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Abstract Euphotic layer dinitrogen (N,) fixation and primary production (PP) were measured in the
eastern Atlantic Ocean (38°N-21°S) using "°N, and '3C bicarbonate tracer incubations. This region is
influenced by Saharan dust deposition and waters with low nitrogen to phosphorus (N/P) ratios originating
from the Subantarctic and the Benguela upwelling system. Depth-integrated rates of N, fixation in the north
(0°N-38°N) ranged from 59 to 370 pmol N m 2 d ™", with the maximal value at 19°N under the influence of
the northwest African upwelling. Diazotrophic activity in the south (0°5-21°S), though slightly lower, was
surprisingly close to observations in the north, with values ranging from 47 to 119 pmol Nm~2d~". Our
North Atlantic N, fixation rates correlate well with dust deposition, while those in the South Atlantic
correlate strongly with excess phosphate relative to nitrate. There, the necessary iron is assumed to be
supplied from the Benguela upwelling system. When converting N, fixation to carbon uptake using a
Redfield ratio (6.6), we find that N, fixation may support up to 9% of PP in the subtropical North Atlantic
(20°N-38°N), 5% in the tropical North Atlantic (0°N-20°N), and 1% of PP in the South Atlantic (0°5-21°S).
Combining our data with published data sets, we estimate an annual N input of 27.6 + 10 Tg N yr~ ' over
the open Atlantic Ocean, 11% of which enters the region between 20°N and 50°N, 71% between 20°N and
10°S, and 18% between 10°N and 45°S.

1. Introduction

Biological dinitrogen fixation (N, fixation) has been widely recognized as the dominant source of new nitro-
gen to the global ocean, with minor though significant contributions from riverine and atmospheric inputs
[Gruber and Sarmiento, 1997; Codispoti, 2007; Gruber, 2008]. In tropical and subtropical regions where nitro-
gen (N) availability limits primary productivity, microbial N, fixation introducing new N to surface waters
indeed plays a critical role in the net sequestration of carbon dioxide (CO,) into the deep ocean [Mahaffey
et al., 2005].

The magnitude of the global N input through N, fixation, however, has long been debated, and today sig-
nificant uncertainties persist mainly related to limited spatial coverage of observations [Luo et al., 2012] as
well as methodological issues [GroBkopf et al., 2012]. Estimates for the global ocean based on geochemical
parameters tend to converge to a range between 100 and 150 Tg N yr~' [Gruber and Sarmiento, 1997, 2002;
Codispoti et al.,, 2001; Codispoti, 2007; Deutsch et al., 2007]. The compilation of worldwide in situ measure-
ments published by Luo et al. [2012] yields an annual input ranging between 62 and 137 Tg N yr . The lat-
ter compilation however, included few data from regions such as the Indian Ocean, the South Pacific, and
South Atlantic, and was mostly based on measurements carried out using the '°N, gas bubble-addition
technique [Montoya et al., 1996].

The bubble-addition technique consists in injecting >N, gas directly in the sample incubation bottle in
order to follow its incorporation into the particulate matter. However, laboratory experiments [Mohr et al.,
2010] and field measurements [GroBkopf et al., 2012; Wilson et al., 2012; Benavides et al., 2013a; Shiozaki
et al, 2015] have shown that in some cases direct bubble injection can underestimate the N, fixation rate
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when compared to the “dissolution method,” whereby the '°N, tracer is predissolved in a seawater aliquot
before being added to the sample.

Based on the observed differences between N, fixation results obtained via the bubble-addition and the
dissolution methods, Gro3kopf et al. [2012] estimated that global N, fixation may reach up to 177 Tg N yr~'
when considering only results obtained with the dissolution method. Since field measurements are best fit
for a detailed understanding of the key role of N, fixation in the marine N cycle [Gruber, 2008], it appears
important to contribute to the current database in order to better constrain global-scale estimates of N
input.

The Atlantic Ocean is known to harbor substantial year-round diazotrophic activity [e.g., Capone et al., 2005;
Fernandez et al., 2010; Sohm et al., 2011a] accounting for ~25% of N, fixation in the global ocean [Luo et al.,
2012]. It is therefore a key system for the global ocean N cycle.

The eastern North Atlantic in particular has been intensively studied [Falcon et al., 2004; Voss et al., 2004;
Capone et al., 2005; Montoya et al., 2007; Goebel et al., 2010; Benavides et al., 2011, 2013a, 2013b; Rijkenberg
et al, 2011; Turk et al, 2011; Fernandez et al., 2013; Painter et al., 2013; Schlosser et al., 2014; Snow et al.,
2015] since this region is under the influence of high nutrient input (e.g., iron and phosphate) through Saha-
ran dust deposition known to stimulate N, fixation [Mills et al., 2004; Langlois et al., 2012]. Since iron (Fe) is a
cofactor of the nitrogenase enzyme responsible for N, fixation [Raven, 1988], its availability may determine
the distribution and intensity of N, fixation in the North Atlantic Ocean [Paerl et al., 1987; Berman-Frank
et al., 2001], in conjunction with phosphorus (P) availability [Mills et al., 2004; Langlois et al., 2012].

