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Abstract To investigate the controls on N2 fixation and the role of the Atlantic in the global ocean’s fixed
nitrogen (N) budget, Atlantic N2 fixation is calculated by combining meridional nitrate fluxes across World
Ocean Circulation Experiment sections with observed nitrate 15N/14N differences between northward and
southward transported nitrate. N2 fixation inputs of 27.1 ± 4.3 Tg N/yr and 3.0 ± 0.5 Tg N/yr are estimated
north of 11°S and 24°N, respectively. That is, ~90% of the N2 fixation in the Atlantic north of 11°S occurs south
of 24°N in a region with upwelling that imports phosphorus (P) in excess of N relative to phytoplankton
requirements. This suggests that, under the modern iron-rich conditions of the equatorial and North Atlantic,
N2 fixation occurs predominantly in response to P-bearing, N-poor conditions. We estimate a N2 fixation rate
of 30.5 ± 4.9 Tg N/yr north of 30°S, implying only 3 Tg N/yr between 30° and 11°S, despite evidence of
P-bearing, N-poor surface waters in this region as well; this is consistent with iron limitation of N2 fixation in
the South Atlantic. Since the ocean flows through the Atlantic surface in<2,500 years, similar to the residence
time of oceanic fixed N, Atlantic N2 fixation can stabilize the N-to-P ratio of the global ocean. However, the
calculated rate of Atlantic N2 fixation is a small fraction of global ocean estimates for either N2 fixation or fixed
N loss. This suggests that, in the modern ocean, an approximate balance between N loss and N2 fixation is
achieved within the combined Indian and Pacific basins.

1. Introduction

The potential for temporal changes in the size of the oceanic reservoir of biologically available (or “fixed”) N
has been debated for decades, attracting interest in part because such changes could significantly affect the
biological fertility of the ocean and its role in the global carbon cycle and atmospheric CO2 change. N2 fixa-
tion by marine diazotrophs is the dominant fixed N input to the ocean (Gruber, 2004), such that it exerts an
important potential control on the variability of the oceanic fixed N reservoir. Previous work has provided
conflicting views of oceanic N2 fixation, proposing variously that N2 fixation is controlled by physical condi-
tions (Carpenter & Price, 1976), iron (Falkowski, 1997; Moore et al., 2009), or “excess” P (P in excess of N relative
to the typical demands of plankton, quantifiable as P*, defined as [PO4

3�]-[NO3
�]/16) (Deutsch et al., 2007;

Knapp et al., 2012; Monteiro, Dutkiewicz, & Follows, 2011; Sanudo-Wilhemly et al., 2004; Straub et al.,
2013). The question of what controls N2 fixation has received additional interest due to the suggestion that
the global ocean rate of N2 fixation is far lower than that of denitrification, the main sink for oceanic fixed N
(Brandes & Devol, 2002; Codispoti, 2007; Codispoti et al., 2001), which implies that the global ocean’s N
budget is out of balance.

The spatial distribution of N2 fixation in the modern ocean provides insight into the parameters that control
it, which has motivated the effort to identify regions of highest N2 fixation (Capone et al., 1998; Carpenter &
McCarthy, 1975; Carpenter & Price, 1977; Carpenter & Romans, 1991; Dugdale et al., 1964; Montoya et al.,
2002). Developing robust estimates of the regional rate and distribution of N2 fixation from “direct” shipboard
incubations is complicated by the inherent spatial and temporal variability of this biological process as well as
by the challenge of simulating oceanic conditions in incubations. For these reasons, biogeochemical
properties of ocean water have become important as integrative measures of N2 fixation as well as of other
N fluxes. Deviations from the canonical “Redfield” nitrate concentration-to-phosphate concentration
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([NO3
�]-to-[PO4

3�]) relationship driven by assimilation and remineralization have been used to study the
rates and magnitudes of both N2 fixation and denitrification. Regional rates of N2 fixation have been derived
by combining spatial variations in the [NO3

�]-to-[PO4
3�] relationship (often expressed using N*, defined as

[NO3
�] � 16 × [PO4

3�] + 2.9 μmol/kg; Gruber & Sarmiento, 1997) with measures of the rate of ocean circula-
tion (Gruber & Sarmiento, 1997; Hansell et al., 2004, 2007; Michaels et al., 1996). While this application of nutri-
ent concentration data is powerful, it has limitations. First, deviations from the Redfield [NO3

�]-to-[PO4
3�]

relationship may not always be due to N inputs or losses, arising instead from variations in the stoichiometry
of nutrient uptake and remineralization (Martiny et al., 2013; Mills & Arrigo, 2010; Weber & Deutsch, 2010,
2012). Second, [NO3

�]-to-[PO4
3�] ratio signals of N2 fixation and N loss can erase each other if they occur

in the same regions or if their host waters are mixed in a way that cannot be reconstructed.

The N isotopes of nitrate provide a complementary geochemical approach for reconstructing regional rates
of N2 fixation (e.g., Knapp et al., 2008). Newly fixed N has a δ15N that is similar to that of atmospheric N2 (~�2
to 0‰, Carpenter et al., 1997; Delwiche et al., 1979; Hoering & Ford, 1960; Minagawa & Wada, 1986; δ15N
(‰) = {[(15 N/14 N) sample/(

15N/14N)reference] � 1} × 1,000, where the reference is atmospheric N2). In contrast,
deep ocean NO3

� has a mean δ15N of ~5‰, due to isotopic fractionation during water column denitrification
(Brandes & Devol, 2002). Regionally, the addition of newly fixed N, followed by its export as organic N into the
subsurface, remineralization to ammonium, and nitrification to nitrate, should lower the δ15N of nitrate in the
ocean interior. Indeed, there is evidence for ingrowth of low-δ15N nitrate into the thermocline waters of both
the North Atlantic (Bourbonnais et al., 2009; Karl et al., 2002; Knapp et al., 2008, 2005; Marconi et al., 2015) and
the North Pacific (e.g., Casciotti et al., 2008; Liu et al., 1996; Sigman et al., 2009; Wong et al., 2002), which is
qualitatively consistent with the large-scale patterns in N* that suggest either local or regional inputs from
N2 fixation.

Estimating the rate of N2 fixation from a geochemical tracer, whether N* or nitrate δ15N, requires information
on ocean circulation and exchange between water parcels. Gruber and Sarmiento (1997) used tritium/helium
ages to estimate North Atlantic N2 fixation from N* gradients along isopycnals. As an alternative approach,
numerical models of ocean circulation have been used to convert N* and/or nitrate δ15N measurements into
estimates of the rate and spatial distribution of N2 fixation (Coles & Hood, 2007; Deutsch et al., 2007, 2004;
DeVries et al., 2013; Eugster & Gruber, 2012; Knapp et al., 2008).

