-degree terms were al-
lowed for environmental parameters, tRé values (Table 1)
where 05. is the covariance between coefficiertand ;. showed that solar radiation explained the highest percent-

Note that the covariance between a coefficient and itsglf, ~29€ (34 %) of variance in the NF. SST, minimum dissolved
equals the squared error of the coefficient. Applying Eg. (5)°XY9€n, mixed layer depth and average solar radiation in
to a MLR component Eq. (4) (if both first- and second-degreethe m|>_<ed layer also explained substantial _percentageg of
terms were included) estimates the error for,NFesulting ~ NF variance (26, 27, 19, and 18 %, respectively). The lin-

i=1;=1

from an environment parameters ear regression models using wind speed, surface nitrate and
dust deposition statistically did not fit the observed NF well
ONE,, = \/gg,sz + gikzl‘(l + zggy’kzlf, (6) (F test,p =0.85, 0.07, and 0.51, respectively).

In many cases, the addition of a second-order, quadratic
whereog ; ando, ;. are the standard error for coefficiefis ~ term improved the single-parameter regressions (Table 1).
andy, respectively'pzy_ « IS the covariance betweeh and  The R? values of the quadratic regressions against solar ra-
vi.. Similarly, Eq. (5) was applied to the full MLR Eq. (3) to diation and minimum dissolved oxygen were the highest
estimate the error of the fitted NF as a function of covariance(~ 0.4) among all the regressions. The fitted regression func-
of the MLR coefficients and values of environmental param-tions predicted that NF increased with solar radiation un-
eters, which were then used to estimate errors in the globdil reaching a saturated state (Fig. 3a). NF was high above
estimate of NF. regions with low levels of subsurface minimum dissolved

www.biogeosciences.net/11/691/2014/ Biogeosciences, 11, 832014
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Fig. 2. Maps of environmental parameters in global ocean. Note that nitrate, phosphate, excess phosphatedist deposition are on
logyg scale.

oxygen and started to substantially decrease when minimundust deposition (Fig. 3j), contrary to the hypothesis that Fe
dissolved oxygen passed a level-ofLl50 uM (Fig. 3e). NF  limited NF, assuming the required Fe was mainly supplied by
increased approximately linearly with SST (Fig. 3d). The fit- dust deposition. This can actually be expected from a visual
ted quadratic function did not predict that NF increased withinspection of the data: dust deposition was normally lower in

Biogeosciences, 11, 69788 2014 www.biogeosciences.net/11/691/2014/
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Table 2. Correlations between environmental parameters at the locations of nitrogen fixatibn data

SST MLD ImL  10910(DIN)  log1o(DIP) logio(P*) logio(/NE) 10910(DST) DOQnin  WIND

Is 0.74 -0.42 0.54 0.02 0.21 0.21 0.30 0.05-0.55 -0.05
SST —0.59 0.54 0.13 0.05 0.03 0.21 0.19-0.50 -0.14
MLD -0.91 —0.35 —0.06 0.06 -0.01 —0.44 0.50 0.00
ImL 0.29 0.13 0.05 0.02 0.38 —0.39 -0.04
logy0(DIN) 0.46 0.06 —0.38 0.21 -0.33 -0.06
log10(DIP) 0.85 —0.15 -054 -050 -0.38
logyo(P*) 0.04 -0.68 -0.35 -0.31
log10(INF) -0.11 -0.13 0.19
log10(DST) 0.06 0.47
DOnin 0.10

* See Table 1 for abbreviations of environmental parameters.

