
Machine Learning Estimates of Global
Marine Nitrogen Fixation
Weiyi Tang1, Zuchuan Li1, and Nicolas Cassar1,2

1Division of Earth and Ocean Sciences, Nicholas School of the Environment, Duke University, Durham, NC, USA,
2Laboratoire des Sciences de l'Environnement Marin (LEMAR), UMR 6539 UBO/CNRS/IRD/IFREMER, Institut
Universitaire Européen de la Mer, Brest, France

Abstract Marine nitrogen (N2) fixation supplies “new” nitrogen to the global ocean, supporting uptake
and sequestration of carbon. Despite its central role, marine N2 fixation and its controlling factors remain
elusive. In this study, we compile over 1,100 published observations to identify the dominant predictors
of marine N2 fixation and derive global estimates based on themachine learning algorithms of random forest
and support vector regression. We find that no single environmental property predicts N2 fixation at
global scales. Our random forest and support vector regression algorithms, trained with sampling
coordinates and month, solar radiation, wind speed, sea surface temperature, sea surface salinity, surface
nitrate, surface phosphate, surface excess phosphorus, minimum oxygen in upper 500 m, photosynthetically
available radiation, mixed layer depth, averaged photosynthetically available radiation in the mixed layer,
and chlorophyll‐a concentration, estimate global marine N2 fixation ranging from 68 to 90 Tg N/year.
Comparison of our machine learning estimates and 11 other model outputs currently available in literature
shows substantial discrepancies in the global magnitude and spatial distribution of marine N2 fixation,
especially in the tropics and in high latitudes. The large uncertainties in marine N2 fixation highlighted in
our study argue for increased and more coordinated efforts using geochemical tracers, modeling, and
observations over broad ocean regions.

1. Introduction

Vast regions of the world's oceans are nitrogen depleted. In these regions, the supply of bioavailable nitrogen
by N2 fixation, conducted by a diverse group of prokaryotes called diazotrophs, supports a significant
fraction of primary production (Karl & Letelier, 2008; Sohm et al., 2011). Over long time scales, the balance
between marine N2 fixation flux and denitrification has been hypothesized to control the marine nitrogen
inventory, the strength of the biological pump, and ultimately atmospheric CO2 and the Earth's climate
(Altabet, 2007; Falkowski, 1997; Michaels et al., 2001; Somes et al., 2013). However, estimating marine N2

fixation and its environmental controls remains challenging due to the limited number of observations, with
sampling efforts heretofore focusing on tropical and subtropical oceans (Karl et al., 2002; Luo et al., 2012).

Current estimates of global marine N2 fixation vary widely, with most ranging from less than 100 to over
200 Tg N/year (Gruber & Galloway, 2008; Luo et al., 2012). These estimates are derived using a variety of
approaches including direct extrapolation from scarce field observations (Luo et al., 2012) and models
(Riche & Christian, 2018). In some prognostic models, N2 fixation is parameterized relying on N2 fixers'
ecophysiology (Hood et al., 2001; Monteiro et al., 2010; Paulsen et al., 2017). While most of the current models
simulate diazotrophy based on Trichodesmium (Hood et al., 2004), there is increasing evidence that other dia-
zotrophs with distinct niches, such as unicellular cyanobacteria group A (UCYN‐A) and noncyanobacterial
diazotrophs, contribute significantly to N2 fixation (Bombar et al., 2016; Delmont et al., 2018; Martínez‐
Pérez et al., 2016). Because the biogeographies and ecophysiologies of diazotrophs are poorly defined, the para-
meterization of N2 fixation is challenging. Alternatively, N2 fixation can be derived based on diagnostic models
by scaling the relations of N2 fixation to environmental properties obtained from field observations. Luo et al.
(2014) derived a statistical algorithm of marine N2 fixation using a data set compiled by Luo et al. (2012).
Surface solar radiation and subsurface minimum oxygen were identified as the strongest predictors of the
geographical distribution of marine N2 fixation. Since the meta‐analysis of Luo et al. (2012), sampling efforts
have intensified and the geographical distribution of observations has expanded to broader ocean domains,
including higher latitudes and the Indian Ocean (Blais et al., 2012; Shiozaki et al., 2014; Sipler et al., 2017).
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In this study, we build on the work of Luo et al. (2012, 2014) and derive new estimates of N2 fixation in the
world's oceans. To that end, we train two machine learning algorithms with the updated database of Tang
et al. (2019), which significantly expands the geographic range of observations presented in Luo et al.
(2012), and apply the derived empirical algorithms to map the global biogeography of marine N2 fixation.
We then compare our estimates with the Coupled Model Intercomparison Project Phase 5 (CMIP5) model
outputs (Taylor et al., 2012) and other simulations in the literature to identify regions with greater uncertain-
ties. Finally, future projections are presented to further underscore our poor understanding of N2 fixation
and its regulating factors.