Here we use recently produced nitrate δ15N depth sections to reconstruct the north/south distribution of N2

fixation for much of the Atlantic Ocean. Our constraint on ocean circulation comes from calculations of trans-
port across zonal hydrographic sections of the World Ocean Circulation Experiment (WOCE) (Ganachaud,
2003). The premise is that without the addition of newly fixed N to the Atlantic, the nitrate δ15N of newly
formed North Atlantic Deep Water (NADW) would be high (~5.7‰) due to the high nitrate δ15N of northward
flowing Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) that represent the domi-
nant feed water for NADW (Marconi et al., 2015). However, the δ15N of nitrate in NADW and its immediate
North Atlantic source region are not elevated relative to the global mean, indicating that the high nitrate
δ15N of SAMW and AAIW are overprinted by the addition of low-δ15N nitrate. Thus, the lower δ15N of nitrate
being transported southward (mainly as NADW) relative to that being transported northward across each
WOCE section is interpreted to result from N2 fixation occurring north of the section (Figure 1).

2. Methods
2.1. Nitrate Isotope Data Sets

The δ15N of northward and southward transported nitrate at five zonal WOCE sections (A10, A8, A6, A5, and
A2) is estimated using nitrate δ15N data measured along four different transects of the Atlantic Ocean
(Figure 2): CLIVAR A16N (this study; Marconi, 2017), U.S. GEOTRACES (GA03) (Marconi et al., 2015),
CoFeMUG (http://www.bco-dmo.org/dataset/630246/data), and South Atlantic MOC Basin-wide Array
(SAMBA) (Ansorge et al., 2014; Campbell, 2016). For all of these transects, water samples were analyzed for
nitrate δ15N using the “denitrifier method” (Casciotti et al., 2002; McIlvin & Casciotti, 2011; Sigman et al.,
2001; Weigand et al., 2016). The nitrate δ15N data along the A16N transect used for the calculations described
in this section will be provided to the Biological and Chemical Oceanography Data Management Office
upon publication.
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The data set along the A16N transect is the starting point for our
calculations (Figure 2, black line; Figure 3). This meridional transect
was sampled in 2013 and extends from south of Iceland to 6°S in the
tropical Atlantic, providing cross points with four different WOCE
sections (A2 at 48°N, A5 at 24°N, A6 at 7.5°N, and A8 at 11°S; Figure 2,
open circles “cross-station approach”). A16N stations within 2° of
latitude of each WOCE section are used in our calculations, with the
exception of A8, for which the southernmost A16N stations are used.
All cross points are located in the central or central eastern Atlantic,
with longitudes between 20°W and 27°W.

The GA03 section used with WOCE A5 (Marconi et al., 2015) and the
CoFeMUG section used with WOCE A8 represent nitrate δ15N sections
that are more zonal but lower in depth resolution (Figures 2, 3b, and
3c). These transects allow for calculations analogous to those using
A16N but with different cross points (Figure 2, grey circles). Moreover,
GA03 and CoFeMUG data are used to directly compare the cross-
station approach with calculations that include the observed zonal
gradients in nitrate δ15N (“section approach”).

Unlike for the other zonal transects, the calculations performed with
SAMBA nitrate δ15N data do not test the A16N-based calculations.
The SAMBA transect, completed in 2015, extends from 0 to 17°E at
34.5°S, being the only data set of this work to provide nitrate δ15N data
near the location of WOCE section A10 (30°S) (Figure 2 and supporting
information Figure S1). This boundary permits a preliminary calculation

Figure 1. The δ15N of nitrate and sinking organic N associated with the meridional components of ocean circulation in the
Atlantic basin. The circulation approximately balances water masses flowing northward at intermediate and abyssal depths
(AAIW + SAMW and Antarctic BottomWater (AABW), respectively) and NADW flowing southward at deep levels. The colors
highlight the δ15N changes that nitrate undergoes along the circulation (blue, high δ15N; yellow, low δ15N). Wavy arrows
indicate the rain of organic matter and its remineralization. Partial nitrate consumption by Southern Ocean phytoplankton
elevates the δ15N of the nitrate entering the South Atlantic in AAIW + SAMW and weakly lowers the δ15N of AABW; the
former dominates, yielding a high δ15N for nitrate flowing northward. N2 fixation in the Atlantic prevents NADW nitrate
from inheriting this high δ15N (Marconi et al., 2015). The fraction of newly fixed nitrate in southward flowing waters (NADW)
is calculated using a nitrate isotopic mass balance (box with dashed outline; see text).

Figure 2. Field observations used in this work to calculate the δ15N of
northward- and southward-transported nitrate at five WOCE sections (A2 at
48°N, A5 at 24°N, A6 at 7.5°N, and A8 at 11°S; red lines). The meridional A16N
transect extends from south of Iceland to 6°S in the tropical Atlantic and yields
cross points with four WOCE sections (white-filled circles). Zonal sections
associated with U.S. GEOTRACES (GA03) (Marconi et al., 2015), CoFeMUG (CFM)
(http://www.bco-dmo.org/dataset/630246/data), and the South Atlantic MOC
Basin-wide Array (SAMBA) (Campbell, 2016) provide additional cross points with
three WOCE sections (A5, A8, and A10; grey-filled circles). At WOCE A5, A8, and
A10, the δ15N of northward and southward transported nitrate is also calculated
via two additional approaches (“section” and “semisection” methods), using all
stations from GA03, CoFeMUG, and SAMBA zonal transects (grey lines).
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of the N2 fixation rate in the Atlantic as a whole and allows the N2 fixation rates from northward of 11°S to be
assessed relative to that estimate. We refer below to the SAMBA analysis as using a “semisection approach,” in
that data are used from across this section, but the section does not cross the basin and does not exactly
overlap with WOCE A10.
2.1.1. Calculations
Our calculations use horizontal volume transports at each WOCE section, estimated for 17 or 18 neutral den-
sity intervals (“density classes”) by Ganachaud and Wunsch (2000) and Ganachaud (2003) (http://www.legos.
obs-mip.fr). In the A16N-based cross-station approach, volume-mean nitrate concentration and δ15N for each
density class are calculated from the A16N stations at the cross points. These values are combined with the
transports to yield the nitrate concentration and δ15N of total northward and southward flows (supporting
information section S1.1). In order to calculate the N2 fixation rate north of each section, we assume that
the nitrate in the southward flow (Nsw, the concentration of nitrate in southward flowing water) is a mixture
of (a) newly fixed nitrate with a δ15N (δ15Nfix) of�1 ± 1‰ and (b) nitrate with the same δ15N as that of nitrate
in the northward flow (δ15Nnw) (Figure 1). The rationale for (b) is that the fraction of Nsw that is not newly fixed
N is nitrate that had previously crossed the section from the south and was either recirculated or underwent
cycles of consumption and remineralization to be converted into regenerated nitrate, in either case conser-
ving its δ15N, δ15Nnw. By defining Xfix as the fraction of Nsw that originates from newly fixed N, we can write
the following mass balance equation:

Nsw�δ15Nsw ¼ Xfix�Nsw�δ15Nfix þ 1� Xfixð Þ�Nsw�δ15Nnw (1a)

From equation (1a), we derive Xfix, the fraction of Nsw that was fixed north of the section rather than having
entered that region by circulation from the south:

Figure 3. Depth sections of (left column) nitrate concentration and (right column) δ15N from three data sets used in this
work. (top row) The data from the meridional A16N transect are displayed versus latitude. (middle and bottom rows)
The data from the zonal GA03 and CoFeMUG (CFM) sections are shown versus longitude.
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Xfix ¼ δ15Nsw � δ15Nnw
� �

= δ15Nfix � δ15Nnw
� �

(1b)

The rate of N2 fixation (Nfix) north of the section is then obtained by multiplying Xfix by the total
southward transport:

Nfix ¼ Xfix�Nsw�Svswð Þ (1c)

The calculations performed combining nitrate concentration and nitrate δ15N data from the A16N transect
and transports from WOCE sections A8, A6, A5, and A2 are summarized in Table 1. The rate of N2 fixation
in the domain north of each WOCE section is given by the calculation for each section. The rate of N2 fixation
for a region between adjacent WOCE sections is calculated by subtracting the rate north of the northern
boundary from the rate north of the southern boundary of the region.

For the rate of N2 fixation north of each WOCE section calculated using the cross-station approach, averages
and uncertainty intervals include three sources of uncertainty: (1) the δ15N of newly fixed N, (2) the calculated
transports, and (3) the use of nitrate concentration data from cross stations instead of full sections (Table 1
and supporting information Table S1 and Figure S2). First, to address the uncertainty in the δ15N of newly
fixed N from N2 fixation, the rate is also calculated assigning values of 0‰ and �2‰ to the δ15N of newly
fixed N (δ15Nfix) in order to account for the range of values suggested by field and culture data on open ocean
diazotrophs (Carpenter et al., 1997; Delwiche et al., 1979; Hoering & Ford, 1960). The uncertainty in δ15Nfix

introduces an uncertainty in the N2 fixation rate estimates of roughly ±15% of the calculated rate. While non-
trivial at the quantitative level, it influences neither the spatial pattern in N2 fixation estimates nor the key
findings from the comparison of our calculated rates to estimates of the global ocean rate of N2 fixation.
Second, as one approach to address uncertainty in the calculated transports, the last step of our calculations
(Xfix × Nsw × Svsw) is repeated replacing the total transport of the southward flow (Svsw) with the total trans-
port of the northward flow (Svnw). Third, as a first investigation of the error associated with using cross sta-
tions as opposed to full parallel sections for the biogeochemical data, the rates of N2 fixation obtained are
recalculated using WOCE nitrate concentration data from the full WOCE section instead of A16N measure-
ments at the cross stations.

While the use of a single meridional section of nitrate isotopes (i.e., A16N) is beneficial from the perspective of
consistency between the analyses at the different WOCE sections, a corresponding weakness is its reliance on
data from a single longitude. Within the same density level, the nitrate δ15N of A16N samples at those stations
is taken as representative of the nitrate δ15N across each WOCE zonal section. This assumption is reasonable
given the general observation that both the concentration and δ15N of nitrate change most strongly as a
function of latitude and density interval rather than longitude in the Atlantic (Figure 3). Nevertheless, to

Table 1
δ15N of Northward- and Southward-Transported Nitrate and Calculated Rates of N2 Fixation

WOCE section Method
δ15N (nwa) δ15N (swb) N2 fix. rate

c

(‰ versus air) (‰ versus air) (Tg N/yr)

A2 (48°N) A16N cross station (20°W) 4.82 4.81 0.4 ± 0.5
A5 (24°N) A16N cross station (27°W) 4.94 4.84 3.0 ± 0.5

GA03 cross station (40°W) 4.86 4.82 1.2 ± 0.2
GA03 averaged section 5.05 4.85 5.4 ± 1.0
GA03 resolved section 5.03 4.83 5.4 ± 1.0

A6 (7.5°N) A16N cross station (27°W) 5.34 4.84 12.2 ± 2.6
A8 (11°S) A16N cross station (25°W) 5.78 4.99 27.1 ± 4.3

CoFeMUG cross station (25°W) 5.84 4.97 30.4 ± 5.1
CoFeMUG averaged section 5.84 5.01 29.4 ± 5.0
CoFeMUG resolved section 5.84 5.01 29.1 ± 4.9

A10 (30°S) SAMBA semisection 5.81 5.04 30.5 ± 4.9

aNorthward. bSouthward. cAverage plus/minus one standard deviation.
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test the robustness of the calculations, the fluxes obtained using A16N
data are recalculated for WOCE A5 at 24°N and A8 at 11°S using nitrate
δ15N data from the GA03 section (Marconi et al., 2015) for A5 and the
CoFeMUG section (http://www.bco-dmo.org/dataset/630246/data) for
A8. Two sets of alternative calculations are performed (Table 1). The
first alternative is identical to the cross-point approach taken above,
except that the cross points of the GA03 and CoFeMUG transects with
WOCE sections A5 and A8 are at different locations than with A16N
(Table 1). The cross point of GA03 with A5 has the same latitude
(24°N) but a more westerly longitude (~40°W) than its analogue for
A16N (~27°W). The cross point of CoFeMUG with WOCE A8 has the
same longitude as its analogue for A16N (25°W); however, its latitude
is farther south (11°S), at the same latitude of A8, unlike the southern-
most data used from A16N (6°S) (Figure 2).