the Pacific than in the Atlantic (Fig. 2j), while the observed  The final MLR model had a®? of 0.59, explaining 59 %
NF in most regions of the Pacific was much higher than thatof spatial variance in the observed NF (Table 3). The step-
found in the subtropical Atlantic (Figs. 1¢c and 3j). Region- wise MLR (Table 4) first added the linear, first-degree term
ally within the North Atlantic, NF does appear to increase for surface solar radiation, which alone explained 34 % of the
with dust deposition in the field data. variance for the observed NF. The stepwise MLR then added
Errors can be introduced in the above regression analthe first- and the second-degree terms of minimum dissolved
yses, as a constant light attenuation coefficient was usedxygen to the regression equation, increasingRRevalue
to derive average solar radiation in the mixed layer. Whenby 0.13 and thus explaining 47 % of the total variance in the
a variable light attenuation coefficient field derived from observed NF. The stepwise MLR then sequentially added the
SeaWiFS chlorophyll concentration (Eq. 1) was used, everfirst-degree term for nitrate, the first-degree term for aver-
lower R? values, 0.10 and 0.13, were obtained in the linearage solar radiation in the mixed layer, the first-degree terms
and quadratic regression models, respectively. As only nearfor P*, and the second-degree term for solar radiation, with
surface chlorophyll concentration is provided by the SeaW-each additional term increasing the explainable variance by
iFS, and chlorophyll may not actually be fully mixed in the a~ 2—-4%. The coefficients of the MLR equation, as well as
mixed layer on short time scale, three-dimensional chloro-the mean and standard deviation values used to standardize
phyll fields, such as from models, may improve R val- the data tq scores, are listed in Table 5.
ues. The average solar radiation derived from variable atten- Average solar radiation in the mixed layer, nitrate and
uation has a weaker correlation@.84) to the mixed layer P* contributed to the variation in the fitted NF (lag
depth than that derived from constant attenuatie®.91) transformed) by~1 z score, while minimum dissolved
(Table 2). Thus the reducel? values using variable light oxygen and solar radiation contributed byl.5 z scores
attenuation suggest that the mixed layer depth, as a proxy fofig. 4). Note that as the standard deviation of thejdeg
turbulence, may be more important for the NF than the effecttransformed NF data is 1.1 (Table 5), one unit of change in
of light shading from phytoplankton pigments. the z score roughly equals one order of magnitude change
in the fitted NF rate. The errors associated with the individ-
ual components of the MLR were zero at zerscore of
the environmental parameters, increased towards larger posi-
tive/negative anomalies of the environmental parameters, and
When the first- and second-degree terms of all the environcould be large where the numbers of samples were limited
mental parameters are included as predictor candidates fdfFig. 4 and Eq. 6). Note that when calculating the fitted NF,
the MLR, the resulting equation components predicted thatot its components, the error of intercept and the covariances
NF should increase with the surface wind speed and deamong coefficients also contributed to the errors (Eg. 5), and
crease with dust deposition over70 % of the dust deposi- thus the errors of the fitted NF were not zero at zesoore of
tion range; both of these predictions were contrary to the hythe environmental parameters. The fitted NF monotonically
pothesized relations (Table 3). We thus excluded these twdncreased with Pand decreased with mixed layer depth and
parameters from the predictor candidates. Further, one NBurface nitrate (Fig. 4 and Table 3). The fitted NF component
observation was identified as an outlier and excluded fromincreased with solar radiation when the latter had a less than
the MLR, as it had a Cook’s distance of 0.19 while all the zeroz score & ~ 230 W nT?) and was approximately con-
others had values less than 0.08 (Fig. S1 in the supplemerstant at higher solar radiation (Fig. 4). The fitted NF compo-
tary material). nent also decreased with minimum dissolved oxygen when

3.3 Multiple linear regression
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Fig. 3. Quadratic regression (black lines) of log-transformed nitrogen fixation versus each environmental parameters. Note that nitrate,
phosphate, excess phosphaté) @hd dust deposition are also log-transformed. The dashed lines represent 95 % confidence intervals for the
fitted means.

the latter had a higher thanl z score &~ 90 uM), stayed to remain at a high level with low minimum dissolved oxy-
at a high level when the minimum dissolved oxygen rangedgen (Fig. 3e), and thus the slight decrease of the fitted NF
between a2 to —1 z score (~40-90 uM) (Fig. 4). The fit- at low minimum dissolved oxygen in Fig. 4 was likely gen-
ted NF component slightly decreased when the level of min-erated by the MLR’s attempt to achieve a better overall fit,
imum dissolved oxygen was very lows(—2 z scores), but  given the influence of other predictors in the MLR.

there are only a few samples in this range and the associated The MLR-fitted NF reproduced the general pattern of the
errors were large (Fig. 4). Actually, the observed NF seemedbserved NF on global scale, distributing about a 1:1 line
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Fig. 3. Continued.