2. Materials and Methods
2.1. Data Sources and Transformations

The data sources for the N2 fixation rates and predictors are listed in Table 1. Our updated database consists
of 1,141 observations of depth‐integrated N2 fixation rates, representing ~80% increase on the database used
in Luo et al. (2014). Because optical properties are different in coastal (Case II) and open ocean (Case I)
waters (Morel & Prieur, 1977), different relations of N2 fixation to remotely sensed optical properties are
expected in Case II and Case I waters. For this reason, we excluded data points at locations with water depth
shallower than 200 m. After applying this filter and removing six data points with zero values, 921 observa-
tions remained for further analyses (Figure 1). Out of these, 326, 484, and 111 observations were derived
based on acetylene reduction assays (Capone & Montoya, 2001), the “N2 gas addition” method (Montoya
et al., 1996), and the “dissolved N2 gas addition” method (Mohr et al., 2010), respectively. Although both
the N2 gas addition and dissolved N2 gas addition methods use 15N2 as the tracer,

15N2 is added in different
phase, likely leading to substantial differences in the estimated N2 fixation rates. For example, incomplete
dissolution of 15N2 gas in the “

15N2 gas addition” method leads to underestimation of N2 fixation rates
(Mohr et al., 2010). We included in our analyses all the observations collected with these various methods
despite the known uncertainties and discrepancies. For the analyses, all the N2 fixation measurements were
log10 transformed (Luo et al., 2014).

In contrast to Luo et al. (2014) who modeled N2 fixation observations based on annual climatologies of pre-
dictors, we matched the N2 fixation observations to contemporaneous satellite predictors when available
(e.g., 8‐day). When unavailable, we used monthly climatologies instead of annual climatologies in light of
the large seasonal variations in N2 fixation observed in many regions (Böttjer et al., 2016). In addition to

Table 1
N2 Fixation Rates and Environmental Predictors Used in the Regression and Machine Learning Analyses

Data Symbol Source
Spatial

resolution
Temporal
resolution Range

Log10‐
transformed

Correlation
coefficient p value

Observed N2 fixation
(μmol N·m−2·day−1)

NF Tang et al.
(2019)

Point Daily 0.0011–25750 Yes / /

Surface downward solar
radiation (W/m2)

Is NCEP/NCAR
reanalysis

2° Daily 60.9–403.9 No 0.0287 0.49

Surface wind speed (m/s) WS 2.5° 0.7–16.3 No 0.1613 <0.01
Mixed layer depth (m) MLD Ifremer 2° Monthly climatology 10.2–101.7 No −0.0546 0.19
Sea surface salinity (psu) SSS World Ocean

Atlas 2013
1° Monthly climatology 21.7–39.2 No −0.1682 <0.01

Minimum dissolved oxygen in
0–500 m (ml/L)

DOmin 1° 0–6.6 No −0.2989 <0.01

Surface nitrate (μM) DIN 1° 0.0004–13.5 Yes −0.0419 0.32
Surface phosphate (μM) DIP 1° 0.0015–1.6 Yes 0.1114 <0.01
Excess phosphate (μM) P* 1° 0.0003–1.5 Yes 0.1223 <0.01
Sea surface temperature (°C) SST SeaWiFS

and MODIS
0.083° 8 days 2.7–31.8 No 0.2021 <0.01

Photosynthetically available
radiation (Einstein·m−2·day−1)

PAR 0.083° 11.3–66.4 No 0.0350 0.40

Average PAR in mixed layer
(Einstein·m−2·day−1)

PARmld 0.083° 1.8–51.5 No −0.0445 0.28

Chlorophyll‐a (mg/m3) [Chl] 0.083° 0.016–10.2 Yes 0.1222 <0.01

Note. NCEP = National Centers for Environmental Prediction; NCAR = National Center for Atmospheric Research.
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depth‐integrated N2 fixation, we also matched the predictors to surface volumetric N2 fixation. Since it did
not significantly improve the prediction of N2 fixation, the results are not shown here. Predictors used in
our analyses include sampling coordinates and month, surface downward solar radiation (Is), surface
wind speed (WS), mixed layer depth (MLD), sea surface temperature (SST), sea surface salinity (SSS),
minimum dissolved oxygen in 0–500 m (DOmin), surface nitrate (DIN), surface phosphate (DIP), excess