The second set of alternative calculations includes two additional tests
to evaluate the impact of zonal gradients in nitrate concentration and
δ15N that are not addressed by the cross point calculations. In these
exercises, the nitrate concentration and δ15N of the density classes of
A5 and A8 are recalculated using all the stations of the GA03 and the
CoFeMUG zonal transects (“averaged section” and “resolved section”
approaches in Table 1). In the case of the averaged section approach,
the calculations are identical to those of the cross-station approach,
except that nearly all of the nitrate concentration and δ15N data from
the GA03 and CoFeMUG transects are used (all black points in the
GA03 and CoFeMUG panels of Figure 3 are included in the calculations).
In addition to taking advantage of this larger data set of observations,
the resolved section approach correlates the zonal variations in esti-
mated transport with the zonal variations in nitrate concentration
and δ15N. In this case, the available zonal resolution in nitrate concen-
tration and δ15N is paired with the same zonal resolution in the calcu-
lated transport of density classes from the relevant WOCE section.
With this pairing, the nitrate concentration and δ15N assigned to each
density class are weighted according to the longitudes in the WOCE
section with more rapid transport (supporting information section
S1.1). In both section approaches, samples used to calculate the
volume-mean nitrate concentration and δ15N in each density class span

approximately the same range in longitude as the transport data from WOCE sections A5 and A8 (from 18°W
to 70°W for GA03 and from 12°E to 30°W for CoFeMUG).

3. Results

The results of N transports and N2 fixation rates calculated using the A16N cross stations are shown in
Figure 4a. The results of section approaches with GA03 and CoFeMUG as well as the semisection approach
with SAMBA are shown in Figure 4b. The entire suite of calculations performed in this study, including the
analyses with the GA03 and CoFeMUG data using both the cross station and section approaches, is listed in
Table 1.

3.1. δ15N of Nitrate Transported Across WOCE Sections

From the analysis of cross points of A16N with WOCE sections A2, A5, A6, and A8, the δ15N of northward-
transported nitrate declines northward from 5.8‰ at 11°S (A8) to 4.8‰ at 48°N (A2) (blue numbers in
Figure 4a). Most of the decline has occurred by 24°N (4.9‰ at A5). The δ15N of southward flowing nitrate
changes far less, with a value of 4.8‰ for all but the southernmost WOCE section A8, at which it is 5.0‰
(red numbers in Figure 4a). Accordingly, the nitrate δ15N difference between southward and northward flow
is greatest for the two southernmost sections, where northward transported nitrate δ15N is higher than

Figure 4. The δ15N of northward- and southward-transported nitrate calculated
at the WOCE sections (blue and red numbers, respectively) and distribution of
reconstructed N2 fixation rates for the Atlantic. Black numbers (with arrows)
indicate the total N2 fixation rate calculated north of WOCE sections, while green
numbers indicate the N2 fixation rate between two adjacent WOCE sections (in
units of 1012 g (teragram, Tg) N per year). (a) The δ15N of transported nitrate and
the N2 fixation rates calculated using the A16N data with the cross-station
method. (b) The δ15N of transported nitrate and N2 fixation rates calculated with
GA03, CoFeMUG (CFM), and SAMBA data using the section and the semisection
methods.
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southward transported nitrate δ15N (A16N cross-station approach in Table 1). The addition of SAMBA and
WOCE A10 at 30°S yields the same nitrate δ15N for northward and southward transport and therefore the
same δ15N difference between northward and southward flow as observed at 11°S (respectively, 5.8‰,
5.0‰, and 0.8‰; Table 1 and Figure 4b).

The calculations usingWOCE instead of A16N nitrate concentration data yield no change in the δ15N of north-
ward and southward flows for A6 and A8 (supporting information Table S1). The results for A2 and A5 are
similar but not identical, with slightly higher δ15N for the northward flow compared to the case where
A16N nitrate concentration is used for the calculations (4.9‰ instead of 4.8‰ at A2 and 5.0‰ instead of
4.9‰ at A5). Using the GA03 data at A5 (24°N) or the CoFeMUG data at A8 (11°S) for the cross-point analysis
does not change the δ15N of the northward or southward flows at either section (Table 1 and Figure 4). Thus,
the exact longitude of the cross station does not appear to be a major source of uncertainty. If the full section
nitrate δ15N data from the GA03 zonal transect are used at A5 (24°N), the nitrate δ15N of the northward flow is
0.1‰ higher than in the cross-point analysis with either A16N or GA03 (5.0‰; Table 1 and Figure 4b). We
suspect that this difference is due to the extent of the meridional domain of the GA03 transect (from 17°N
in the east to 39°N in the west; Figure 2). This wide latitude range impacts our calculation because the
δ15N of nitrate in northward flowing SAMW- and AAIW-derived water rapidly declines toward the north
(Figure 3). The inclusion of GA03 stations south of 24°N (to the east of the crossing with A5) drives the
~0.1‰ difference in δ15N of the northward flow. Because the water south of 24°N is relatively nitrate-rich, this
effect may be only partially compensated for by the low-δ15N nitrate of GA03 stations from relatively nitrate-
poor waters north of 24°N (to the west of the crossing with A5). In support of this interpretation of the
difference between the cross station and section approaches for WOCE A5, the averaged and resolved
section analysis with the CoFeMUG transect, which is more zonal than GA03 (Figure 2), yields results for
the δ15N of nitrate in northward and southward flowing water of WOCE A8 that are identical to those for both
A8 cross-station analyses (Table 1).

3.2. N2 Fixation Rates

The rate of N2 fixation for the equatorial and North Atlantic is represented by the N2 fixation rate north of A8
(11°S), which we calculate from the A16N data with the cross-station approach to be 27 Tg N/yr (Table 1; black
number and arrow left of WOCE section A8 in Figure 4a). The results of the A16N cross-point analyses indicate
that most of the N2 fixation north of 11°S (~90%) is focused in the equatorial Atlantic and the tropical North
Atlantic (14 Tg N/yr between A8 at 11°S and A6 at 7.5°N and 10 Tg N/yr between A6 at 7.5°N and A5 at 24°N),
with a small fraction of the total (~10%) occurring in the subtropical North Atlantic (3 Tg N/yr between A5 at
24°N and A2 at 48°N). Our calculations also indicate that no N2 fixation occurs north of 48°N (A16N cross-
station approach estimate given in Table 1 and Figure 4a).

The distribution of N2 fixation calculated using the cross-point approach with GA03 and CoFeMUG yields very
similar results (Table 1). The N2 fixation rate north of A8 at 11°S is calculated to be 30 Tg N/yr (Table 1), only
3 Tg N/yr higher than that calculated from the A16N cross point. The calculated N2 fixation rate north of 24°N
is 2 Tg N/yr lower than that calculated with the A16N cross point (1 Tg N/yr as opposed to 3 Tg N/yr). Overall,
using the cross-point approach, the GA03 and CoFeMUG data suggest slightly stronger focusing of N2

fixation in the equatorial and tropical North Atlantic than do the A16N data.