(Fig. 5). Note that the MLR fitted the data from all the basins Pacific but slightly underestimated the rates in the South Pa-
in one regression. Thus the locations of each basin’s fittectific. Both the observed and fitted NF in the South Atlantic
data on this overall regression can tell us whether the data imostly hadz scores in the range between0 and—1. The

that basin follow the estimated global relationships. The ob-observed NF had the largest range of values in the North At-
served NF in the North and South Pacific mostly displayedlantic; theirz scores varied from about3 to +2. The fit-

z scores between 0 and +1, while the MLR fitted the NF atted NF rates in the North Atlantic generally followed the
approximately the correct order of magnitude in the North observed pattern, but overestimated the field data when the
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Table 3.Results of stepwise multiple linear regression (MER)

Environmental parameters (predictor candidates)

Is SST MLD Imr  logio logio 10910  DOmin log10 WIND R?2 RMSE
(DIN) (DIP)  (P" (DST)

Expected correlation + + — — + + - + -
Included predictor candidates
All environmental parameters +(67 %) — — —(65%) —(75%) +(71%) 0.66 0.69
(Final) Excluding DST and WIND®  +(58 %) + - + —(64 %) EX EX 059 0.75
Experiment
Excluding/s, DST and WIND EX +(65%) — EX - +  —(54%) EX EX 059 0.75

2 Expected relationships between nitrogen fixation and environmental parameters are shown as positive (+) or-Apd@atiirec(uding different environmental parameters as predictor candidates for the

MLR, the equation shows predicted nitrogen fixation component increases (+) or decreaséth €ach included predictor. In cases where the resulted function was quadratic for a predictor, the table shows
whether predicted nitrogen fixation mainly increases (+) or decreagesith the predictor within the range of the parameter, and the percentage of the range on which the increase or decrease was effective.
Blank areas indicate cases where the predictor was not included in the MLR model. Also shownR&atideroot mean square of error (RMSE) values for the MLR estimate of the log-transformed nitrogen
fixation. See Table 1 for abbreviations of environmental parameters. EX: excluded.

b One data point was excluded because of high Cook’s distance.

Table 4. Stepwise results for the final case of the multiple linear

o c .
g ! regression (MLRY).
5 os Step Addedterm pvalue  R?
@
& 1 Constant term
5 2 Is 1x10722 0.34
g 3 DOnmin 3x10°6  0.40
z 4 (DOmin)? 5x10°8 047
% 05l ‘ 5 logy o(DIN) 5x10™° 051
o any Co6rom| Ny 8 6 IML 0.0001 0.54
o 7 logro(P*) 0.0002 0.57
@) LOG, P WA 2
e | 8 (Is) 0.0009 0.59
o // S ‘\“
% '™ * Dust deposition and surface wind speed were excluded as
g / A predictor candidates in this case. The table shows the term
g= -1 .54 ‘3 é 1‘ (‘) 1‘ é ?" added in each step, thevalue for theF test for the term

addition, and ther? values of the MLR in that step. See

Environmental Parameters (z-score) Table 1 for abbreviations of environmental parameters.

Fig. 4. Final multiple linear regression (MLR) equation, show-
ing functions of fitted log-transformed nitrogen fixation component
(anomalies) versus each included predictor, including minimum dis-
solved oxygen (blue), log-transformed surface nitrate concentratiory wider region in the Pacific than in the Atlantic. We also es-
(green) and excess phosphate)(fed), surface solar radiatiord)  tjmated NF for the Indian Ocean, although there are no qual-
(black) and average solar radiation in the mixed laygfL0 (ma-  jfied observations in this basin in the MAREDAT database to
: . Pe included in the MLR. Thus, practically we assumed that
reprgsent one standard error fpr the fitted means in each componeﬂt]e NF in the Indian Ocean is controlled by the same mech-
function. Results are standardizedsgores). . . o . .
anisms as those in the Pacific and Atlantic, which resulted
in high estimated NF in most regions north-efl5° S in the
observed rates were low and were not able to reproduce seyndian Ocean. The environmental parameters limited effec-
eral high observed rates. tive estimated NF in the range of40° S to 40 N in all the
basins. The relative errors of the estimated NF rates were less
than~ 50 % in most regions (Fig. 6b). An exception was the
eastern Pacific, where the errors can be as high Bs0 %.
The MLR model was used to estimate the global marine NF,The high errors in this region were mostly due to low levels
with the limits of the environmental parameters and the max-of minimum dissolved oxygen (Fig. 2e) and large uncertain-
imum estimated NF applied (Table 5). The estimated NFties in the MLR equation when the minimum dissolved oxy-
(Fig. 6a) reproduced the general patterns observed in the P@en was low (Fig. 4). The total NF in the global ocean was
cific and Atlantic, with the estimated high NF (on the or- estimated at 74 (error range of mehne standard error:
der of 100 umol N m2d—1 or higher) spanning latitudinally 51-110, same hereafter) Tg Ny comprising 14 (9.7-19),