phosphate (P* ¼ PO3−
4

� �
− NO−

3

� �
=16), photosynthetically available radiation (PAR), average PAR in the

mixed layer (PARmld), and chlorophyll‐a concentration ([Chl]; Table 1). These parameters have been
hypothesized to directly or indirectly affect N2 fixation (Karl et al., 2002; Luo et al., 2014; Mahaffey et al.,
2005; Severin et al., 2012; Subramaniam et al., 2008). For example, sufficient radiation or PAR is required
for autotrophic N2 fixation as it is an energy‐expensive process (Breitbarth et al., 2008; Karl et al., 2002).
Excess phosphorus has been used to determine the distribution of N2 fixation based on the assumption
that N2 fixers would be favored in nitrogen‐poor environments (Deutsch et al., 2007). Iron (Fe) was not
included in our analyses despite its important role in N2 fixation (Moore et al., 2009). This is because
measurements of iron are limited and modeled Fe fluxes have substantial uncertainties (Tagliabue et al.,
2015). The work of Luo et al. (2014) also suggests a weak correlation between N2 fixation and dust
deposition at global scales. In addition, we tested the importance of other properties believed to influence

Figure 1. Maps (a–d) and frequency distributions (e–g) of field observations of N2 fixation rates (unit: μmol N·m−2·day−1) as a function of measurement methods,
months, and regions. Only observations used in our analyses are shown. ARA = acetylene reduction assay; NA = North Atlantic; SA = South Atlantic; NP = North
Pacific; SP = South Pacific; Indian = Indian Ocean; Med = Mediterranean Sea; Arctic = Arctic Ocean.
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marine N2 fixation rates, including Fe:N and P:N nutrient supply ratios as modeled in Ward et al. (2013). A
detailed description of the different parameters is presented below.

Sampling coordinates and months were transformed to preserve continuity in the data. For example, the
months of January and December are numerically far apart (i.e., months 1 and 12) while they are temporally
close (i.e., January is after December). This is also true for geographical distances in coordinate space (e.g.,
coordinates−179° and 180°). To address this issue, we transformed the latitude, longitude, and month prop-
erties to periodic functions simulated with sine and cosine functions as follows (Gade, 2010; Gregor
et al., 2017):

coordinates ¼

sin latitude·
π
180

� �

sin longitude·
π
180

� �
· cos latitude·

π
180

� �

− cos longitude·
π
180

� �
· cos latitude·

π
180

� �

0
BBBBB@

1
CCCCCA

(1)

time ¼
cos month·

2π
12

� �

sin month·
2π
12

� �
0
BBB@

1
CCCA (2)

The Is and WS data products were downloaded from National Centers for Environmental
Prediction/National Center for Atmospheric Research reanalysis products (https://www.esrl.noaa.gov/
psd/data/gridded/data.ncep.reanalysis.derived.surfaceflux.html; Kalnay et al., 1996). The MLD climatology,
using a threshold criterion of 0.03 kg/m3 compared to density at 10 m, was obtained from Ifremer (http://
www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_Depth.php; de Boyer Montégut et al., 2004).
Monthly climatologies of SSS (0 m), dissolved oxygen concentration, and nutrient concentrations (0 m) were
downloaded from the World Ocean Atlas 2013 (https://www.nodc.noaa.gov/OC5/woa13/woa13data.html;
Boyer et al., 2013). DOmin was defined as the minimum oxygen concentration in the upper 500 m as in
Luo et al. (2014). Eight‐day averaged PAR, light attenuation coefficient [Kd(490)], and [Chl] measured by
SeaWiFS and MODIS satellite were downloaded from the NASA OceanColor website (https://oceancolor.
gsfc.nasa.gov/). PAR denotes the spectral range of the surface downward solar radiation accessible to photo-
synthetic organisms. The average PAR in the mixed layer was calculated based on the following equations
(Morel et al., 2007):

Kd PARð Þ ¼ 0:0665þ 0:874*Kd 490ð Þ−0:00121* Kd 490ð Þ½ �−1 (3)

PARmld ¼ 1
mld

∫
mld

0 PAR*e−Kd PARð Þ*zdz ¼ PAR
Kd PARð Þ*mld

* 1−e−Kd PARð Þ*mld
� �

(4)

[Chl] and nutrients were log10 transformed. Observations and matched predictors were binned into 2° × 2°
grids on monthly scale. After these transformations, we were left with 536 matches of N2 fixation rates
with predictors.