South Atlantic regions and in particular the southeast Atlantic has attracted much less sampling efforts
[Staal et al., 2007; Moore et al., 2009; Fernandez et al., 2010; Mourino-Carballido et al.,, 2011; Sohm et al.,
2011b; GroBkopf et al., 2012; Snow et al., 2015; Wasmund et al., 2015]. This basin has in fact long been con-
sidered to contribute little to global N, fixation, due to limited Fe availability. However the Benguela upwell-
ing system (BUS) can carry dissolved metals from southern African shelves toward the gyre [Noble et al.,
2012]. In addition, the BUS can also transport low nitrogen to phosphorus (N/P) signatures formed locally
via denitrification and/or anammox [Kuypers et al., 2005; Nagel et al., 2013; Flohr et al., 2014]. Thereby signifi-
cant N, fixation activity could potentially be sustained in the eastern South Atlantic [Deutsch et al., 2007;
Moore et al., 2009; Straub et al., 2013].

The present study was carried out along a meridional transect through the eastern Atlantic Ocean, offering
the possibilities (i) to cover the eastern South Atlantic region, notably undersampled for N, fixation activity
[Staal et al., 2007; Sohm et al.,, 2011b; Snow et al., 2015; Wasmund et al., 2015] and (ii) to directly compare
the activity between the North and South Atlantic regions which differ significantly in terms of dust input, a
major factor controlling N, fixation. The specific aims of the study are (i) to investigate N, fixation over an
extended latitudinal scale using the >N, dissolution method, (ii) to assess its contribution to euphotic layer
primary production (PP) and (iii) to evaluate the basin-wide annual N input from N, fixation.

2. Materials and Methods

Field observations were carried out between 1 and 24 November 2012 in the eastern Atlantic Ocean along
a transect from 38°N to 21°S on board R/V Polarstern (ANT XXIX/1 EUROPA expedition, Figure 1). Samples
were collected at 14 stations using a CTD (conductivity-temperature-depth) rosette system equipped with
24-Niskin bottles, a fluorescence sensor (WET Labs ECO-AFL/FL), and a photosynthetically active radiation
sensor (PAR, PNF-300, Biospherical Instruments Inc.). Seawater was sampled from the surface down to
700 m to characterize the physical structure of the upper water column and associated biogeochemical
properties (i.e., nutrients and oxygen). Ammonium (NH;) and phosphate (POi_) concentrations were mea-
sured on board using standard fluorometric [Holmes et al., 1999] and colorimetric methods [Grasshoff et al.,
1983] with detection limits (DL) of 44 and 42 nmol L™, respectively. Seawater dedicated to nitrate + nitrite
(NO5 + NO,) analysis was filtered over 0.2 pm pore size acrodiscs and stored at —20°C until analysis at the
home-based laboratory. NO; + NO, were analyzed according to Grasshoff et al. [1983] using a continuous
flow QuAAtro autoanalyzer (Seal Analytical) with a DL of 80 nmol L™". Using our nutrient data, we calculated
the excess PO; , P* as = [PO; ] — [NO;1/16 [Deutsch et al, 2007]. P* values were omitted when either
(NO; + NO;) or PO}~ concentrations were below DL.
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0.6 2.1. Incubation Experiments

Isotopic tracer incubations were used
for the simultaneous assessment of
daily PP (H13CO;) and N, fixation
(*N,) rates. Seawater was collected at
depths equivalent to 50, 15, 3.5, and

40°N

20°N

ey
3 ,;: 0.5% of surface PAR in acid-cleaned
g 02 = polycarbonate (PC) bottles. All incuba-
E EQ g’ tions lasting 24 h were performed in
on-deck incubators flushed with sur-
face seawater and wrapped with blue
20°s 0 neutral density screens (Rosco) simu-
lating the photometric depths. N, fix-
ation was measured using the '°N,
s . " dissolution incubation method [Mohr
60°W 40w 200w o 20°E et al., 2010; GroBkopf et al., 2012] in
Longitude duplicate at the four selected PAR lev-
Figure 1. Location of stations during the ANT XXIX/1 EUROPA cruise (November els (except for stations 1 and 14-17,
2012) superimposed on a map of seasonal average phosphate excess (P* = [PO3"] where experiments were not duplicat-
- [NO; 1/16) at 20 m depth (October-December from 1955 to 2012; World Ocean ed). Briefly, '°Nj-enriched seawater

