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Biological dinitrogen fixation provides the largest input of nitrogen
to the oceans, therefore exerting important control on the ocean’s
nitrogen inventory and primary productivity'~>. Nitrogen-isotope
data from ocean sediments suggest that the marine-nitrogen
inventory has been balanced for the past 3,000years (ref. 4).
Producing a balanced marine-nitrogen budget based on direct
measurements has proved difficult, however, with nitrogen loss
exceeding the gain from dinitrogen fixation by approximately
200 TgNyr~' (refs 5, 6). Here we present data from the Atlantic
Ocean and show that the most widely used method of measuring
oceanic N,-fixation rates’ underestimates the contribution of
N,-fixing microorganisms (diazotrophs) relative to a newly
developed method®. Using molecular techniques to quantify the
abundance of specific clades of diazotrophs in parallel with rates
of '°N, incorporation into particulate organic matter, we suggest
that the difference between N,-fixation rates measured with the
established method” and those measured with the new method®
can be related to the composition of the diazotrophic community.
Our data show that in areas dominated by Trichodesmium, the
established method underestimates N,-fixation rates by an average
of 62%. We also find that the newly developed method yields
N,-fixation rates more than six times higher than those from the
established method when unicellular, symbiotic cyanobacteria and
v-proteobacteria dominate the diazotrophic community. On the
basis of average areal rates measured over the Atlantic Ocean, we
calculated basin-wide N,-fixation rates of 14 = 1TgNyr ' and
24 +1 TgNyr ! for the established and new methods, respectively.
If our findings can be extrapolated to other ocean basins,
this suggests that the global marine N,-fixation rate derived
from direct measurements may increase from 103 = 8 TgNyr ™’
to 177 =8 TgNyr ', and that the contribution of N, fixers
other than Trichodesmium is much more significant than was
previously thought.

The oceans support roughly half of Earth’s biological carbon fixa-
tion’. Carbon itself is rarely considered to be limiting in the ocean;
instead, elements such as nitrogen, phosphorus and iron control prim-
ary productivity’. Of these elements, nitrogen is special because it is
always present in large amounts as dissolved N, but this form is
available only to the diazotrophs, a restricted group of prokaryotes'.
Biological N, fixation is the largest source of fixed-nitrogen input into
the ocean and it has been proposed that this controls marine primary
productivity on geological timescales'®. Whereas phytoplankton seem
to be limited in growth over large areas by the availability of fixed N
(for example, nitrate, nitrite or ammonium), the productivity of
diazotrophs is controlled by other environmental factors, such as
the availability of Fe and P (ref. 11). Thus, increased desertification
owing to changes in land use may promote marine N, fixation
through increased aeolian input of iron'"?, whereas the increased use

of fertilizers and riverine run-off or increased atmospheric N depos-
ition may have the opposite effect''*. An understanding of marine N,
fixation and its response to anthropogenic forcing is crucial for asses-
sing the future of oceanic primary productivity. However, recent
attempts to produce a balanced N budget have usually left a major
gap on the input side>®. This creates a paradox, because stable isotopes
recorded in ocean sediments suggest that the marine N inventory has
been balanced for the past 3,000 years (ref. 4). The paradox can be
reconciled in three ways®. One hypothesis is that current, transient
N-loss rates are exceeding N, fixation, but that over timescales of
several thousand years, variable losses and gains act to maintain a
steady-state fixed-N inventory'>'®. Two alternate hypotheses invoke
the possibilities that either the N-loss or the N-gain terms are in
error. Several lines of evidence point out that even the most con-
servative estimates of oceanic N losses are higher than current
estimates of N input based on field measurements of N, fixation.
This suggests that contemporary N,-fixation rates may have been
underestimated grossly>*.

In the past decade, molecular techniques have led to the discovery of
a variety of previously unrecognized diazotrophs that express their
nitrogenase genes and fix N, thereby showing that there are gaps in
our knowledge of marine N, fixation'’"*'. The discovery of N, fixation
in mesopelagic waters in the Pacific>* and the possibility of signifi-
cant involvement of heterotrophic bacteria in global marine N, fixa-
tion*** reinforce the idea that we are missing a large fraction of global
marine N input by N, fixation. Biogeochemical modelling and
geochemical-tracer techniques have been used to estimate regional
and global magnitudes of marine N, fixation, but these indirect
approaches rely on assumptions that require verification by direct
biological rate measurements of N, fixation.