3.4 Spatial estimate of nitrogen fixation in global ocean
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Table 5. Final multiple linear regression (MLR) resuts

logio(Nitrogen

Is ImL log10(DIN) log10(P*) DOmin Fixation)
(Wm~2) (Wm=?) (m) (M) (HM) (umol N nT2d=1)
Meanz standard deviation of data 23216 120+ 19 —0.51+054 -1.1+0.3  139+-47 12+11
Intercept 0.32:0.06
Coefficient of first-degree term in MLR —0.01+0.07 0.016£0.003 -0.2A40.05 0.19-0.05 —0.53+0.07
Coefficient of second-degree term in MLR —0.11+0.03 —0.21+0.04
Limits? >180WnT2  >84Wnr2  <9.4uM >0.016 UM <240 M <4700

pmol N nr2d~1

@ Mean and standard deviation of the data were used to standardize the datates, which were then used in the MLR. Also shown are coefficieate standard error of the linear first-degree

term and, if applicable, of the quadratic second-degree term of each included predictor in MLR. The limits of predictor and maximum allowed nitrogen fixation were also presented. See Table 1
for abbreviations of predictors.

b All numbers are in specified units without log transformations.
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Fig. 5. Final multiple linear regression (MLR) results: observed ni-
trogen fixation versus MLR-fitted nitrogen fixation. Dashed line is

a1:1line. Results were standardizedsores). Fig. 6. (a)Map of estimated annual-mean, depth-integrated marine

N> fixation using equation derived from the multiple linear regres-
sion (MLR) and(b) the relative errors of the estimates. White areas
were outside the limits of the environmental parameter(s) used in
37 (25-56) and 23 (16-34) Tg Nyqf in the Atlantic, Pacific the regression or were less than 250 m depth in coastal zones.
and Indian oceans, respectively (Table 6).

The environmental parameters included in the MLR model
P it in the southern subtropical regions (Fig. 7e). Thus multiple

contributed to the estimated global marine NF differently. , al : tibuted to th timated NF i
Minimum dissolved oxygen in upper 500 m contributed the environmental parameters contributed to the estimated NFIn
a region, often in an opposing fashion. For example, in the

most variance to the estimated global marine NF (Fig. 7a). ical Pacific. the | o ibuti b
It largely set the narrow latitudinal range of high NF in the eastern tropical Pacific, the largest positive contributions by

Atlantic. The solar radiation limits the presence of the esti—:.hTI average soI?rcriafdlattl)on n thf m|xedtI%y(ir werg on!%/ ptar-
mated NF to the range of 40° S to 40 N (Figs. 7b), as the lally compensated for by negative contributions by nitrate.

annual average solar radiation outside this range (Fig. 2a) ig,urface_nltrate_ may have acted as a suppressor in the MLR,
mostly lower than the set limit of 180 W4 (Table 5). The which will be discussed later.

average solar radiation in the mixed layer contributes high

NF in the tropical gpwelling_ zones (F.ig. 7c). The upwelling. 4 Discussion

in the eastern tropical Pacific led to high levels of surface ni-

trate, which limited the estimated NF in this region (Fig. 7d). 4.1 Environmental controls on marine nitrogen fixation

The P variable favored NF in a vast region of the eastern

Pacific (Fig. 7e). In the Atlantic, Palso limited NF in the In this study, we used several regression methods to as-
tropical and the northern subtropical regions while favoring sess hypothesized environmental controls on marine NF on
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Table 6. Comparison of estimated spatially integrated nitrogen fix-
ation (Tg N yr1) in this study and in Luo et al. (2012)

(a) From Minimum Dissolved Oxygen in Upper 500m

Basin This Study Luo et al. (2012)

North Atlantic Ocean 9.1 (6.7-12.6) 1.7 (1.3-2.2)
South Atlantic Ocean 4.5 (3.0-6.8) 1.1 (0.9-1.4)
North Pacific Ocean 23 (15-36) 35 (30-41)
South Pacific Ocean 14 (10-20) 24 (20-28)
Indian Ocean 23 (16-34) -

Global Ocean 74 (51-110) 62 (52-73)

(b)

