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Large-scale distribution of Atlantic nitrogen
fixation controlled by iron availability

C. Mark Moore'?*, Matthew M. Mills3, Eric P. Achterberg?, Richard J. Geider', Julie LaRoche?,
Mike I. Lucas®, Elaine L. McDonagh?, Xi Pan?, Alex J. Poulton?, Micha J. A. Rijkenberg?,
David J. Suggett', Simon J. Ussher® and E. Malcolm S. Woodward’

Oceanic fixed-nitrogen concentrations are controlled by the
balance between nitrogen fixation and denitrification™*. A
number of factors, including iron limitation®7, can restrict
nitrogen fixation, introducing the potential for decoupling
of nitrogen inputs and losses®>>8., Such decoupling could
significantly affect the oceanic fixed-nitrogen inventory and
consequently the biological component of ocean carbon storage
and hence air-sea partitioning of carbon dioxide?>2°, However,
the extent to which nutrients limit nitrogen fixation in the
global ocean is uncertain. Here, we examined rates of nitrogen
fixation and nutrient concentrations in the surface waters of the
Atlantic Ocean along a north-south 10,000 km transect during
October and November 2005. We show that rates of nitrogen
fixation were markedly higher in the North Atlantic compared
with the South Atlantic Ocean. Across the two basins,
nitrogen fixation was positively correlated with dissolved
iron and negatively correlated with dissolved phosphorus
concentrations. We conclude that inter-basin differences in
nitrogen fixation are controlled by iron supply rather than
phosphorus availability. Analysis of the nutrient content of
deep waters suggests that the fixed nitrogen enters North
Atlantic Deep Water. Our study thus supports the suggestion
that iron significantly influences nitrogen fixation®, and
that subsequent interactions with ocean circulation patterns
contribute to the decoupling of nitrogen fixation and loss**#2,
The production and remineralization of organic material in
the ocean typically results in a nitrogen (N) to phosphorus
(P) ratio (ry,) of ~16:1 (refs 1, 3, 4, 10). However, the
net influences of dinitrogen (N,) fixation and fixed-nitrogen
loss by denitrification and/or anaerobic ammonium oxidation
(anammox), generate deviations of the dissolved N/P ratio away
from this typical value>*!!. Removal of NO;~ in sediments and
suboxic water-column oxygen-minimum zones (OMZs) reduces
the availability of fixed-N relative to P. An excess of P is thus
generated, which may subsequently favour diazotrophic growth
and hence ultimately replacement of the lost N (refs 1, 3,
4). This feedback mechanism probably maintains the marine N
inventory and couples it to the P inventory™'?, at least on long
timescales’. However, diazotrophic growth may be limited by
factors other than the availability of excess P (refs 2, 5, 8, 13).
For example, the apparent dominance of oceanic N, fixation
by facultative diazotrophic cyanobacteria”'* seems to constrain

high rates to well-lit N-limited surface waters®">. Furthermore,
iron (Fe) limitation of diazotrophs®’ may further contribute to
decoupling of N inputs and losses, generating the potential for
perturbations in the N inventory as a result of past or future climate
change>>#*15, Although limited correlative evidence supports the
Fe-limitation hypothesis'®!®, direct experimental tests are rare®.
Moreover, recent interpretation of nutrient distributions calls for
tight spatial coupling of N, fixation and denitrification, suggesting
that the N/P feedback mechanism operates efficiently in the modern
ocean, potentially implying a limited role for Fe limitation*.

On a meridional transect between 37° N and 35° S in the Atlantic
Ocean (Fig. 1), we observed maximum surface and euphotic-
zone integrated N, fixation rates north of the Equator (Fig. 2a,b,
Supplementary Fig. Sla). N, fixation by unicellular (<20pum)
diazotrophs contributed a background of 16 7 umolNm=2d~!
throughout the transect, whereas N, fixation by the larger size
fraction, dominated by the diazotrophic filamentous cyanobacteria
Trichodesmium spp. (Fig.2c), peaked between ~5 and 15°N
at ~200umolm~2d~!. Although diazotroph distributions may
vary seasonally'>'*, data available at present suggest that the
observed inter-hemispheric contrast is broadly persistent'’. In
turn, Trichodesmium abundance and N, fixation rates were both
positively correlated with dissolved iron (see Supplementary
Table S1) and dissolved aluminium, a non-nutrient tracer of
atmospheric dust input (Fig. 2d,e).