Atlas 2013) [Garcia et al., 2013]. Crossed oceanographic provinces are indicated: d by d . . id-
subtropical North Atlantic (STNA), tropical North Atlantic (TNA), tropical South was prepare y degassing, In aci

Atlantic (TSA), and Benguela Current-influenced region (BCIR). White arrows indi- cleaned conditions, prefiltered (0.2
cate surface currents in the eastern South Atlantic: Benguela Current (BC), South pm) low nutrient seawater (natural
Equatorial Current (SEC), and Angola Current (AC) as adapted from Peterson and

Stramma [1991], Sargasso Sea surface water purchased

from OSIL), subsequently collected in

2 L gastight polypropylene Tedlar
bags (Sigma-Aldrich). These bags were then injected with 30 mL of pure '°N, gas (98%-+ "N, Eurisotop, lot
number 23/051301) and shaken for equilibration of the tracer.

Details about the OSIL seawater, including its source region, nutrients and trace metals contents are pre-
sented in supporting information (Text S1), together with the results of our >N, gas tests checking for
potential contamination with '°N-labeled substrates ('°NO;, '>’NO;, and '°NH;") [Dabundo et al., 2014].
These background tests indicated that the applied protocol for N, fixation measurement was free of
bias.

Prior to incubation, PC bottles (4.5 L) partially filled with sampled seawater were amended with approxi-
mately 250 mL of "°N,-enriched seawater and spiked with 3 mL of 200 pmol L~" NaH'*CO; (99% '3C, Euriso-
top) for PP assessment [Hama et al., 1983]. Finally, incubation bottles were topped off with the original
seawater sample and closed with a gas tight septum screw cap.

2.2, Uptake Rates Measurements

2.2.1. Laboratory Measurements and Computation

Rates were computed by measuring isotopic tracer enrichments in the organic matter at termination of the
incubations [Dugdale and Wilkerson, 1986], as follows:

ngrlic/e [Particle] 3o
Uptake rate = o X Ar (umol m™3 d™") 1)

/E represents the atom percent (atom%) excess enrichment, i.e., ambient minus initial isotope abundances

(">N or '3C atom%) of the substrate (Esupstrae= Asubstrate — Al arice) and the particulate matter (}EZ’;%C,Q=
AZZ‘,’t’,de — Al aric)- LParticle] is the particulate nitrogen (PN) or particulate organic carbon (POC) concentra-

tions after incubation (umol L™') and At the incubation duration (days). Asupstrate is the °N% or '>C% enrich-
ment of dissolved N, gas or dissolved inorganic carbon (DIC), determined at the end of the incubation
based on the assumption that 24 h >N, and H'>CO; fixation activities do not significantly affect these large
pools.
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We used poisoned (HgCl,) 12 mL Exetainers vials (Labco) to collect sample aliquots to measure these isoto-
pic enrichments of dissolved N, and DIC substrates. Exetainers vials were then injected with helium
(99.999%, Linde) to create a headspace and allow equilibration between gaseous and aqueous phases with
or without addition of phosphoric acid (99%, Sigma-Aldrich) for DIC and N, analyses, respectively. Sample
gas (N, or CO,) was injected using a custom made manual gas injection port connected to the isotope ratio
mass spectrometer (IRMS, Delta V, Thermo) via an Elemental Analyzer (Flash EA112, EA-IRMS). Measure-
ments for DIC were corrected for gas partitioning and fractionation between dissolved and gaseous phase
according to Miyajima et al. [1995]. >N, enrichments were calibrated with atmospheric N, injections.

Incubation POC and PN concentration ([Particle]) and isotopic composition (AZZ%C,e and Al ".R) were
assessed by filtering 4.5 L of samples onto precombusted MGF filters (glass microfiber filters, 25 mm diame-
ter, 0.7 um, Sartorius). Natural POC and PN concentration and isotopic composition were assessed by filter-
ing nonspiked 4.5 L of seawater from each depth. POC and PN measurements were done using the method
described by Savoye et al. [2004] on an EA-IRMS (Flash EA112, Delta V Plus, Thermo Scientific). The associat-
ed DL for POC and PN contents were 0.2 and 0.1 pmol, respectively. Analyses were calibrated against certi-
fied reference materials (CRM): IAEA-NT Ammonium Sulfate (6'°N 0.43%,) and IAEA-305B Ammonium
Sulfate (0'°N 375.3%,) for N; and IAEA-CH6 Sucrose (6'°C —10.4499%,) and IAEA-309B UL-D-glucose (8'>C
535.39,) for carbon (C).