2.2. Linear Regression and Machine Learning Approaches

Regression and statistical analyses were performed using the MATLAB machine learning toolbox
(https://www.mathworks.com/solutions/machine‐learning.html). Simple regressions were first applied
to examine the relationships between N2 fixation rates and individual predictors. Stepwise multiple linear
regression (MLR) was then utilized to build a model between N2 fixation rates and individual predictors
as described in Luo et al. (2014). After these preliminary analyses, two machine learning methods
—random forest (RF; Breiman, 2001) and support vector regression (SVR; Vapnik, 2000)—were applied
to derive empirical models of N2 fixation rates as a function of the suite of environmental predictors.
These machine learning methods are increasingly used in oceanic studies, for example, recently applied

10.1029/2018JG004828Journal of Geophysical Research: Biogeosciences

TANG ET AL. 720

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surfaceflux.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surfaceflux.html
http://www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_Depth.php
http://www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_Depth.php
https://www.nodc.noaa.gov/OC5/woa13/woa13data.html
https://oceancolor.gsfc.nasa.gov/
https://oceancolor.gsfc.nasa.gov/
https://www.mathworks.com/solutions/machine-learning.html


for building maps of pCO2 (Gregor et al., 2017) and net community production (Li & Cassar, 2016). See
Breiman (2001) and Smola and Schölkopf (2004) for a more thorough description of these machine
learning techniques.

For both machine learning methods, we followed the steps described in Gregor et al. (2017) to train and test
the models. Briefly, we randomly divided the 536 data matches into a training‐validation data set (70%,
n = 375) and a testing data set (30%, n = 161). In the RF and SVR model training, the optimal parameters
were determined by minimizing the mean absolute error between the observed and predicted N2 fixation
rates. For the RF algorithm, we built 30 decision trees and set the minimum leaf size to 3. For the SVR

algorithm, data were standardized to their z scores (z ¼ x−x
σ

) and a Gaussian kernel was used. The trained

models were evaluated against the test data set. After the model construction and evaluation, the derived
models were used to predict the global distribution of monthly N2 fixation rates with a 2° × 2° resolution.
Sparse and uneven distribution of observations, mismatch of observations with predictors, and
methodological biases (i.e., acetylene reduction assays, 15N2 gas addition, and dissolved 15N2 addition)
introduce noise in our estimates. A more detailed discussion of caveats, uncertainties, and future
improvements can be found in the supporting information (Bombar et al., 2018; Böttjer et al., 2016;
Cassar et al., 2018; Fernandez et al., 2011; Hamersley et al., 2011; Jickells et al., 2017; Landolfi et al., 2015;
Luo et al., 2014; Mohr et al., 2010; Monteiro et al., 2011; Mulholland, 2007; Paulsen et al., 2017; Ward
et al., 2013; Weber & Deutsch, 2014; Wilson et al., 2012). We tested the sensitivity of our estimates to the
limited number of observations used to train the RF and SVR models. To this end, we constructed in silico
100 additional N2 fixation data sets with the same size as the original data set using a bootstrap approach,
that is, randomly sampling N2 fixation data from the original data set with replacement. For each of these
100 reconstructed data sets, we conducted the same analyses as described above, deriving machine learning
models. The errors associated with the sparsity in observations are represented as the standard deviation of
the 100 bootstrap global N2 fixation maps (Figure S1 in the supporting information). Uncertainties can be
high, especially in regions where high N2 fixation rates were observed. This suggests that, in some regions,
the derived models are particularly sensitive to the training data. We also tested methodological biases by
training the machine learning algorithms using data from each incubation method individually. These
analyses show that estimates are also sensitive to the incubation method (Figure S2 in the supporting
information). For future projections, we used the environmental factors provided by MPI‐ESM‐LR from
CMIP5 under the Representative Concentration Pathway (RCP) 8.5 scenario to evaluate changes in N2

fixation rates estimated by RF and SVR from 2006 to 2100.

2.3. Outputs of N2 Fixation from Other Models

Multiple models estimate the global distribution of marine N2 fixation. Riche and Christian (2018)
underscored the large discrepancies among models, comparing five CMIP5 models and the UVic Earth
System Climate Model (CanESM2, MPI‐ESM‐LR, GFDL‐ESM2M, IPSL‐CM5A‐LR, CESM1‐BGC, and
UvicESCM). The first two models apply diagnostic relationships between N2 fixation and environmental
properties like excess phosphorus, temperature, and light, while the other models include prognostic
diazotrophic groups with nutrient limitations. N2 fixation in IPSL‐CM5A‐LR was scaled to balance
denitrification, which may have been overestimated (Séférian et al., 2013). We therefore rescaled N2

fixation in IPSL‐CM5A‐LR by 0.17 following Riche & Christian, 2018. In our comparisons, we included
models obtained from four additional studies: (1) Luo et al. (2014) derived estimates of global N2 fixation
based on a stepwise MLR between observed N2 fixation rates and predictors; (2) Landolfi et al. (2015)
combined resource competition theory and a coupled ecosystem‐circulation model to explain the high
N2 fixation rates in nitrogen‐rich waters of the North Atlantic but also provided a model for the global
ocean; (3) Jickells et al. (2017) evaluated the effects of atmospheric nitrogen deposition on marine N2

fixation using the output from the PlankTOM model (Buitenhuis et al., 2013; Le Quéré et al., 2005);
Finally, (4) Paulsen et al. (2017) incorporated a prognostic representation of diazotrophs in MPI‐ESM
to map marine N2 fixation. We also compare CMIP5 RCP 8.5 future projections of N2 fixation to our
two machine learning estimates under the assumption that the semiempirical relationships derived as
part of our study hold for the future. All the model outputs were reformatted to 2° × 2° latitude‐
longitude resolution.
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3. Results
3.1. Observations of Marine N2 Fixation and Relation to Environmental Properties