Surface concentrations of dissolved inorganic N (DIN) were low
throughout the transect and indistinguishable between northern
and southern gyres (5= 3nmoll™' NO;~ + NO,~ (Fig. 2f) and
1748 nmol 17! NH, ™). In contrast, dissolved inorganic P (DIP) was
over an order of magnitude higher in the surface waters of the south-
ern gyre (210 =60 nmoll™") than the potentially biolimiting con-
centrations (9+4 nmol1™") observed in the northern gyre (Fig. 2f).
Dissolved organic P (DOP) concentrations were also significantly
lower in the northern sub-tropical gyre (0.19 % 0.02 umoll™)
than in the south (0.28 £ 0.02umoll™!), whereas DON aver-
aged ~6umoll™" in both gyres. Excess DIP was calculated as
P* = DIP — DIN/r,,. Similarly, the related term N* (= —r,,, P*)
provides a measure of excess DIN relative to DIP (ref. 11) and
DOP* (= DOP* — DON*/r,,) and TDP* (= P* 4 DOP*) can be
used to indicate the excess of the organic and total dissolved P
pools respectively. Assuming r,, = 16:1 (refs 1, 10), P* increased
from <0.016 umol1™" in the northern gyre to ~0.2 umol1™" in the
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Figure 1| Cruise tracks and maps of annual mean excess nutrient
distributions. a, Cruise tracks for the AMT-17 cruise and hydrographic
sections (WOCE A10, GEOSECS and the 1981 occupation of 36° N,
including the Gulf Stream (GS)) used in the analysis of deep ocean nutrient
distributions and transport. b, Climatological surface P* (= DIP —DIN/ry/p)
distribution with the AMT-17 cruise track and a contour corresponding to
0.1pumol kg~! P* superimposed. ¢, Distribution of N* (= —In/p P*) on the
oy = 26.8 surface corresponding to the thermocline/SAMW (ref. 24) with
WOCE A10 (white) and GS 36° N (black) sections indicated.

868

5
a =~
© T
X ©
=
N
<3
8 €
© c z
£ N
> =
v &
=
o
=}
~
=
b 3
o =3
L 3
1] 1
2 M
o a
IS =
<
=
E
IS
c 3
£
wv
L8]
=
o
=
K]
= o
>
d s
<
Z
s
e c
)
[0}
[
a
&
£1,000 w7
+
z
f o
N
o
<
9
el
s s
c <
) v
b
a-
a
[=
-
o
o
g 0O
o~
& I
Q
[}
£ I
5
a 4
h | =z
5
~
| =
<
Z

Latitude (°N)

Figure 2 | Transect data from the AMT-17 cruise. a, Surface N, fixation
rate. b, Total and <20 um integrated water-column rates of N; fixation.

¢, Surface Trichodesmium distribution. d, Dissolved aluminium (DAI).

e, Dissolved iron (DFe). f, NO3~ +NO,~ and DIP (note logarithmic scale).
g, P* (=DIP—DIN/ry/), DOP* (= DOP —DON/ry, ) and TDP*
(=P*4+DOP*). h, N* (=DIN —r,/, DIP) at the nutricline, defined as
DIN="Tumol I7".

south. Moreover, DOP* was more negative in the northern gyre
(Fig. 2g and Supplementary Fig. S1c). Marked gradients were thus
observed in surface TDP*, with positive values in the southern
gyre and negative values in the north (Fig. 2g), which were spa-
tially correlated with the region of enhanced N, fixation (Fig. 2,
Supplementary Fig. S1).

These data clearly do not support a proximal role for surface-
water P availability as a control on the spatial distribution of N,
fixation across inter-basin scales in the Atlantic. Higher (TD)P and
(TD)P* concentrations observed in the South Atlantic probably
result from exchanges with low N/P (negative N*) thermocline
waters (Fig. 2h) as well as lateral transport of N-deficient waters
generated in the Benguela current system* (Fig. 1b). The severely
N-deficient waters were shown to result in N limitation of bulk
community productivity (see Supplementary Fig. S2). Clearly some
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Figure 3 | Deep water N* distribution and fluxes in the Atlantic. a, Zonal section of N* (=DIN —rn/p DIP) at 30° S with overlaid contours of preformed
phosphate (Ppre, umol kg™"). b, GEOSECS meridional section of N* throughout the western Atlantic with overlaid contours of Pore. The triangles indicate
crossover points of transects. ¢, Relationship of N* to Py, a tracer of NADW, in Atlantic waters below 750 m (1,500 m in the north). Endmember
concentrations are indicated. d, Schematic diagram showing suggested transport pathways and corresponding N fluxes in the Atlantic; all values are in

units of 10" mol Nyr~".