2.2.2. Precision and Detection Limit

For every experiment a minimal acceptable increase in isotopic composition of POC and PN at the end of
the incubation period [Montoya et al., 1996] was defined as being the natural isotopic composition specific
to each sample increased by 3 times the uncertainty obtained for isotopic analysis of natural abundance
CRM: IAEA-N1 for N, =0.0003 ">N% (+0.8%,) and IAEA-CH6 for C, +0.0039 3C% (+3.5%,). We calculated the
minimum uptake rate for each incubation experiment by taking into account all remaining (experiment-
specific) terms in equation (1) (€.9.. Esubstrates [Particle], and At). Minimum detectable uptake rates ranged
from 0.01 to 0.8 pmol N m~3 d™" for N, fixation (n = 89 incubations) and from 0.7 to 21.8 pmol Cm~3d™'
for DIC uptake (n = 89). All measured uptake exceeded their experiment-specific DL.

To obtain the uptake rates uncertainty, we propagated the uncertainty on POC and PN concentration and
the standard deviation (SD) of '°N and "3C atom9% values of multiple CRM analyses. Precision of the isotopic
composition analyses were *=0.0003 >N% (equivalent to =0.8%,) for N natural abundance and +0.0059
*N9% (equivalent to +169,) for enriched N CRM. The relative SD (RSD) of the former value was used when
calculating the uncertainty for N, fixation, since in that case >N enrichments are relatively close to natural
abundance (ranging from 0.366 to 0.413 >N atom%), while the RSD of enriched CRM was used for C,
+0.0597 *C% equivalent to *=54%, (ranging from 1.09 to 2.53 '3C atom%). Depth-integrated rates were cal-
culated by nonuniform gridding trapezoidal integration.

3. Results

3.1. Physical and Biogeochemical Features Along the Transect

The ANT XXIX/1 EUROPA cruise went along the northwest African coast within the Canary Current system
then crossed the equatorial upwelling system (EUS) to finally enter a region under influence of the Benguela
Current system. All nutrient and uptake rate data are available in supporting information Dataset S1.

Temperature, salinity, dissolved oxygen (O,), fluorescence [Rohardt and Wisotzki, 2013], and nutrient profiles
were used to delimit the four biogeographic provinces studied (Figure 2).

The subtropical North Atlantic (STNA, stations 1, 2, 4, and 5) between 20°N and 38°N was the most oligotro-
phic province, with the lowest surface nutrient concentrations (Figures 2e and 2f) and fluorescence values
(Figure 2d) in the upper 100 m. The tropical North Atlantic (TNA, 0°N-20°N, stations 7-10) appeared as the
most stratified region as evidenced by strong gradients in the temperature profiles. Sections of nutrient and
dissolved O, clearly reveal a doming in the TNA due to the presence of the EUS characterized by low oxy-
gen waters and high nutrient advection in subsurface (Figures 2c, 2e and 2f). NO; and PO3~ were depleted
in the upper 25 m, except for POi_ at station 7, where a concentration as high as 0.1 pM was observed at
the surface while NO; and NH;r were <DL. This results in a local excess of POi’ relative to NO; (N/P<1.0
with N considered as the sum of NOJ and NH), likely due to the proximity of station 7 to the Northwest
African upwelling system (see Figure 1). The tropical South Atlantic (TSA, 0°5-15°S, stations 11-14), also
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Figure 2. Spatial distribution of (a) temperature, (b) salinity, (c) dissolved O,, (d) fluorescence, (e) NO; + NO;, (f) PO?,’, (9) NH;, and (h) P* along the ANT XXIX/1 transect.

P* = [PO3 "] — [NO; 1/16, is based on nutrient data from the present study. Values were omitted when either NO; + NO, or PO}~ concentrations were below the detection limits (DL),
being respectively 80 and 42 nM. Biogeochemical provinces STNA, TNA, TSA, and BCIR as defined in section 3.1. Station positions are indicated on top of the graphs. Mixed layer depths
(MLD, black lines connecting diamonds) was estimated using a temperature threshold criterion of 0.2°C relative to the temperature at 10 m [de Boyer Montégut et al., 2004].

o

under influence of the EUS, was characterized similarly by significant subsurface O, depletion concomitant
with increased nutrient levels reaching shallow waters (~25 m for NO;') and even reaching the surface for
POi_. The Benguela Current-influenced region (BCIR, stations 15-17) between 15° and 21°S, had a well-
homogenized surface water column (upper 50 m) and was the most nutrient replete. It was likely influenced
by the BUS as suggested by the nitrate climatology (November, monthly average NO; concentration for
the period 1955-2012, supporting information Figure S1a) revealing a recurrent offshore advection of
nutrients from the BUS. These higher nutrient contents sustained higher biomasses in the BCIR as revealed
by the high fluorescence (Figure 2d) and the satellite chlorophyll distribution at the time of our study (sup-
porting information Figure S1b) [Maritorena and Siegel, 2005]. As for the TNA and TSA provinces, the NH;
profiles in the BCIR showed maximum values in subsurface waters, mimicking the fluorescence profiles. Sur-
face waters of the BCIR were the coolest as a consequence of water upwelling to the surface.