Observations of marine N2 fixation range from less than 0.1 to over 10,000 μmol N·m−2·day−1 with high rates
estimated in the western tropical Atlantic and tropical Pacific (Figure 1). Of the three methods commonly
used to measure N2 fixation rates, the 15N2 gas addition method has been applied throughout the global
ocean, while the updated dissolved 15N2 addition method is increasingly applied but mostly in the
Atlantic. The North Atlantic remains the most studied ocean basin while the Indian Ocean, the Arctic,
and the Southern Ocean are poorly explored, totaling less than 10 measurements.

Simple linear regressions reveal weak correlations between N2 fixation rates and environmental properties
although some are statistically significant (Figure 2 and Table 1). For instance, DOmin explains the highest
percentage of variance in the observed N2 fixation rates showing a negative correlation (R = −0.3, p < 0.01).
SST is positively correlated with N2 fixation rates (R = 0.2, p < 0.01). Other statistically significant predictors
include SSS, WS, P*, [Chl], and DIP.

3.2. Machine Learning Estimates

Compared to simple regressions or MLR, machine learning methods are expected to improve predictions
by better portraying nonlinearities between the predictors and the predictand. We evaluate the

Figure 2. N2 fixation rates versus environmental predictors. Is, WS, SST, PAR, and [Chl] are contemporaneous with N2 fixation observations, while SSS, nutrients,
DOmin, and MLD are monthly climatologies. The figure is color coded according to the density of observations (Eilers and Goeman (2004)). Is = surface downward
solar radiation; WS = surface wind speed; SST = sea surface temperature; PAR = photosynthetically available radiation; [Chl] = chlorophyll‐a concentration;
SSS = sea surface salinity; DOmin = minimum dissolved oxygen in 0–500 m; MLD = mixed layer depth; DIN = surface nitrate; DIP = surface phosphate.
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performance of our two machine learning algorithms with a test data set (Figure 3). Predicted and
observed N2 fixation rates generally converge onto the identity (1:1) line for both of our models. In
contrast, the stepwise MLR (R2 = 0.22) does not capture as much variance of N2 fixation as the
machine learning methods (Figure S3 in the supporting information). The machine learning methods
display biases at the lower (<1 μmol N·m−2·day−1) and upper (>1,000 μmol N·m−2·day−1) end of the
range. While this tends to flatten the geographical variability of N2 fixation, 89% of the N2 fixation
rates in the test data set lies between 1 and 1,000 μmol N·m−2·day−1. Over this range, the mean
absolute error is 2.61 μmol N·m−2·day−1, which is 22% (RF) and 25% (SVR) less than over the entire
test data set. Comparison of the seasonal climatology of modeled and observed N2 fixation rates at the
Hawaii Ocean Time series shows good agreement, suggesting that our models are able to capture the
seasonal cycle of N2 fixation in some regions (Figure S4 and videos in the supporting information).
Longitude, SSS, and DOmin were the most important input variables in RF training (Figure S5 in the
supporting information).

Global marine N2 fixation rates of 68 and 90 Tg N/year are estimated based on the RF and SVR models,
respectively. The Pacific Ocean contributes most to this global flux (see Table 2 and section 4). The two
machine learning models both predict high N2 fixation rates in the tropical Atlantic and in the western tro-
pical Pacific (Figure 4). In comparison, low N2 fixation rates are estimated in the subtropical North and
South Atlantic, with nonnegligible rates in temperate and polar regions. In these regions, the SVR model
predicts slightly higher N2 fixation rates than the RF model.

Figure 3. Comparison of observed and predicted N2 fixation rates for the test data set using (a) random forest and (b) sup-
port vector regression with data points color‐coded for density of observations. NF = N2 fixation rate.