* Estimates in this study use the equation from the final multiple linear
regression. Estimates in Luo et al. (2012) are spatially integrated nitrogen
fixation estimated from geometric means of field data in every basin. Numbers
in brackets are error ranges.

the global scale using a newly compiled database of field
NF measurements. The samples covered the Pacific and At-
lantic oceans, but unfortunately not the Indian Ocean. An-
nual climatologies of environmental parameters from differ-
ent sources, mostly based on observations or modeled re-

©

From Average Solar Radiation in Mixed Layer

VA A S
st ,/ 5;’;( ‘ h x,g?%,;; sults validated by observations, were used in the regressions.
M PP &* G Although we assessed multiple environmental parameters
o [ gt based on data availability, there could be other parameters
ool L0 f\z\ -y that are currently unavailable but which could possibly also
7 control marine NF, such as the fluxes of nitrate and phos-
e i e Pl phate and subsurface Fe. Recent laboratory studies, for ex-
@ o Surace Niret Concentaton ample, suggest that NF rates of some marine microbial dia-
N T zotrophs increase \{V?th rising aqugousmncentration and
T \gj‘{ \y that there are .posmve synerglstlc effects between elevated
RS Ve \J% - Ghe CO, and warming (Hutchins et al., 2009).
o ¢ Neleloripn S Using the simple linear regressions, we computed the vari-
j U ﬁb YA ol ) ance in the observed NF explained by each individual en-
7 . CJ = vironmental parameter. The total variance explained by the
w0 s— T MLR using all of the environmental parameters simultane-
ously may differ from the sum of th&? values from the
simple, individual-parameter linear regressions, as correla-
© From Surface Excess Phosphate (P*) tions unavoidably exist among different environmental pa-
o M D Y rameters (Table 2). Part or all of the explained variance by
- one environmental parameter may already be covered by its
‘\}\@bﬁ correlation with other environmental parameter(s) included
’ (ﬂ Nz, 4 in the regression. The stepwise MLR represented an effort to
wsl Q«v J explain the maximum variance in the observed NF with the
minimum number of predictors in the final regression equa-

60'E 120°E 180 W

tion as possible. An environmental parameter may be corre-
Fig. 7. Spatial anomalies of each component in the estimated Iog-lat(ad with N_F but absent from the stng|se MLR_’ indicating
transformed M fixation from environmental parameters (Eq. 4), in- that the variance that could be contributed by this parameter

cluding(a) minimum dissolved oxygerib) surface solar radiation, has been fully covered by other parameter(s).

(c) average solar radiation in the mixed lay@) surface nitrate Surface solar radiation and minimum dissolved oxygen in
concentration an¢ke) excess phosphate*(P All the panels are plot-  the upper 500 m are likely the best available environmen-
ted on same color scale. In each panel, the vast white areas, approtal predictors for the global spatial patterns of marine NF.
imately north of 40N and south of 40S, represent areas where These two parameters have the highE%t(~ 40 %) in the

the values of one or more environmental parameters were outsidgyadratic regressions (Table 1). They were also the first pa-
the I_imits for the MLR used to computeoNixation (see text for rameters added by the stepwise MLR, explaining 47 % of the
details). total variance even before the inclusion of the second-degree
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term for solar radiation (step 3 in Table 4). When the result-possibility might be partly supported by a large Fe plume re-
ing MLR equation was used to map global spatial distribu- cently found in the South Atlantic OMZ (Noble et al., 2012).
tions, the minimum dissolved oxygen largely determined the Average solar radiation in the mixed layer had a relatively
patterns of marine NF, such as low rates in the subtropicahigh R? in the regressions with the observed NF (Table 1),
Atlantic and high rates in the Pacific (Fig. 7a). The solar ra-and was also included by the stepwise MLR (Tables 3 and 4).
diation mainly acted as a “mask” to limit the presence of NF This parameter combines both the surface solar radiation and
to the tropical and subtropical regions. However, the MLR the mixed layer depth, but mostly reflects the signals from the
component from solar radiation is mostly saturated for NFmixed layer depth, as shown by the high negative correlation
in these regions (Fig. 7b) and thus does not contribute muclof —0.91 between them (Table 2). The results support that
variance. marine NF tends to be active in stratified waters.