3.2. N, Fixation

N, fixation activity was detected at all stations and at all investigated PAR levels in the euphotic layer. Results
from duplicate incubations (9 out of the 14 stations) were well correlated (regression slope = 1.0, r* = 0.8,
n = 36, p < 0.001), thus giving confidence to the results obtained for single replicate incubations at stations 1
and 14-17. Average rates ranged from 0.10  0.02 (avg = SD) to 12.5 = 0.4 pmol N m~3 d™" (Figures 3a-3d
and 4b). The highest N, fixation rates were measured in the northern provinces with values ranging from 0.4
to 12.5 pmol N m ™3 d ™" in the TNA (maximum rate at station 7, 50% PAR) and from 0.3 t0 4.0 pumolNm3d ™"

N, fixation (umol N m=3 d)
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Figure 3. Vertical profiles of averaged N, fixation rates (umol N m~3 d ") within the different biogeochemical provinces studied: (a) STNA, (b) TNA, (c) TSA, and (d) BCIR. Measurements
were performed at four depths corresponding to 54%, 15%, 3.5%, and 0.5% of surface irradiance. The median value of relative standard deviation (RSD) considering all duplicate N, fixa-
tion rates was 34% excluding the 0.5% PAR sample of stations 7 and 13 where one of the replicates was close to the DL (0.02 nmol L' d " in both cases).
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Figure 4. (a) Spatial distribution (+SD) of depth-integrated N, fixation rates (replicates A and B in light and dark blue; pmol N m~2 d~"); error bars represent the propagated measure-
ment uncertainty of all parameters used to compute volumetric uptake rates. Horizontal red bars indicate province averaged P* (dashed line indicating = SD) calculated as
[POf,'] —[NO;1/16 (in pmol L™") between 100 and 700 m depth. (b) ODV section of average N, fixation rates (in umol N m~> d~"); black line represents mixed layer depth.

in the STNA (maximum fixation rate at station 5, 50% PAR). In the southern provinces, we also observed rela-
tively high N, fixation rates ranging from 0.1 to 2.5 pmol N m > d ™" in the TSA (maximum rate at station 11,
15% PAR) and from 0.1 to 1.9 pmol N m ™~ d ™" in the BCIR (maximum at station 15, 3.5% PAR). In the TNA and
TSA regions low PAR depths coincided with low oxygen waters (dissolved O, < 75 pmol L™ '). We did not inves-
tigate any possible effect of low oxygen on N, fixation, but incubations under anaerobic conditions have been
shown to double N, fixation rates in the eastern tropical Atlantic [Staal et al., 2007]. However, assuming we
underestimated N, fixation by twofold at the 0.5% PAR depths (i.e., the only depths that would have been
impacted by low oxygen levels in the TNA and TSA sites), the euphotic layer-integrated N, fixation rates (for
stations 7-13) would increase by only 3-10%. As such, interpretation of our results would not have changed. In
general, the vertical distribution of N, fixation within all four provinces revealed activity maxima in surface
waters (upper 40 m), with values decreasing with depth (Figures 3a-3c and 4b). Euphotic zone-integrated N,
fixation rates ranged from 47 + 3 pmol N m~2 d ' (station 14, TSA) to 370 =9 pmol N m 2 d~' (station 7,
TNA, Figure 4a). Average euphotic zone-integrated N, fixation rates for the four provinces were: 117 + 39
pumol Nm~2d ™" (avg =+ SD, n = 4, in the STNA), 186 = 160 pmol N m~2d~" (n = 4, TNA), 75 = 33 umol N m 2
d™ ' (n=4,TSA), and 72 =21 umol N m~2d™" (n= 3, BCIR). A detailed comparison of our results with those
from earlier studies is presented in the discussion section 4.1.

3.3. Primary Production (PP)

Duplicate PP measurements were not significantly different (slope = 0.99; r> = 0.89, n = 34, p < 0.001), car-
bon uptake rates were therefore averaged for further interpretation. Rates of PP ranged from 10 to 2199
pumol C m ™3 d™" and showed a tendency to increase southward (Figures 5a and 5b). The oligotrophic prov-
ince (STNA) was the least productive with rates ranging from 27 =9 pmol C m~3 d ™' (avg + SD, n = 4) to
825+ 46 ymol Cm 3 d™" (0.3-9.9 mg C m~3 d ™). The most productive province was the BCIR, where PP
ranged from 105 + 19t0 2199 = 81 pmol Cm 3 d ™' (1.3-264 mg Cm ™~ >d "), probably as a result of the influ-
ence of the BUS (see above). Indeed, satellite chlorophyll data covering the period of our sampling in the BCIR
province reveal an intense phytoplankton activity in the area (supporting information Figure S1b). PP was gen-
erally highest in surface waters and decreased gradually with depth. However, at some stations, higher rates
were observed in subsurface waters (36-80 m), notably in the EUS: station 10, 80 m (742 + 40 umol C m™3
d™"); station 13,45 m (1071 = 53 pmol C m~3d ™ "); and station 14,36 m (756 = 61 pmol Cm>d ™).