Table 2
Estimated N2 Fixation Fluxes in the World's Oceans (Tg N/year)

Models North Atlantic South Atlantic North Pacific South Pacific Indian Ocean Global

RF (this study) 6.9 3.7 19.6 19.0 11.5 68
SVR (this study) 10.2 4.8 22.6 24.6 12.4 90
CanESM2 18.2 11.6 44.1 33.1 28.5 143
CNRM‐CM5 0.64 0.47 1.14 0.87 1.11 5
GFDL‐ESM2M 20.9 16.1 38.2 33.0 26 146
IPSL‐CM5A‐LR 9.4 11.6 36.5 29.6 12.4 106.4
MPI‐ESM‐LR 12.9 14.9 54.8 56.2 21.5 193
CESM1‐BGC 24.7 20.1 39.2 32.5 43.4 170
UvicESCM 30.5 16.3 84.9 90.0 55.0 303
Jickells et al. (2017) 27.4 13.9 51.7 30.5 21.4 164
Paulsen et al. (2017) 9 12.8 63.5 30.5 17.2 135.6
Landolfi et al. (2015) 35 4 34 21 40 134
Luo et al. (2014) 9.1 4.5 23 14 23 74
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4. Discussion
4.1. Environmental Controls on Marine N2 Fixation

In the study of Luo et al. (2014), DOmin, Is, and SST are found to be the best predictors of N2 fixation at
the global scale. DOmin might affect the extent of nitrogen loss in the water column leading to
conditions favorable for diazotrophy with an excess of phosphorus (P* > 0). Meanwhile, solar radiation
has been hypothesized to constrain the biogeography of diazotrophs in light of their large energy
requirement (Mahaffey et al., 2005). In contrast to Luo et al. (2014), we find that none of the properties
studied shows a strong correlation with N2 fixation rates (R2 < 0.1 for all the predictors in Table 1 and
Figure 2). This is the case even when applying the MLR approach of Luo et al. (2014). We attribute the
lower predictive power to the additional observations in our meta‐analysis further confounding the rela-
tion of N2 fixation to predictors. For example, low N2 fixation rates were recently observed in the east-
ern South Pacific despite the low DOmin and high P* (Knapp et al., 2016). In addition, organic matter as
a source of energy in heterotrophic N2 fixers may partially offset the light energy requirement (Rahav
et al., 2016), thereby broadening the potential niche of N2 fixation and weakening the correlation to sur-
face solar radiation or to SST. This is in line with the recent discovery of diazotrophs in colder waters
(Blais et al., 2012; Fernández‐Méndez et al., 2016). We also did not find significant correlations of N2

fixation rates to modeled Fe:N and P:N nutrient supply ratios or subsurface nutrient concentrations
(Figure S6 in the supporting information). Overall, these results challenge some of the traditional
assumptions of what regulates N2 fixation in the ocean. It also implies that simple regression analyses
may not capture the complex interplay of environmental factors regulating the distribution and magni-
tude of N2 fixation.

Figure 4. Global distribution of N2 fixation rates estimated by various models. Daily N2 fixation rates are calculated by summing monthly N2 fixation rates and
dividing by the number of days in a year. (a) RF (this study), (b) SVR (this study), (c) CanESM2, (d) CNRM‐CM5, (e) GFDL‐ESM2M, (f) IPSL‐CM5A‐LR,
(g) MPI‐ESM‐LR, (h) CESM1‐BGC, (i) UvicESCM, (j) Jickells et al. (2017), (k) Paulsen et al. (2017), (l) Landolfi et al. (2015), (m) Luo et al. (2014).
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4.2. Comparison Between Models

Our machine learning approaches and other models in the literature show substantial discrepancies in the
spatial distribution of N2 fixation rates (Figure 4). Below, we compare the model estimates for different
ocean basins.

Global oceans. Modeled global marine N2 fixation varies widely from 5 to more than 300 Tg N/year (Table 2).
Our RF and SVR model estimates of 68 and 90 Tg N/year are in line with others derived from upscaling of
field observations (Großkopf et al., 2012; Luo et al., 2012). We however note that our machine learning
results represent rough estimates of the magnitude of the global marine N2 fixation because we extend
our estimates to regions outside the range of values of the predictors. The North and South Pacific generally
contribute most to the global marine N2 fixation budget owing to their large surface areas. The majority of
models display relatively high N2 fixation in the tropics and subtropics, such as the western tropical
Atlantic and Pacific oceans (Figures 4 and 5a), in line with field observations (Bonnet et al., 2017;
Capone et al., 2005). The N2 fixation rates in temperate midlatitude regions simulated by many of the
models is supported by some studies (Needoba et al., 2007; Shiozaki et al., 2015) but will need to be further
investigated. Compared to the prognostic models, our two algorithms' estimates are more similar and more
in line with MPI‐ESM‐LR and Luo et al. (2014; Figures 4 and S7 in the supporting information). The mod-
els of Paulsen et al. (2017), UvicESCM and Landolfi et al. (2015) show the largest spatial heterogeneity,
while our two models display more spatially uniform N2 fixation, which may result from the flattening
of predictions as described above (i.e., underestimation [overestimation] of high [low] N2 fixation rates).
A comparison to field observations further illustrates the current difficulty in modeling N2 fixation
rates (Figure 5c).