It was interesting to find that the subsurface minimum In the stepwise MLR, adding the first-degree nitrate term
dissolved oxygen was highly correlated with the observedincreased the explained variance by 4 % (step 4 in Table 4),
NF. Although we initially included this environmental pa- while in the simple linear regression nitrate explained only
rameter to identify possible zones for denitrification, the re-a low amount of variance, about 1 % (Table 1). This showed
sults showed that the observed NF maintained relatively highthat the surface nitrate acted as a suppressor for the MLR: it
rates when the minimum dissolved oxygen was lower thancontributed to the explained variance indirectly by removing
~ 150 uM, and decreased only when the minimum dissolvedvariance introduced by the minimum dissolved oxygen and
oxygen passed this threshold (Fig. 3e). As this threshold ighe solar radiation. Although nitrate appears not to limit the
far higher than the oxygen level in the OMZs, denitrification NF, there are other pools to supply fixed N to the ecosystem,
occurring in the OMZs appears not to influence the NF in thesuch as ammonium and dissolved organic nitrogen (DON)
surface waters right above. Actually, in the regions without (e.g., Karl et al., 1997). The map of bioavailable N may be
strong upwelling, surface waters may not have strong contactlifferent if these two pools of fixed N could be included in
with waters at the depth of oxygen minimum. Denitrification addition to the nitrate pool. Unfortunately, there is no global
may influence the NF downstream, which can be horizontallycoverage of measurements for ammonium and DON (partic-
far away from the location where the denitrification occurred. ularly the bioavailability of DON).

If this is true, the signal of in situ N-deficient waters, i.e., the  SST was not included in the MLR model, although the
P*, can still be found with high NF. However, the observed simple linear regression for SST showed a relatively htgh

NF did not show strong correlation to thé Poncentration  of 0.27 (Table 1). This was mainly because of the high cor-
and the P-convergence-estimated NF, reaching |B&val- relation (0.74) between surface solar radiation and SST (Ta-
ues of 0.07 and 0.11 from the quadratic regressions, respete 2). When the surface solar radiation and the average solar
tively (Table 1; Fig. 3h and i). On the global maps (Figs. 2h radiation in the mixed layer are removed from the predictor
and i), for instance, the'Rtoncentration and convergence are candidates, the stepwise MLR model includes the first- and
high in the subtropical South Atlantic, contrary to the low NF second-degree terms of the SST and achieves a si®flar
observed in the same basin (Fig. 1c). The highest NF was ob(Table 3). Because of the strong spatial correlation between
served in the tropical Atlantic, while the*Roncentration is  SST and solar radiation, we cannot use regressions alone to
low in this region and the Pconvergence is comparable to determine the actual underlying mechanism. Distinguishing
those in the Pacific. Under current data availability, althoughbetween the two environmental factors is not necessary for
the subsurface minimum dissolved oxygen is among the begglobally mapping NF, but discrimination at a process level
predictors for the observed NF, there is no clear evidence thabecomes more relevant, for example, in attempts to project
denitrification is a proximal control on spatial patterns of ma- future changes in NF in response to climate change and SST
rine NF. warming (Boyd and Doney, 2002; Moore et al., 2013). While

There could be other pathways whereby the subsurfacéhe surface solar radiation is not expected to change dra-
low dissolved oxygen can stimulate marine NF. For instancematically, projected surface warming could expand the zonal
low pH is associated with low subsurface dissolved oxygen,range of NF poleward and thus influence the global integral,
as oxygen is consumed to decompose organic matter and @ complete analysis, however, would also need to take into
generate C@and carbonic acid. Selected laboratory exper-account other factors such as macro- and micronutrients and
iments showed that reduced pH/elevated,@@n increase changes in subsurface oxygen.

NF (Hutchins et al., 2009), although field experiments did Fe is a widely hypothesized environmental control on the

not show increased NF with elevated £Qaw et al., 2012).  spatial patterns of marine NF. In this study, we used dust de-
The high rate of organic matter remineralization in the OMZs position as a proxy for Fe supply. However, the study did not

may also produce Fe-binding ligands and prolong the resishow that NF increased with dust deposition when it was in-