In general, averaged depth-integrated PP for the STNA (24 = 13 mmol Cm 2d™ " or 286 + 158 mg C m™*
d, avg = SD, n = 4 stations) and for the whole tropical region between 19°N and 13°S (46 = 9 mmol C
m 2d ",556+112mgCm 2d~ ', n=7) were in the range reported for other Atlantic expeditions, includ-
ing several meridional transects (Figure 5a and Table 1). However, for the BCIR, average PP rates (74 = 22
mmol Cm 2 d™ ', 885+259 mg C m 2d ', n=3) significantly exceeded the 10-33 mmol C m 2 d "'
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Figure 5. (a) Spatial distribution (=SD) of depth-integrated carbon uptake rates (averaged for duplicate N, fixation incubations; mmol C m~2d ™). Error bars represent the propagated
measurement uncertainty of all parameters used to compute volumetric uptake rates. (b) ODV section of carbon uptake rates (umol C m~2 d™"); black line represents mixed layer depth.

range reported in earlier Atlantic studies (see Table 1) [Maranén et al., 2000; Donald et al., 2001; Varela et al.,
2005; Pérez et al., 2006; Poulton et al., 2006; Painter et al., 2013]. However, the latter studies were conducted
mainly at the western boundary of the South Atlantic basin or in the center of the subtropical gyre [Poulton
et al.,, 2006]. The higher PP values we observed for the eastern boundary might therefore be linked to the
presence of the BUS.

4. Discussion

The present study investigated oceanic N, fixation using the dissolution method [Mohr et al., 2010; Gro8kopf
et al,, 2012] over an expanded latitudinal range in the eastern Atlantic Ocean during November 2012. In the
following, we discuss (1) the significance of N, fixation based on the dissolution method, (2) its contribution
to PP, and (3) the potential environmental controlling factors. Finally, (4) we present an updated basin-wide
annual estimate of N input to assess the importance of N, fixation in the Atlantic marine N cycle.

4.1. Significance of N, Fixation in the Different Biogeochemical Provinces

The observed N, fixation rates for the North and South Atlantic were similar in magnitude, with no signifi-
cant difference between the average values for the STNA, TNA, TSA, and BCIR provinces (one-way Anova
with and without station 7 maxima, p of 0.28 and 0.27, respectively). Notwithstanding the fact that there is
a general slight decreasing trend of N, fixation southward, our observations thus highlight that N, fixation
can be as significant in the eastern South Atlantic as in the eastern North Atlantic.

In the eastern tropical region
between 19°N and 13°S (combin-
ing TNA and TSA provinces), the

Table 1. Primary Production in the Atlantic Ocean: Comparison With Published observed average N, fixation rate

Data of 123+ 112 pmol N m~2 d ! fits

Depth-Integrated Primary Production within the range of published val-

(mmol Cm~2d ™) :

ues for the same period of the year

Subtropical North  Tropical and the same general region and

East Atlantic East Atlantic ~ South Atlantic obtained applying either the

(ON-25°N)  @5°N-10°5)  (10°5-40%5) bubble-addition or the dissolution

Range in past studies 6-66 7-54 10-33 method (66-194 pmol N m—2 d*‘[
Average in present study (=SD) 24+13 46+9 74+ 22

see supporting information Table
?Average carbon uptake rates in the subtropical North, tropical, and South Atlan- S1) [Voss et al., 2004; Moore et al.,
tic for the present study compared with the range of average measurements . . .
reported for the same regions by: Maranén et al. [2000], Donald et al. [2001], Joint 2009; Fernandez et al, 2010; Turk
et al. [2001], Varela et al. [2005], Pérez et al. [2006], Poulton et al. [2006], and Painter et al., 2011; Grof3kopf et al., 2012;

et al. [2013]. Snow et al., 2015].
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For the STNA, the average N, fixation rate we observed (117 =39 pmol N m~2d ") is in the lower range of
those reported elsewhere using the dissolution method (130-162 pmol m2d7") [GroBkopf et al., 2012;
Benavides et al., 2013a]. Factors such as seasonal variability and different resolutions of vertical sampling
schemes (GroB3kopf et al. [2012] and Benavides et al. [2013a] performed only surface measurements in the
STNA) may account for this relatively small difference. Still, our measurements confirm that values for the
eastern STNA obtained via the dissolution method significantly exceed those obtained via the bubble-
addition method (from <0.1 to 38 pmol N m~2 d~") [Moore et al., 2009; Fernandez et al,, 2010; Benavides
et al., 2011, 2013b; Mourino-Carballido et al., 2011; Rijkenberg et al., 2011; Turk et al., 2011; Fernandez et al.,
2013; Painter et al., 2013; Snow et al., 2015].