Table 1| Estimates of N inputs to the open Atlantic Ocean and the global ocean.

Process Method Value Reference
(10" molNyr~")

North Atlantic N fixation Scaled direct biological rates for Trichodesmium 16 14

N* accumulation in thermocline 20 n

N* accumulation in thermocline* 4(7) 20
Whole Atlantic N; fixation P* flux convergence 14 4
Net N* increase in Atlantic N* divergence in upper limb between 30° S and 36° NJr N+3 This study
overturning circulation

Deep water N* distribution combined with NADW formation rate’ 15+4 This study
Global N; fixation P* flux convergence 100 4

*Recalculated value in parenthesis assumes that negative values of DOP* in surface waters of the North Atlantic ultimately result from the net influence of N fixation (Fig. 2). Remineralization of this

material within the thermocline2% should then be included in estimates of N5 fixation.

"See Supplementary Information.

E

" Difference in N* of 3.3+0.6 (Fig. 3¢c) multiplied by a NADW formation rate of 15+2 Sv (ref. 29).

factor other than P availability prevents N, fixation from fully
replacing this fixed-N deficit. Between ~10° S and ~3° N, deeper
mixed layers may have contributed to reduced N, fixation'*!” (see
Supplementary Fig. S1). However, for the wider South Atlantic
gyre, we suggest that the extremely low Fe concentrations (mean
30 & 20 pmoll™!) were limiting diazotrophy, in particular for
Trichodesmium spp.” (Fig. 2).

In contrast, enhanced Fe input from dust deposition to the

North Atlantic seems to result in increased diazotrophy®!1%17

NATURE GEOSCIENCE | VOL 2 | DECEMBER 2009 | www.nature.com/naturegeoscience

(Fig. 2). Consequently, surface DIP is drawn down to very low
concentrations'?, depleting P* to near zero. Further P required
for continued N, fixation probably comes from the DOP pool®
(Fig. 2g, Supplementary Fig. S1), resulting in lower DOP and
negative DOP* and TDP*. As previously argued in support of the
Fe hypothesis'!, the subsequent export of diazotrophically derived
organic material with a high N/P ratio results in the accumulation
of excess DIN within the thermocline of the northern gyre!!1%%
(Fig. 1¢). The net removal of P from the surface waters and input of
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N to the system as a whole probably contributes to the observed NP
co-limitation of the bulk community in the North Atlantic gyre®*!
as well as (Fe-)P (co-)limitation of diazotrophy®*?. Consequently,
the inter-hemispheric pattern of N, fixation in the Atlantic seems to
be controlled by Fe input (Fig. 2). Nutrient climatologies for both
surface and thermocline waters (Fig. 1b,c) suggest that the resulting
gradient in N, fixation'*!” has a persistent influence on the coupling
of N to P at basin scales in the Atlantic.

Although observed high rates of N, fixation in the northern
gyre!* may be locally supported by the utilization of DOP (ref. 19,
Fig. 2, Supplementary Fig. S1), over larger scales an ultimate source
of excess P is required*. In contrast to the situation in the Indian and
Pacific oceans®, the well-ventilated North Atlantic lacks a significant
suboxic OMZ and hence the source of excess P is probably non-
local. A proportion of the required excess P may be provided by
transport through the Arctic”. However, northward transport and
subsequent entrainment of thermocline and intermediate waters
originating in the Southern Ocean seems to be the main supply
route of nutrients to the Atlantic**?.

Using calculated volume fluxes* combined with observed N*
distributions on a World Ocean Circulation Experiment (WOCE)
section at 30°S (Fig. 3a), we estimate a northward N* flux of
—9.1£2.5x 10" molyr~' within thermocline/intermediate Sub-
Antarctic Mode Water (SAMW) and Antarctic Intermediate Water
(AAIW) (see Supplementary Fig S3 and Table S2). This flux
corresponds to an excess P input of ~4-7 x 10! molyr™!, at least
twice that transported through the Arctic?®. Export of high N/P
organic material into the thermocline'! is probably restricted by
Fe limitation of diazotrophy in the South Atlantic (Figs 2 and 1c).
Consequently, we suggest that the excess P flux within SAMW
and AAIW largely transits under the southern gyre, into the North
Atlantic**® (Figs 2h and 1c), where it would be sufficient to
support estimated N, fixation rates''* (Table 1). Reductions in
this transport might therefore be expected to decrease diazotrophy
in the North Atlantic. Consequently ocean circulation'>” should
potentially be considered alongside changes in dust deposition®®°
as a control on N, fixation.