The results of the averaged and resolved section approaches are remarkably consistent with the cross point-
based calculations, with the section approach suggesting a slightly higher rate of N2 fixation north of 24°N
than do the cross-point approaches (Table 1). Given the significant latitude range of GA03, which contrasts
with the lack of latitude range in WOCE A5, we suspect that the cross-point results are more accurate. In
general, all of the data sets and approaches studied here yield quite similar estimates of N2 fixation rate.

The N2 fixation rate calculated for the whole Atlantic basin based on WOCE A10 and SAMBA is 30.5 Tg N/yr
(Figure 4b), only ~1 Tg N/yr higher than that calculated north of 11°S (CoFeMUG averaged section).
Stoichiometric approaches have also suggested that N2 fixation rates in the South Atlantic are modest or
minor (Deutsch et al., 2007; Moore et al., 2009; Sohm et al., 2011). The specific eastern South Atlantic region
sampled by SAMBA is particularly important for the communication of the Atlantic with the rest of the global
ocean (Biastoch et al., 2008; Dencausse et al., 2010; Gordon, 1986). Nevertheless, it will be important to test
this interpretation with additional nitrate isotope data near WOCE A10.
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4. Interpretation and Discussion
4.1. Uncertainties

One obvious source of uncertainty in using the transport data across the WOCE zonal sections to calculate

N2 fixation rates for the Atlantic is that the estimated transports have substantial errors and incompletely
characterized temporal variability. In previous work, net transports of nitrate or N* were used to estimate

N2 fixation rates for the Atlantic based on differencing the southward and the northward gross transports.
The uncertainties in the gross transports rendered their small difference extremely uncertain in a propor-

tional sense, and therefore, the N2 fixation estimates based on this difference were too uncertain to be infor-
mative (Ganachaud & Wunsch, 2002). In our approach, the fraction of newly fixed nitrate is first calculated

from the difference in δ15N (not in rate) between the nitrate transport northward and southward (equa-
tion (1b); see also Figure 1). The fraction of newly fixed nitrate in southward flowing waters is then multiplied

by the gross southward flux to obtain the rate of N2 fixation north of each section (equation (1c)). Our cal-
culations, therefore, have uncertainties related to the gross meridional transports across zonal sections, not
the small and proportionally uncertain difference between southward and northward transports.

Water column denitrification markedly raises nitrate δ15N (Cline & Kaplan, 1975), such that estimating N2

fixation with the nitrate isotopes in regions with significant rates of water column denitrification requires
accounting for its isotopic impact (e.g., Sigman et al., 2005). In the Atlantic, this aspect represents a minor
source of uncertainty due to the lack of significant rates of water column denitrification. As a first line of
evidence for this lack, the oxygen minimum zones (OMZs) of the Atlantic exhibit minima in oxygen
concentration varying between ~20 μmol/kg (measured at 12°S) and ~40 μmol/kg (measured at 9°N)
(Karstensen et al., 2008), far from suboxia, thus arguing against a significant role for water column denitri-
fication. This view is supported by the observation that the Atlantic OMZs do not exhibit local/regional
minima in N* that would be suggestive of a significant impact by water column denitrification (Olsen
et al., 2016); instead, the lowest N* in Atlantic is associated with northward flowing AAIW, most likely a
signal from the Indo-Pacific (Marconi et al., 2015). The hydrographic data do not rule out the possibility
that water column denitrification is occurring in isolated environments within the Atlantic, such as on
the west African shelf, but they do argue against significant basin-scale rates.

Benthic denitrification is thought to be significant in the Atlantic (e.g., Bianchi et al., 2012). This N loss, when
it occurs outside of highly productive regions, generally occurs with very weak net isotopic fractionation
(Brandes & Devol, 1997, 2002; Lehmann et al., 2004, 2005, 2007; Sebilo et al., 2003; Sigman et al., 2001). In
this study, we are effectively assuming a benthic denitrification isotope effect of 0‰. This is not universally
true and is most likely to be violated in high-latitude margin environments (Alkhatib et al., 2012; Granger
et al., 2011). A nonzero isotope effect for benthic denitrification would cause our calculations to underesti-
mate the N2 fixation rate in the North Atlantic. The rationale is that a nitrate δ15N increase due to benthic
denitrification would partially offset the δ15N lowering caused by N2 fixation in the basin. However, any
underestimation of N2 fixation is likely to be small; we calculate an upper limit of 6 Tg N/yr for the
Atlantic north of 34°S (supporting information section S1.2 and Figure S3).

Isotopic fractionation associated with the processes of the ocean’s internal N cycling, such as partial nitrate
consumption in surface waters or preferential remineralization of low-δ15N N from sinking or suspended
particulate N, cannot significantly influence the δ15N of depth-integrated water column nitrate (Knapp
et al., 2005; Sigman et al., 2009). For partial nitrate consumption to have an effect, nitrate would need to
be imported into the euphotic zone on one side of one of the WOCE sections and partially consumed by
phytoplankton, with the remaining nitrate then being advected across the section. In the temperate to tro-
pical ocean, this does not occur to a significant degree. While this process is relevant close to the equatorial
upwelling region (e.g., Rafter & Sigman, 2016), the low nitrate concentrations in the equatorial Atlantic sur-
face ensure that there is very little transport of partially consumed nitrate across any one of the investigated
sections. Even with such a sequence of events, the N2 fixation estimate would only be impacted if a signifi-
cant fraction of organic N resulting from the partial nitrate assimilation was also transported laterally across
the section. Otherwise, this organic N would be remineralized back to nitrate on the side of the section in
which partial nitrate consumption occurred, producing low δ15N nitrate that compensates for the rise in
nitrate δ15N from partial nitrate consumption. Given the relatively low concentration of particulate
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organic N observed in the open ocean, this compensation must be nearly complete, with net transports of
dissolved organic N (DON) representing the only remaining concern.