In the less explored southeastern Atlantic region (BCIR, south of 10°S), N, fixation rates averaged 72 = 21
pumol N m~2 d ™", These rates are close to those reported by GroBkopf et al. [2012] and Snow et al. [2015] for
the western South Atlantic (between 10°S and 22°S, 63 to 78 pmol N m~2 d ™ "), but significantly exceed (by
a factor 3) the N, fixation rates reported by others for the western and eastern South Atlantic (from 3 to 24
pmol N m ™2 d ™" between 10°S and 35°S, excluding data for shelf regions; see supporting information Table
S1) [Moore et al., 2009; Fernandez et al., 2010; Mourino-Carballido et al., 2011; Sohm et al., 2011b; Snow et al.,
2015]. We note also that some earlier studies in the eastern South Atlantic did not detect any N, fixation
using either the acetylene reduction method [Staal et al,, 2007] or the '°N, dissolution and bubble-addition
methods [Wasmund et al., 2015].

In the following, we briefly overview the potential factors most likely influencing the difference between
the outcomes of the >N, dissolution and bubble-addition methods.

Several physical and chemical properties inherent to >N, incubation set up (including incubation duration
and agitation, volume of 5N, gas, organic coating at the bubble surface, etc.) have been invoked to explain
the discrepancies in N, fixation rates between the dissolution and the bubble-addition methods [Mohr
et al, 2010]. It is therefore difficult to determine which factors mostly set the differences reported between
the present study and earlier works using the bubble-addition method. In addition, GroB8kopf et al. [2012]
suggested that the diazotrophic community composition could be an additional factor causing these differ-
ences between the two methods. They reported greater differences between the dissolution and the
bubble-addition (N, fixation rates up to 570% higher with the dissolution method) when the community is
dominated by smaller diazotrophs (unicellular free or symbiotic cyanobacteria and heterotrophic bacteria)
likely because of restricted contact with the >N, gas bubble during the incubation. When buoyant Tricho-
desmium spp. dominated the community, discrepancies between the methods were indeed less (N, fixation
rates up to 62% higher with the dissolution method). Benavides et al. [2013a] suggested that increased
ambient dissolved organic matter (DOM) capable of decelerating the dissolution rate of the '°N, gas bub-
ble, could also play an important role, since differences between the two methods increased with increasing
dissolved organic N concentration. Despite lack of evidence, it is worth noting that both previous state-
ments could partly explain the differences observed between our measurements and earlier studies. In fact,
for the eastern STNA and BCIR provinces where Trichodesmium abundance has been reported to be low to
undetectable [Tyrrell et al., 2003; Moore et al., 2009; Fernandez et al., 2010; Mourino-Carballido et al., 2011;
Agawin et al., 2014; Schlosser et al., 2014; Snow et al., 2015; Riou et al., 2016], and DOM concentrations are
high due to the proximity of eastern boundary upwelling systems (i.e., northwest Africa and Benguela,
respectively) [Torres-Valdeés et al., 2009; Letscher et al., 2013], we find large differences between our results
and literature data based on the bubble-addition method. However, we observe smaller discrepancies in
the tropical region (TNA + TSA) where Trichodesmium has been reported to contribute to at least half of
bulk N, fixation activity [Montoya et al., 2007; Langlois et al., 2008; Foster et al., 2009; Goebel et al., 2010; Turk
et al., 2011; GrofSkopf et al., 2012; Ratten et al., 2015].

4.2, Relative Contribution of N, Fixation to Productivity

In the open waters of the Atlantic Ocean, PP was shown to be limited by N availability [Falkowski, 1997; Mills
et al., 2004]. Considering that N, fixation is a major source of new N to the euphotic layer, it appears impor-
tant to investigate its significance for open ocean primary productivity.

We therefore computed the relative contribution of N, fixation to PP taking a Redfield ratio of 6.6 for con-
version, which matched the median C:N ratio in the natural particles that we collected. While PP was found
to increase southward by an order of magnitude (from 10 pmol C m~2d™" at 38°N to 97 umol Cm~2d™"
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Table 2. Relative Contribution (%) of N, Fixation to Primary Production (PP) and New Production (NP) in the Atlantic Ocean: Comparison
With Literature Data

N, Fixation Contribution (%)

Reference Method Parameter STNA TNA TSA BCIR

Benavides et al. [2013b] NP <1

Painter et al. [2013] 3-19°
Direct Rijkenberg et al. [2011] >N, bubble-addition pP® 0.03-5.2
measurements  Voss et al. [2004] 5.8-12.2