A recent laboratory study showed that the established method for
measuring oceanic N, fixation (accounting for around 90% of the
published rates*) leads to an underestimate, owing to slow and incom-
plete equilibration between the water sample and the '°N, tracer added
as a gas bubble®. If this finding holds for measurements of environ-
mental N,-fixation rates, an upward revision of the largest source of
combined N into the ocean—that is, N,-fixation—would be inevitable.
We investigated the magnitude of the underestimation of N,-fixation
rates in open-ocean settings. In autumn 2009, on two research cruises
to the Atlantic Ocean between 25°N and 45°S, we compared the
established '°N, tracer method for measuring N, fixation” (hereafter
called the bubble-addition method) with a recently developed method®
in which the '°N, tracer is added as a dissolved gas (the dissolution
method). Our sampling covered a wide variety of oceanic conditions
with sea surface temperatures ranging from 10 °C to more than 28 °C
(Fig. 1). At each station, we conducted parallel incubations with the
dissolution and the bubble-addition methods, using dual labelling with
NaH'’CO; and '°N, gas in the same incubation bottles to measure
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Figure 1 | Sampling sites and sea surface temperature. Map of average night-
time sea surface temperature (SST) in °C in autumn 2009 in the Atlantic Ocean
(http://oceancolor.gsfc.nasa.gov/), overlaid with stations sampled on the RV
Meteor cruise 80-81 (triangles) and the RV Polarstern cruise ANT-XXVI/1
(circles). Triangles also correspond to 11 vertical profile stations used in Fig. 3.
The equatorial station was sampled twice during the course of the cruise, so two
triangles are superimposed at this location.

dissolved inorganic carbon (DIC) assimilation and N, fixation
simultaneously with both methods (see Supplementary Information
for experimental details).

The *C-labelled DIC was added to check for systematic differences
in biological activity attributable to the differences in methods, and the
results showed that carbon-fixation rates were in good agreement
between the two experimental methods (Fig. 2b). By contrast, there
was a large difference and poor overall correlation between the
N,-fixation rates calculated using the two methods (Fig. 2a).
Average depth-integrated rates of N, fixation over the whole
Atlantic Ocean (25°N to 45°S) differed by a factor of 1.7 (91 £ 4

and 54 = 2 umol N m ™ >d ™" for the dissolution and bubble-addition
methods, respectively; mean and propagated s.e.m., n = 17; Wilcoxon
matched pairs test P<<0.01). Furthermore, a geographical pattern
emerged among the differences in the rates measured with the two
methods. In the northern part of the 23° W section (15° N to 5° S), the
depth-integrated N,-fixation rates derived from four vertical profiles
were, on average, 62% higher with the dissolution method than with
the bubble-addition method (194 + 12 and 120 = 5 umol N m ™ 2d*,
respectively; means and propagated s.e.m., n = 4). In the equatorial
Atlantic Ocean (4.5°N to 5°S), a region previously not considered
important for N, fixation”, the depth-integrated N,-fixation rates
were on average 570% higher with the dissolution method
(55 +7umolNm~2d™!) than with the bubble-addition method
(8+1umolNm *>d™'; means and propagated sem., n=7)
(Fig. 3). Moreover, in the South Atlantic Gyre (38°S) and in the
Falkland Current (44° S), where water temperatures were as low as
16° Cand 10° C, respectively, considerable N, fixation was detected with
the dissolution method (0.44 = 0.1 and 0.54 0.1 pmolNm ™ >d ™%
means and s.em., n=3). The rates detected with the bubble-
addition method were substantially lower (0.10*0.01 and
0.18 = 0.03 umol Nm >d ™" for 38°S and 44°S, respectively; means
and s.em., n = 3).