DON dominates the nonnitrate fixed N pool in oceanic waters, and its concentration is elevated in the surface
ocean relative to the interior (Hansell & Follows, 2008). Including dissolved organic matter in some ocean
models has been found to significantly influence stoichiometric reconstructions of the intrabasin distribution
of N2 fixation, although not in the Atlantic (Deutsch et al., 2007). DON δ15N is quite invariant on small spatial
and temporal scales (Bourbonnais et al., 2009; Knapp et al., 2008, 2005) but varies between ocean basins, with
the δ15N of DON near Bermuda being ~1‰ lower than near Hawaii (Knapp et al., 2011). The existing data
indicate that surface ocean DON δ15N covaries with the δ15N of shallow subsurface nitrate (Knapp et al.,
2011). Thus, we would expect a slightly higher δ15N for surface DON in the South Atlantic, decreasing toward
the subtropical North Atlantic. If included in our calculations, DON would tend to increase the calculated N2

fixation rate where the rates are highest. Given the modest concentration of DON (≤4.5 μmol/kg) relative to
subsurface nitrate (≤35 μmol/kg), this effect would likely be minor or insignificant. The evidence for depth
gradients in the δ15N of DON is not as yet very compelling, with an apparent 0.2‰ rise in δ15N from the sur-
face mixed layer down to 250 m near Bermuda (Knapp et al., 2005). Given the current state of knowledge, we
cannot foresee the role that depth gradients in DON δ15N could play in N isotope budgeting; however, the
low concentrations of and apparently modest isotopic gradients in DON do not suggest a strong impact.

In sum, while the approach pursued here includes various uncertainties, which can and will be addressed as
additional data are collected, the overall rate and spatial distribution of N2 fixation within the Atlantic are
robust against the identified uncertainties.

4.2. Atmospheric N Deposition

We have treated N2 fixation as the sole process that lowers the δ15N of the Atlantic thermocline. However, the
atmospheric deposition of anthropogenic N, which has been demonstrated to have a δ15N similar to or lower
than oceanic N2 fixation (e.g., Hastings & Sigman, 2003; Knapp et al., 2010; Turekian, 2000), is an additional
source of new N to the surface Atlantic. There is broad interest in the possibility that the atmospheric deposi-
tion of anthropogenic N significantly contributes to the low δ15N of thermocline nitrate in the Atlantic. The
size of this impact can be evaluated by comparing the available estimates for the deposition of atmospheric
N to the North Atlantic with our N2 fixation rate calculated north of 11°S (29 Tg N/yr). A multimodel evaluation
for the year 2000 (Dentener et al., 2006), when averaged for the Atantic Ocean area north of 11°S, indicates an
atmospheric input of total reactive N of ~9 Tg N/yr (supporting information Figure S4). This is a substantial
fraction of our estimate for N2 fixation north of 11°S (~30% of the total rate of 29 Tg N/yr). In addition, the
low δ15N of atmospheric N deposition (measured as �2.3‰ for total reactive N at Bermuda; Knapp et al.,
2010) may make this N source slightly more effective than N2 fixation in lowering the δ15N of nitrate in ther-
mocline waters. However, recent work suggests that atmospheric N inputs to the subtropical North Atlantic
have been overestimated by as much as a factor of 3 by Dentener et al. (2006), due to recycling of N between
the atmosphere and surface ocean (Altieri et al., 2016). If this is the case, atmospheric N input to the North
Atlantic would be closer to ~3 Tg N/yr (~10% of the rate of N2 fixation estimated north of 11°S). There are
additional indications that atmospheric N deposition is relatively unimportant. For example, foraminifera-
bound N isotope measurements suggest that previous interglacial periods were characterized by nitrate
δ15N in the tropical North Atlantic as low as or lower than core top values (Straub et al., 2013), arguing that
the low δ15N observed today does not require significant anthropogenic atmospheric N deposition.

The current study provides important additional constraints on this question. Specifically, the dominant
region of low-δ15N N input identified here (the low-latitude region; Figure 4a) does not correspond with
the spatial pattern of anthropogenic/continentally sourced N (e.g., as estimated by Dentener et al., 2006;
supporting information Figure S4). Models and measurements of reactive N deposition highlight three hot
spots in the Atlantic: regions of high deposition adjacent to Europe and North America north of 30°N and
one weaker maximum around the equator near the coast of Africa (Chien et al., 2016; Dentener et al.,
2006). In contrast, our calculations do not suggest a major input of low-δ15N N north of 25°N (Figure 4a), with
our region of rapid low-δ15N N addition overlapping only with the more modest maximum in atmospheric N
deposition near the equator. We interpret this mismatch as indicating that atmospheric N deposition is a
minor contributor to the low-δ15N N input to the equatorial and North Atlantic.
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4.3. Agreement With Other Measures of N2 Fixation Rate

The highest rates of N2 fixation calculated with our approaches coincide with the rapid disappearance of
“excess P” (P*) in waters upwelling in the equatorial region and flowing northward (Figures 4, 5a, and 5e).
In addition, we calculate a very low N2 fixation rate for the subtropical gyre, a region of net downwelling char-
acterized by low P* (high N*) extending down to 700 m. Consistent with these findings, both the distribution
and whole-Atlantic rate of N2 fixation calculated by our approaches are remarkably consistent with those
inferred from N-to-P relationship changes in ocean models (Table 2 and Figure 5c; Coles & Hood, 2007;
Deutsch et al., 2007). Our results therefore support the hypothesis that the total rate of N2 fixation in the
Atlantic basin as a whole is set by net import and supply of excess P* to Atlantic surface waters (Deutsch
et al., 2007; Straub et al., 2013).

The agreement between our reconstructions of the Atlantic basin N2 fixation and the model simulations
constrained by nutrient distributions indicates that a key assumption in the excess P-based estimates—
that phytoplankton maintain a constant N/P ratio close to that of Redfield stoichiometry—does not
invalidate those estimates. There is evidence for substantial variation in phytoplankton N-to-P across
oceanic regions, which would tend to require higher N2 fixation rates than under the assumption of
uniform phytoplankton N-to-P (Weber & Deutsch, 2012). The agreement between our estimates and N-
to-P-constrained model calculations would appear to indicate that the systematic errors in N2 fixation rate
due to the assumption of constant phytoplankton N-to-P are low. This is arguably expected, following
the same logic as presented above with regard to the lack of strong effect of nitrate assimilation on
our δ15N-based approach for estimating N2 fixation. On a regionally specific note, Palter et al. (2011)
argue that the Gulf Stream and Ekman transport from its surface waters can supply significant excess
P to the interior of the North Atlantic subtropical gyre, driving N2 fixation. This potential effect does
not appear to be important in our results or in output from physical-biogeochemical models constrained
by P* (or, identically, N*) data (Coles & Hood, 2007; Deutsch et al., 2007). This disagreement calls for
further investigation.