Atlantic Ocean. The Atlantic Ocean, which is the most studied ocean basin (Figure 1), displays a small coef-
ficient of variation (CV) among models (Figure 5b). In contrast to the subtropical oceans, the equatorial
Atlantic is estimated to harbor intense N2 fixation rates, consistent with some of the field observations
and geochemical estimates (Marconi et al., 2017; Montoya et al., 2007; Snow et al., 2015). However, these
hot spots are not consistently identified in all models (e.g., Gulf of Guinea and northeast Atlantic with rela-
tively large CV). Some field observations report different extents of N2 fixation in the subtropical northeast
Atlantic (Benavides et al., 2011; Fonseca‐Batista et al., 2017), whichmay be attributed to differences in meth-
odologies, sampling time, and heterogeneous distribution of N2 fixation. Many models estimate comparable

Figure 5. (a) Mean distribution of N2 fixation calculated based on averaging the 13 model estimates shown in Figure 4. (b) Coefficient of variation (CV) in N2 fixa-
tion estimated by the different models. (c) Taylor diagram of N2 fixation rates (logarithmic scale) estimated by different models with observations as the
reference value. Dashed blue and dotted green lines represent the correlation and centered root‐mean‐square difference (RMSD) between observations and other
estimates, respectively. Solid black lines, the radial distance from the origin, represent the standard deviation of the spatial distribution estimated by each
model, with lower values indicating less spatial variability. Note that the observed and simulated N2 fixation are not well temporally matched when only annually
averaged N2 fixation rates from models are available. a‐m represent models with the alphabetical order shown in Figure 4.
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levels of N2 fixation in the South and North Atlantic (e.g., MPI‐ESM‐LR in Figure 4 and Table 2), in line with
the recent study of Fonseca‐Batista et al. (2017).

Indian Ocean. In contrast to the Atlantic Ocean, the Indian Ocean has received much less attention which
makes it difficult to evaluate the different models. Amajority of themodels consistently (i.e., low CV) display
significant N2 fixation across the entire ocean basin. Conversely, the limited number of measurements cur-
rently available depict a heterogeneous distribution of N2 fixation (Shiozaki et al., 2014), with some hot spots
near the coastal Arabian Sea (Ahmed et al., 2017; Gandhi et al., 2011; Kumar et al., 2017). Somemodels (e.g.,
MPI‐ESM‐LR, CESM1‐BGC and Landolfi et al. (2015)) display significant N2 fixation rates in the northern
Indian Ocean where high denitrification rates are associated with the oxygen minimum zone (Ward et al.,
2009). In contrast, our two models predict a more homogeneous N2 fixation distribution annually but with
strong seasonal variations (videos in the supporting information). The RF model predicts high N2 fixation in
the western Indian Ocean near Madagascar Island in austral summer, which is supported by some observa-
tions (Poulton et al., 2009).

Pacific Ocean. Noticeable discrepancies in models are observed in the Pacific Ocean. On one end of the spec-
trum are models simulating elevated N2 fixation rates close to the eastern boundary, as expected should
there be a coupling between nitrogen inputs and losses (GFDL‐ESM2M, MPI‐ESM‐LR, and Deutsch et al.,
2007). On the other end of the spectrum are models exhibiting low rates around the equator flanked by
higher rates in subtropical waters (CanESM2, UvicESCM, Paulsen et al., 2017, and Landolfi et al., 2015).
N2 fixation in some of the models are parameterized to be inhibited by high nitrate concentration, leading
to estimates of low rates in the upwelling regions of the eastern Pacific. The remaining models show some
combination of the above and/or more complicated distributions. For example, CESM1‐BGC displays low
N2 fixation rates in a large portion of the eastern Pacific but increasing N2 fixation rates westward. Knapp
et al. (2016) suggested Fe availability limits diazotrophy in the eastern tropical South Pacific (ETSP).
However, Löscher et al. (2016) measured high N2 fixation signals in anticyclonic eddies in the ETSP espe-
cially when accounting for N2 fixation in the aphotic zone. Our semiempirical approach, which includes
the data sets of Knapp et al. (2016) and Löscher et al. (2016), shows high N2 fixation during some seasons
(e.g., austral summer) but midrange annual N2 fixation rates in the ETSP. More observations of Fe supply
and concentration in the eastern Pacific and a better representation of Fe in Earth systemmodels will poten-
tially improve the simulation of N2 fixation in this region.