dence time of dissolved Fe (Hunter and Boyd, 2007; Misumicluded in the equations for either a simple linear regression or
et al., 2013; Misumi et al., 2011), which in turn could stimu- stepwise MLR against the global data set. There is some ev-
late NF in the surface waters if bioavailable Fe in the surfaceidence from the observations for an increase in NF with dust
ocean is mostly supplied from the subsurface ocean. Thigleposition, at least regionally in the North Atlantic (Fig. 3)),
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but this does not appear to hold when lower dust depositioriologies might lower the explained variance. Thus we did ex-
regions are included. Although the dust deposition data weperiments using monthly or seasonal climatologies matched
used in this study are based on a model validated against limto the sampling time of the observed NF, which, interestingly,
ited observations (Luo et al., 2003; Mahowald et al., 2003),resulted in substantially loweR? values in the simple lin-
they capture at least the general patterns of observed depear regressions and the total explained variance was less than
sition rates: higher in the Atlantic, (mainly because of dust40% in the stepwise MLR. This may suggest that the dia-
from the Sahara), lower in the vast area of the Pacific (particzotrophs are selected to inhabit ocean regions with favorable
ularly the South Pacific) because it is remote from continentdong-term environmental conditions and fix M relatively
(Fig. 2i). Meanwhile, the observed NF was generally high in constant rates, instead of responding quickly to seasonal vari-
the Pacific, but low in the subtropical Atlantic (Fig. 1c). This ability. Current available data are insufficient to identify sea-
result suggests that NF is saturated for Fe supply in mossonal variability of NF. More measurements are needed in
regions of the open ocean, diazotrophs have adapted to lowhe future, such as long-term measurements of marine NF in
Fe environment, or the Fe supplied from atmospheric dustertain sites; these are currently almost entirely unavailable,
deposition is mostly bio-unavailable and the bioavailable Feexcept for monthly measurements taken since 2005 at Sta-
in the surface ocean is mostly supplied via other processegion ALOHA in the subtropical North Pacific (Church et al.,
For example, low dissolved Fe concentration was found in2009).
the dust-rich South China Sea, hypothetically due to a lack This study used a simplified model by assuming poly-
of Fe-binding organic ligands (Wu et al., 2003). Another ex- nomial relationships between the NF and the environmen-
planation is that the diazotrophic community in the Atlantic tal parameters (linear and up to quadratic terms). Data that
and Pacific oceans may be controlled by different environ-were approximately log-normally distributed were also log-
mental variables, and Fe limits NF in the Atlantic (Moore et transformed. However, our MLR approach would not capture
al., 2009) (also see Fig. 3)). It was also found that upwellingmore nonlinear relationships between NF and environmental
events in the eastern equatorial Atlantic can increase NF ratgsarameters. Regressions of nonlinear models with different
in the surface waters by 2 to 7 times, suggesting the subsumpredictors can be complex and are beyond the scope of this
face waters with a low N : P ratio or that are rich in Fe are study, particularly when the form of the real relationships are
upwelled to support higher NF (Subramaniam et al., 2013).poorly known.
We suggest that more measurements for dissolved Fe, or even Nevertheless, the MLR explained a substantial fraction of
bioavailable Fe if possible, are needed in the future to test thehe variance in the observed NF and provided estimates of the
Fe limitation on marine NF. uncertainties as a function of the included environmental pa-
Our results show that atmospheric dust deposition does natameters (Fig. 4). The uncertainties were reasonable in most
appear to influence the spatial patterns of NF on global scalegonditions. When the MLR equation was applied to map
this contradicts, to some extent, a number of recent globablobal patterns and the uncertainties were propagated, high
prognostic modeling studies that emphasize the role of Faincertainties occurred almost exclusively above the OMZ in
and atmospheric dust deposition in modulating marine NFthe eastern tropical Pacific (Fig. 6b). This reflects the fact that
(e.g., Moore and Doney, 2007; Moore et al., 2006). For ex-we only have a few profiles of NF rate above major OMZs
ample, the latitudinal extent of NF is similar in the simula- (Figs. 1, 2e and 4).
tions of Moore and Doney (2007) and the MLR-derived ex- To estimate total NF in different ocean basins and in the
trapolation, suggesting that the model variation in diazotrophglobal ocean, Luo et al. (2012) did not interpolate the NF
growth rate with temperature captures either the observedata because of the limited spatial data coverage; they esti-
correlation with solar radiation and/or SST. Regionally, both mated the total NF by directly taking the geometric means
approaches agree on elevated NF in the Indian Ocean, hovef the data (Table 6). In this study, we used the same NF
ever because of Fe limitation and other factors, the prognosdata, but also took advantage of the better coverage of the
tic model predicts low values in the subtropical South Pa-environmental parameters to construct a statistical model be-
cific and eastern subtropical/tropical Pacific, in disagreementween NF and environmental parameters before estimating
with our data-derived mapped product. These differences betotal NF (Table 6). Compared to Luo et al. (2012), this study
tween the modeled and data-based spatial patterns suggesdtimated a comparable or slightly lower NF for the Pacific,
that some prognostic models may overestimate the influencand a significantly higher estimate for the Atlantic. The total

of Fe relative to nitrogen loss processes in OMZs. NF in the Atlantic is still the lowest of all the basins and may
yet be underestimated based on the negative regression bi-

4.2 Uncertainties for regression and global estimate ases at the highest observed NF values in the North Atlantic
(Fig. 5).