Our approach appears to agree, in terms of the spatial pattern in N2 fixation, with a recent compilation of dec-
ades of shipboard incubation data on N2 fixation (Figure 5b; Luo et al., 2014). One feature of our calculated N2

fixation distribution that is not clearly supported by the compilation of incubation-based rates, however, is
the high N2 fixation rate associated with the equatorial zone (Figures 5a–5c). This may simply reflect a lack
of incubation data from the eastern and central equatorial Atlantic (Sohm et al., 2011; Subramaniam et al.,
2013). Analysis of the incubation results leads to an estimated N2 fixation rate for the Atlantic of
~14 Tg N/yr (Luo et al., 2014), less than half of our estimate. The authors identify a method artifact (incom-
plete dissolution of the 15N2 tracer) as a potential source of rate underestimates in their study (see
Großkopf et al., 2012). In any case, the overall agreement of large-scale spatial distributions provides addi-
tional support for the view that a robust picture of N2 fixation in the Atlantic has emerged. This intensifies
the mystery of why some of these same techniques appear to disagree in the South Pacific (Gruber, 2016;
Knapp et al., 2016).

4.4. Controls on N2 Fixation

These results yield additional insight into the controls on N2 fixation. The reconstructed distribution of N2

fixation argues that, for the North Atlantic, N2 fixation responds dominantly to P-bearing, N-deplete
conditions. Conversely, the results argue against a dominant role for either iron limitation or temperature
constraints on N2 fixation in equatorial and northern Atlantic surface waters. The equatorial and North
Atlantic receive substantial dust-borne and margin iron inputs, and both regions are typically character-
ized by high iron concentrations in surface waters (Figure 5f; Schlosser et al., 2014). Thus, the lack of
evidence for iron limitation of N2 fixation in these regions is perhaps not surprising. Nonetheless, our
results do not preclude the possibility of iron limitation of N2 fixation in other ocean regions with lower
iron inputs.

Within the South Atlantic, hydrographic data suggest the availability of substantial excess P in the euphotic
zone (Figure 5e). Our isotope-based constraint of 2–4 Tg N/yr of N2 fixation between 30°S and 11°S concurs
with previous P*-based calculations that suggest that N2 fixation inputs are minor in the South Atlantic
(e.g., Deutsch et al., 2007). This implies that excess P availability is not adequate to drive N2 fixation in
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Figure 5. Comparison of our results with the Atlantic distributions of nitrate δ15N, with previous estimates of N2 fixation
from shipboard incubations and a model-based approach and with potential influences on N2 fixation in the basin
(excess P (P*) and dissolved iron concentrations). (a) Area-normalized N2 fixation rates for the Atlantic converted from the
area-integral rates of Figure 4, combining the results shown in Figures 4a and 4b. (b) A compilation of shipboard incubation
measurements of N2 fixation rate (Luo et al., 2014). (c) A model-based estimate of Atlantic N2 fixation (Coles & Hood, 2007;
their NSTAR run). (d) Atlantic distribution of nitrate δ15N for samples below the euphotic zone (200 m to 400 m depth).
Filled circles and triangles indicate nitrate δ15N measurements along the A16N and GA03 transects, respectively. Filled
squares in the southern hemisphere indicate nitrate δ15N measurements along the CoFeMUG transect (~11°S) and along
the SAMBA transect (~30°S). Filled squares in the Northern Hemisphere include nitrate δ15N measurements performed for
stations and along multiple transects in the North Atlantic: Transects from the western tropical North Atlantic to the
subarctic North Atlantic (Van Oostende et al., 2017), the Bermuda Atlantic Time Series (BATS) and along BVAL (the BATS
validation transect) in the western North Atlantic (Knapp et al., 2005, 2008), the CLIvar Mode water Dynamics Experiment
(CLIMODE) across the Gulf Stream region, stations in the Brazil Current that were part of Marine Nitrogen fixation and
Tropospheric Responses to Aeolian Inputs (MANTRA), the eastern subtropical North Atlantic (Bourbonnais et al., 2009), the
U.S. GEOTRACES transect in the eastern subtropical North Atlantic (Casciotti et al., 2016), and the Mediterranean Sea
(Pantoja et al., 2002). The hatch marks indicate regions with surface (<50 m depth) waters containing nitrate concentra-
tions greater than 5 μmol/kg (https://odv.awi.de/en/data/ocean/woce_global_hydrographic_climatology/). White arrows
indicate the main features of the shallow circulation. (e) The distribution of P* obtained by averaging P* fields at 0 m, 25 m,
50 m, and 75 m. (f) Measurements of dissolved iron displayed for shallow waters between 0 m and 75 m (colored-filled
squares) (http://pcwww.liv.ac.uk/~atagliab/LIV_WEB/Data.html).
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the South Atlantic and, therefore, that additional limitations from lack of iron supply (yellow regions in
Figure 5f) and/or physical conditions may be important in this region. Given the net northward transport
of the shallow water column through the Atlantic, this “missed opportunity” for N2 fixation in the South
Atlantic likely enhances the flux of upper ocean excess P into the North Atlantic and, by extension, the
N2 fixation that occurs there (Moore et al., 2009; Schlosser et al., 2014).

The total rate of N2 fixation calculated for the Atlantic has implications for controls on N2 fixation elsewhere in
the global ocean, through consideration of the global ocean’s fixed N budget. The ~30 Tg N/yr calculated for
the Atlantic indicates that Atlantic N2 fixation is a small fraction of the global N2 fixation rate (estimated to be
120–140 Tg N/yr; Codispoti,2007; Deutsch et al., 2007). Moreover, this rate is not vastly greater than model-
based estimates of N loss by benthic denitrification for the Atlantic basin (e.g., ~16 Tg N/yr by DeVries et al.,
2013). These findings suggest that Atlantic N2 fixation currently does not play a major role in compensating
for N loss in the rest of the ocean. This implies that N loss occurring outside the Atlantic is largely compen-
sated for by N2 fixation in those basins. The Atlantic has the highest area-normalized rate of dust-borne iron
input among the major ocean basins, and iron limitation of N2 fixation may be important in some regions of
the other basins (e.g., the eastern and central South Pacific; Knapp et al., 2016). Nevertheless, the implied
coupling of N loss and N2 fixation in the non-Atlantic basins argues that there are adequately extensive
regions in those basins where iron does not limit N2 fixation, such as the western North Pacific margins
and contiguous open ocean region downstream of the Asian dust sources, to eventually remove basin-wide
excess P. This result is consistent with the nutrient ratio-based assessment of Deutsch et al. (2007).

Our findings for the modern ocean are supported by paleoceanographic evidence from the tropical North
Atlantic covering the last 160,000 years. The shell-bound organic nitrogen δ15N of planktonic foraminifera
points to changes in the circulation-driven supply of excess P to the Atlantic surface as the dominant
driver of past changes in North Atlantic N2 fixation (Straub et al., 2013). Over the same time period, there
were substantial changes in water column denitrification in the Indo-Pacific (e.g., Liu et al., 2005), yet this
does not appear to have influenced Atlantic N2 fixation. This suggests that Indo-Pacific variations in N loss
were compensated within those basins, minimizing their capacity to affect excess P supply to the
North Atlantic.