Published volume and nutrient transport data in the Gulf
Stream at 36° N (ref. 25) were combined to estimate a north-
ward N* transport of 4.3 x 10" molyr™!, most of which will
recirculate within the sub-tropical gyre system®. However, we
estimate that 1.5 £ 2 x 10" mol N*yr~! will be transported
north into the subpolar gyre (see Supplementary Information).
Consequently, between 30°S and the subpolar gyre, the upper
limb of the Atlantic meridional overturning circulation (AMOC)
gains 11 &+ 3 x 10" molN*yr~! (Table 1) (formally a N* flux
divergence?®), most of which seems to occur north of the Equator
(Figs 1c and 3b).

The distribution of N* in deep waters (>1,000 m) was further
found to be highly correlated with preformed phosphate (Py),
a good tracer of North Atlantic Deep Water (NADW) (Fig. 3a,b,
Supplementary Fig. S4). N* thus behaves conservatively below the
thermocline in the Atlantic (Fig. 3c), decreasing from the NADW
endmember (—0.4 £ 0.4umolkg™"), to values representative of
both the deep (Antarctic Bottom Water, AABW) and thermo-
cline/intermediate (SAMW and AAIW) southern endmembers
(—3.7+0.4umolkg™'). As previously suggested?, rates of NADW
formation® can then be used to calculate a N* flux divergence of
15+4 x 10" mol Nyr~! between the northern end of the lower
(return) limb of the AMOC and southern source waters (Fig. 3b,d).
We interpret these estimates of excess N added to water masses
during transit of the AMOC as measures of the net rate of N,
fixation (and other N inputs) over that of fixed-N losses>*® (see
also Supplementary Information). Net excess N inputs seem to be of
comparable magnitude to current biological and most geochemical
estimates of N, fixation in the North Atlantic (Table 1). Our analysis

870

NATURE GEOSCIENCE po:10.1038/NGE0667

thus suggests that most of the N input resulting from N, fixation
in the North Atlantic enters the deep oceanic circulation (Fig. 3d),
as might be expected given the lack of a suboxic OMZ and hence
water-column fixed-N loss in this basin?.

High rates of N, fixation probably resulting from Fe supply to
the North Atlantic (Fig. 2), coupled with the lack of major fixed-N
loss?, therefore seem to result in an ~3 umolkg™' increase of N*
within NADW. The increased N exported within NADW, which
contributes half the global formation of deep water at present”,
must subsequently be lost by denitrification/anammox elsewhere,
for example in the suboxic OMZs of the Indo-Pacific*. Much of
the remaining global N, fixation seems to occur locally to these
regions*, resulting in a rapid feedback with fixed-N loss"** and
hence minimal impact on the global fixed-N inventory?. In contrast,
the non-local balance we suggest to result from interactions between
the overturning circulation and Fe supply in the Atlantic (Figs 1-3),
although representing only ~10-15% of global marine N, fixation
estimated at present (Table 1), contributes to the potential for sig-
nificant perturbations of the N inventory, as any feedback must op-
erate on deep ocean circulation (100 s—1,000 yr) timescales>>#%15,

In contrast to a strict close coupling between N inputs and
losses?, a degree of spatial decoupling? is required if, for example,
past changes in North Atlantic N, fixation reflected adjustment
to altered rates of denitrification/anammox in remote OMZs
(refs 15, 30). Iron control of N, fixation (Fig. 2), combined with
large-scale transport of excess P (Fig. 3), may potentially contribute
to such decoupling. Our results thus have important implications
for understanding how the oceanic nitrogen inventory might
respond to altered circulation'>?” or dust deposition patterns®°.

Methods

Near-surface measurements. Meridional gradients of surface layer (0-300 m)
biological and chemical variables were measured during the AMT-17 cruise
onboard the RRS Discovery from 15 October to 28 November 2005. Sea
water was collected using trace-metal clean techniques with either a titanium
conductivity—temperature—depth rosette frame fitted with trace-metal clean
Niskin bottles or a towed fish and Teflon bellows pump system. Biological rate
measurements and chemical analyses were carried out using standard protocols.

Hydrographic and nutrient data. Data used for examining deep-ocean N*
(equivalent P*) distributions and calculating fluxes were taken from the
Geochemical Ocean Section Study (GEOSECS) west Atlantic section and World
Ocean Circulation Experiment (WOCE) lines A10, A17 and A20. Full methods and
any associated references are included in the Supplementary Information.
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