The R? of the stepwise MLR is 0.59, meaning that there re- The estimated globally integrated NF from this study, 74
mains 41 % of the variance in the observed NF that cannot béerror range: 51-110) Tg N y#, is at the low end of current
explained by annual mean climatologies of the environmen-geochemical estimates 6f100-200 Tg N yr® (Eugster and
tal parameters. First we thought that using the annual climaGruber, 2012; Galloway et al., 2004; Gruber, 2008). As most
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of the original NF data used in this study were measured userease if our finding that high subsurface dissolved oxygen
ing ®N» method, this global estimate probably represents thecan limit NF in the above waters is robust. How much the
rate of net NF (gross NF minus release of newly fixed N). Asmarine NF can increase is still a question, as NF is ultimately
discussed above, the flaw of the previdil, method may  limited by multiple environmental variables such as solar ra-
also have substantially underestimated the NF. Our estimatediation and mixed layer depth, as has been demonstrated by
are based on the data from the open ocean, although NF cahis study. Even though our study does not indicate that Fe
be substantial in coastal regions (Mulholland et al., 2012).and other nutrients are affecting NF patterns in the contem-
We also assumed that the samples used in this study coyporary ocean, they could become limiting in the future if NF
ered all possible environmental conditions for effective NF were to increase in concert with the N loss. As the stratifi-
and thus limited the estimated NF to the tropical and sub-cation develops with global warming, the supply of nutrients
tropical regions. However, a recent study found substantiafrom deep waters can decrease and Fe, phosphorus and vita-
NF ranging from 0.02 to 4.5 pmolNTid~1 in the surface  mins may act even more quickly to limit elevated NF (Moore
Canadian Arctic (Blais et al., 2012). These samples were nokt al., 2013). Mechanistic studies are also needed to better
included in this study because their sampling environmentalistinguish between temperature and solar radiation controls
conditions were very different from the other samples, andon the zonal extent of NF.
also they were not depth-integrated samples. But these sam- The spatial coverage of NF observations in the MARE-
ples suggest marine NF can occur in higher latitudes, whictDAT database currently are limited in the Pacific and even
would increase the current estimates of global marine NFmore in the Indian Ocean. Our findings need to be assessed
With these considerations, we should expect a higher globalith more extensive spatial sampling in these two important
marine NF than the estimate provided by this study. ocean basins. Particularly, there were very few samples of
NF above the major OMZs, such as the eastern tropical Pa-
cific, eastern tropical Atlantic and the northern Indian Ocean,
5 Conclusions which resulted in large uncertainties in our estimated NF in
these areas. Scientists tended to sample ocean regions that
This data-based study assessed different environmental comvere believed to be inhabited by diazotrophs. Our study,
trols on global marine B fixation (NF) using simple and however, showed some regions that can be NF “hot” zones
multiple linear regressions. The results suggested that mathat have not been well sampled. We suggest that a top prior-
rine pelagic NF is controlled by either solar radiation or tem- ity for future field sampling should include measurements of
perature and is largely restricted to the warm, stratified, highmarine NF within and downstream of OMZs, and then in the
solar radiation bands in the tropics and subtropics. We fur-other areas of the Pacific and Indian oceans. Scientists should
ther identified that marine pelagic NF can be low in the re-also pursue better sampling of bioavailable Fe, as welfas P
gions with high subsurface dissolved oxygen, although thehrough measurements of both inorganic and organic fixed N
controlling mechanism is unclear. Our data are not sufficientand P.
to support the hypothesis that marine NF is controlled by
denitrification and the subsequent supply of N-deficit wa-
ters. Although it is possible that other environmental param-
eters such as atmospheric dust deposition (presumably re
resenting Fe supply) and wind speed can influence marin
NF over regional scales, on the global scale they were not
identified by our study to explain substantial variance in the
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