We used TaqMan assays based on the presence of the nitrogenase
reductase (nifH) gene to quantify the relative abundance of the
diazotrophic phylotypes found in the tropical Atlantic Ocean®**".
We identified two geographically separated areas, dominated by
distinct diazotrophic phylotypes (Fig. 4 and Supplementary Fig. 2).
The most abundant diazotroph was Trichodesmium, peaking at 9° N
with 5 X 10° Trichodesmium nifH copies per litre. We measured the
highest N,-fixation rates inside a Trichodesmium bloom at 13.75°N
with 360 +85umolNm 2d™" and 219+82pumolNm *d™’
measured with the dissolution and bubble-addition methods, respect-
ively (means and s.e.m., n = 3). Although Trichodesmium was present
throughout the whole area (Fig. 4), its abundance declined rapidly
south of 5°N. Diatom-associated heterocystous diazotrophs,
unicellular cyanobacteria and y-proteobacteria showed a peak of
abundance within the Trichodesmium bloom and a second peak
in the equatorial Atlantic region, where they outnumbered
Trichodesmium. We characterize the tropical North Atlantic (5°N to
15°N) as a region of Trichodesmium dominance, where underestima-
tion of N,-fixation rates by the bubble-addition method was less severe
(but still significant). By contrast, we found the largest underestima-
tion (570%) with the bubble-addition method in the equatorial
Atlantic (4.5° N to 5°S), which was dominated by diazotrophs other
than Trichodesmium (Supplementary Figs 4 and 5). The combined
results indicate that the magnitude of underestimation in N,-fixation
rates measured with the bubble-addition method relative to the
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Figure 2 | Comparison between bubble-addition and dissolution methods. a, N,-fixation rates for all stations and depths. Inset shows zoom on the 0-2-
nmol1 ™' d ™! range. b, Carbon-fixation rates for all stations and depths. Error bars indicate standard errors of triplicate incubations (s.e.m., n = 3).
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Figure 3 | Mixed-layer inventory of N,-fixation rates in the tropical and
equatorial Atlantic Ocean. Stations correspond to triangles in Fig. 1. a, N,-
fixation rates measured with the bubble-addition method. b, N,-fixation rates
measured with the dissolution method.

dissolution method was related to the composition of the diazotrophic
community (Supplementary Fig. 2).

The species composition of the diazotrophic community can affect
the level of underestimation for several reasons. In the bubble-addition
method, the equilibration time for a >N, gas bubble is longer than the
typical incubation time of 24 h, despite manual shaking at the onset of
the incubation® (Supplementary Fig. 6). This means that the bubble
and its immediate surroundings will remain highly enriched in "°N,,
whereas water at the bottom of the incubation bottle will be less
enriched (see Supplementary Information). As a result, buoyant
diazotrophs (such as Trichodesmium) may be exposed to a higher
fraction of the added '°N, label, whereas diazotrophs that sink (such
as Richelia, when in symbiotic relationship with diatoms®®) and
accumulate at the bottom of the bottle may be exposed to a lower
fraction of the '°N,. Underestimation bias will also be greater when
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Figure 4 | Relative abundance of various phylotypes of diazotrophic
bacteria from the same stations as the N,-fixation rate measurements,
estimated with TagMan nifH gene assays. a, Unicellular cyanobacteria
(Group A, Group B and Group C cyanobacteria). b, Diatom-associated
heterocystous cyanobacteria. ¢, Diazotrophic y-proteobacteria.

d, Trichodesmium. There was no DNA sampling at the 3.5° N station. Note that
the nifH gene copies (n) per litre of diatom-associated heterocystous
cyanobacteria (such as Richelia) detects all cells of the symbionts, not just the
heterocysts in which N, fixation is actively taking place.
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the start of incubation coincides with the peak of N,-fixation activity of
the dominant diazotrophs (such as Crocosphaera for night-time
incubations and Trichodesmium for daytime ones). These biases are
avoided with the dissolution method because the *°N, label is added as
a gas dissolved in sea water that is mixed uniformly with the sample at
the start of the incubation.

Using published measurements of N,-fixation rates obtained with
the bubble-addition method, we calculated basin-wide and global
budgets of marine N, fixation. The basin-wide averages are
14TgNyr ' for the Atlantic, 63 TgNyr ' for the Pacific and
26TgNyr ' for the Indian Ocean, giving a global total of
103 TgNyr ' (see Supplementary Information). Our own average
N,-fixation rates measured with the bubble-addition method and
extrapolated over the Atlantic Ocean (25° N to 45°S), give an input
of 14 TgNyr ', which is identical to the value for the Atlantic Ocean
calculated from the published data. By contrast, our average N,-
fixation rates measured with the dissolution method raise the
Atlantic Ocean N,-fixation rate to 24 Tg N yr~ . If this relative differ-
ence applies equally to other ocean basins—where the diazotrophic
communities may differ from those of the Atlantic Ocean—the global
marine N,-fixation rate based on direct measurements may have to be
increased to 177 = 8 TgNyr ™",

Our study demonstrates that field measurements of N, fixation
made with the widely applied '°N, bubble-addition method have sig-
nificantly and variably underestimated N,-fixation rates in compar-
ison with the dissolution method, with possible implications for the
global marine nitrogen budget. Our data reveal regional variations in
the magnitude of the underestimate, which may be related to the
composition of the diazotrophic community. Specifically, the contri-
bution of diazotrophs other than Trichodesmium may have been
severely underestimated in previous field studies, leading to a biased
view of the key players in this globally important process.
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