Nevertheless, the finding that N2 fixation in the equatorial and tropical Atlantic primarily responds to the
supply of excess P has important implications for the stability of the fixed N budget in the modern and past
ocean. Most of the ocean flows through the tropical Atlantic surface in less than 2,500 years (as calculated by
dividing the ocean volume by the volume transport of the Brazil Current). Based on current inputs of iron to
the North Atlantic, imbalances between N loss and N2 fixation in other basins would be compensated for
within the North Atlantic on this time scale. The residence time of fixed N in the global ocean appears to
be roughly 3,000 years (e.g., Deutsch et al., 2004; Eugster & Gruber, 2012), such that the compensating role
for North Atlantic N2 fixation would be effective at maintaining a balance between fixed N inputs and
outputs, thus stabilizing the N-to-P ratio of the global ocean. Coupled physical-biogeochemical models
could investigate this hypothesis.

Table 2
Estimates of N2 Fixation in the Atlantic Ocean, Sorted by Latitude

Domain Rate (Tg N/yr) Reference Method

Atlantic (north of 24°N) 3 This study Nitrate δ15N
Atlantic (10–50°N) 28 Gruber and Sarmiento (1997) N/P
Atlantic (north of 0°N) 34 Coles and Hood (2007) N/P plus models
Atlantic (north of 11°S) 27 This study Nitrate δ15N
Atlantic (north of 25°S) 41 Coles and Hood (2007) N/P plus models
Atlantic (north of 30°S) 31 This study Nitrate δ15N
Atlantic (35°S–50°N) 24 Moore et al. (2009) N/P
Atlantic (35°S–35°N) 22 Hansell et al. (2007) N/P
Atlantic (north of 45°S) 28 Fonseca-Batista et al. (2017) Tracer 15N
Atlantic (45°S–45°N) 28 Deutsch et al. (2007) N/P
Atlantic (45°S–45°N) 15–24 Knapp et al. (2008) Nitrate δ15N
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4.5. Offset Distributions of Lowest Nitrate δ15N and Highest N2 Fixation

The distribution of N2 fixation reconstructed here is not identical to the distribution of nitrate δ15N in the
basin (Figures 4, 5a, and 5d). Specifically, the equatorial region of high N2 fixation is offset southward
from the minimum in nitrate δ15N that is apparently centered in the North Atlantic subtropical gyre
(Figures 4, 5a, and 5d). Similarly, Deutsch et al. (2007) and Coles and Hood (2007) showed a southward
offset of the maximum in N2 fixation rates from the North Atlantic N* maximum (Figure 5c). While this
spatial offset may seem surprising at first, it has a straightforward explanation (Knapp et al., 2008): excess
P is supplied largely from the south, and the N2 fixation that responds to it progressively adds low-δ15N
nitrate to the shallow subsurface nitrate pool as the horizontal circulation carries surface and middepth
waters northward. Moreover, the amplitude of the nitrate δ15N decline is strongly influenced by
circulation-associated nitrate concentration variations, such that nitrate δ15N is lowest in the western
subtropical North Atlantic, where the thermocline nitrate concentration is lowest (Marconi et al., 2015).
In short, the low δ15N nitrate observed in the subtropical gyre is a regional—not a local—signal of N2

fixation (Knapp et al., 2005). This has important implications for studies using the N isotopes in the
Atlantic. For example, the low δ15N of organic N observed at high trophic levels in the North Atlantic
subtropical gyre has been interpreted as the result of grazing on diazotrophs (Mompeán et al., 2016).
However, the low δ15N of these higher trophic levels is better explained by grazing on a broader range
of phytoplankton that have assimilated the low-δ15N nitrate supplied to the subtropical North Atlantic
surface waters. The low δ15N of this nitrate is itself a regional signal of prior N2 fixation that occurred
predominantly in the equatorial and tropical North Atlantic.

5. Conclusions

We provide new estimates of the rate and spatial distribution of Atlantic N2 fixation based on the difference
between the δ15N of northward- and southward-transported nitrate calculated across five WOCE sections
(from 30°S to 48°N). By combining nitrate isotope differences with the gross southward nitrate fluxes from
volume transports, we avoid the proportionally large uncertainty in the net difference between the two large
(northward and southward) transports. Thus, this study demonstrates a novel general strategy for using of
hydrographic section transport estimates to map ocean biogeochemical fluxes.

The greatest δ15N difference between northward- and southward-transported nitrate is observed between
11°S and 24°N, indicating that ~90% of the N2 fixation rate calculated for the Atlantic basin (~30 Tg N/yr) is
focused in the equatorial and tropical North Atlantic. The equatorial focusing of N2 fixation is not coincident
with regions of greatest atmospheric N deposition as derived from atmospheric models, arguing against a
major role for anthropogenic atmospheric N input in driving the low δ15N of nitrate observed in
the Atlantic.

The relatively small N2 fixation input to the subtropical North Atlantic and in the South Atlantic cannot
be explained by a single limiting factor. In the North Atlantic, our calculations suggest that N2 fixation
dominantly responds to P-bearing, N-deplete conditions, pointing to the importance of the supply of excess
P in driving N2 fixation and arguing against iron as a major control on N2 fixation in this region. In the South
Atlantic, the N2 fixation input is small despite of the apparent availability of substantial excess P. This implies a
constraint from limited iron supply or some other (e.g., physical) condition. However, since most of the upper
water column in the South Atlantic eventually flows northward, N2 fixation in the North Atlantic should

compensate for this constraint on N2 fixation in the South Atlantic.

Our estimate of ~30 Tg N/yr for Atlantic N2 fixation implies that the Atlantic is not a dominant contribu-
tor to global ocean N2 fixation (estimated at 120–140 Tg N/yr; Codispoti, 2007; Deutsch et al., 2007), such
that the Atlantic currently does not play a major role in compensating for N loss in the rest of the mod-
ern ocean. This suggests that the N loss occurring outside the Atlantic is largely compensated for by N2

fixation in those basins. However, if the other basins were at some time to develop an imbalance
between N input and loss, upper ocean flow through the Atlantic would modulate N2 fixation within
the basin so as to compensate for the imbalance. Since this process occurs on a shorter time scale than
the residence time of fixed N in the ocean, it should effectively stabilize the N-to-P ratio of the
global ocean.
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