Polar oceans. Not too surprisingly, there is a large level of disagreement between models (i.e., high CV) in N2

fixation rates in polar oceans (Figures 4 and 5). While many models confine N2 fixation to tropical and sub-
tropical areas (e.g., UviESCM, Paulsen et al., 2017; Landolfi et al., 2015), others show substantial N2 fixation
in colder waters such as in the Southern Ocean, subpolar Pacific, and Arctic Ocean (MPI‐ESM‐LR; Jickells
et al., 2017; and Deutsch et al., 2007). We extrapolate our machine‐learning estimates to polar regions with
the caveat that they are particularly tenuous because they are outside the range of observations used to train
the models. The estimated N2 fixation rates based on the RF and SVRmodels are low but not negligible. This
is in line with recent observations that suggest that N2 fixation may not be confined to warm and nutrient‐
poor waters (Blais et al., 2012; Shiozaki et al., 2017). UCYN‐A has recently been found in cold waters
(Harding et al., 2018; Shiozaki et al., 2018), and N2 fixation could provide as much as 3.5 Tg N/year to the
Arctic Ocean (Sipler et al., 2017). Differences between model simulations may be attributed to the parame-
terization of the types of diazotrophs in the models. For example, using Trichodesmium as a model organism
limits diazotrophy to warm waters (Paulsen et al., 2017). In contrast, the biogeography of N2 fixation is
extended to extratropical regions in models based on geochemical proxies such as the supply of excess phos-
phorus (Deutsch et al., 2007). Additional measurements in temperate and polar regions and a better model
representation of the large diversity in diazotrophic ecophysiologies (in addition to Trichodesmium) should
help resolve some of these models' discrepancies.

4.3. Future Projections of N2 Fixation

Since nitrogen, carbon, and climate are tightly coupled (Falkowski, 1997; Falkowski et al., 1998; Gruber &
Galloway, 2008), improved simulation of N2 fixation is critical in assessing future climate. Over the next cen-
tury, a multitude of factors known to affect N2 fixation are expected to change, including SST, CO2, pH, O2

levels, and many other known and yet‐to‐be determined factors (Stocker et al., 2013). While our
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understanding of how these multiple stressors impact the model organism Trichodesmium is improving
(Hong et al., 2017; Jiang et al., 2018), we now also realize that differences between ecotypes, strains, and
species can be significant (Hutchins et al., 2013). The challenge is to estimate how these potentially
interactive regulating factors will evolve and how they may influence the broad spectrum of N2 fixers
with their distinct niches. Within this context, it is not surprising to observe substantial differences in
future projections of marine N2 fixation and its contribution to export production. Differences in
projections under RCP8.5 based on our machine learning methods, CMIP5, and UvicESCM models are
presented in Figure 6. While all CMIP5 models under RCP 8.5 experiments project an average 13%
decrease in export production under a warming world (Figure 6b), the magnitude and sign of the change
in N2 fixation varies between models, further highlighting the difficulty in simulating N2 fixation,
especially under a changing climate. Several models project moderate (4–11%; RF, SVR, CNRM‐CM5, and
UvicESCM) to substantial (33%; CanESM2) rise in marine N2 fixation by year 2100. In contrast, other
models simulate quasi status quo (GFDL‐ESM2M) or a decline in N2 fixation (MPI‐ESM‐LR, IPSL‐CM5A‐
LR, and CESM1‐BGC). The large uncertainties in N2 fixation estimates also lead to substantial variations
in the estimated contribution of N2 fixation to export production, albeit with four models converging on
~12% by year 2100 (Figure 6c).

5. Conclusion

Based on an updated meta‐analysis, we found that no single environmental factor can effectively predict
marine N2 fixation at the global scale, suggesting that N2 fixation may be regulated by an interplay of envir-
onmental factors. In light of this, we modeled the marine distribution of N2 fixation by training two
machine‐learning algorithms with multiple environmental predictors. While the RF and SVR estimates of
global N2 fixation of 68–90 Tg N/year are in line with previous estimates, the predicted biogeographies are

Figure 6. Projections of (a) N2 fixation rates, (b) export production, and (c) contribution of N2 fixation to export production under the Representative Concentration
Pathway 8.5 scenario. NF = N2 fixation rate; EP = Export production.
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distinctly different from other simulations. The disagreement between the semiempirical and the process‐
based models and the sensitivity to the training data sets indicates that current observations may not fully
capture the variability in N2 fixation and/or that we have a poor grasp of the regulating factors. This is in line
with the parallel realization that diazotrophs are more diverse and widespread than originally thought
(Delmont et al., 2018; Shiozaki et al., 2018). Estimating current and futuremarine N2 fixation remains a chal-
lenge which may be best addressed with a multipronged approach, combining improved measurement
methods, physiological studies, satellite estimates, expanded observations in undersampled regions, and
refined models.
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