Present study "N, dissolution method pP® 14-94 08-46 06-1.1 05-09
Geochemical Capone et al. [2005] SPM isotopic mass balance N demand® 36-68
estimates Bourbonnais et al. [2009]  NO; isotopic mass balance  Export production  ~40

Total PP 5

“Range of relative contribution of N, fixation to NP considered as new nitrogen uptake in the original publication.
bRange of relative contribution of N, fixation to PP based on Redfield ratio of 6.6.
“Range of relative contribution of N, fixation to nitrogen demand (N demand = uptake of N, + NH; + NO; + NO;3).

at 17°S), the contribution of N, fixation as a N source decreased southward but remained quite relevant
throughout. On average, N, fixation contributed to 5% of PP (n = 4 stations) in the STNA, 2.4% (n = 3) in the
TNA, and 0.9% (n=7) in the combined TSA and BCIR provinces. Station 1 (38°N; STNA) had the highest
contribution of N, fixation to PP (9%). For the North Atlantic (0°N-38°N), our calculations are similar (see
Table 2) to those reported in previous studies based on the bubble-addition method [Rijkenberg et al., 2011;
Voss et al., 2004] as well as on geochemical estimates [Bourbonnais et al., 2009].

Furthermore, based on the NO; uptake rates for stations 9-17 (data not presented here; see supporting
information data set S1), we computed the relative contribution of N, fixation to new production (NP = N,
fixation/[N; fixation + NO;  uptake]) assuming that euphotic layer nitrification was negligible. For the region
between 8°N and 21°S for which we have NO;  uptake results, we observe that N, fixation could account for
0.6-2.5% of the NP (n = 8). These results highlight the relevant, albeit small, contribution of N, fixation to
NP and potential export production even under upwelling-influenced conditions supplying NO;' to the sur-
face (i.e, EUS and BUS). Significant N, fixation under high ambient NO; concentration has in fact been
reported in other studies in the same area [Voss et al., 2004; Sohm et al., 2011b].

Considering that N, fixation rates increased northward (Figure 4) following an intensifying state of oligotro-
phy (Figure 2), it is reasonable to assume that the contribution of N, fixation to NP in the STNA would be
larger than in more southward regions. In the same region, Painter et al. [2013] reported that N, fixation
may support up to 19% of NP based on rate measurements (see Table 2).

Geochemical estimates also corroborate a significant contribution of N, fixation to export production in the
STNA (about 40%) [Bourbonnais et al., 2009].

4.3. Environmental Controls on N, Fixation Distribution

Diazotrophic activity in the Atlantic Ocean is considered to be limited essentially by Fe [Moore et al., 2009]
and P availability [Mills et al., 2004], and possibly also other trace compounds [Ho, 2013; Jacq et al., 2014].
Indeed, maximal N, fixation rates (>200 umol N m~2d™") in the tropical and subtropical northeast Atlantic
have been observed in areas where high Fe input is provided through dry and/or wet deposition of Saharan
dust [Sarthou et al., 2003; Moore et al., 2009; Fernandez et al., 2010; Schlosser et al., 2014; Snow et al., 2015].
But, in the South Atlantic, atmospheric Fe inputs are reported to be much less significant than in the north
[Sarthou et al., 2003; Moore et al., 2009; Fernandez et al., 2010; Schlosser et al., 2014; Snow et al., 2015]. How-
ever, next to Fe, PO}~ excess relative to NOj is also an important factor that may favor enhanced N, fixa-
tion [Deutsch et al., 2007; Moore et al., 2009; Ratten et al., 2015]. Moore et al. [2009] have indeed suggested
that an excess PO3 ™ originating from the Southern Ocean (and potentially from the Pacific Ocean) [Deutsch
et al.,, 2007] could transit to the North Atlantic advected with Subantarctic Mode Water (SAMW) and Antarc-
tic Intermediate Water (AAIW) and stimulate N, fixation activity in the Atlantic Ocean.

In order to explore the potential role of these control factors on our N, fixation measurements, we ran a
principal component analysis (PCA). This PCA based on Spearman rank correlation investigates the relation-
ship between N, fixation rates (we considered volumetric rates in surface waters as well as euphotic layer-
integrated rates), phosphorus excess (P*, averaged between 100 and 700 m), and combined dry + wet dust
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Figure 6. Eucledian distance biplot illustrating the result of PCA based on Spear-
man rank correlation with surface N, fixation rates (umol Nm ™3 d "), euphotic
layer-integrated N, fixation rates (umol Nm~2 d "), phosphorus excess (P*, aver-
aged between 100 and 700 m, umol L"), and dust input dry + wet deposition
derived from satellite data (monthly average values for November 2012; Giovanni
online data system, NASA Goddard Earth Sciences Data, and Information Services
Center,uygm—2d™").

(i) The higher N, fixation activities in
the North Atlantic (stations 1-10), were predominantly related to atmospheric dust deposition; in agreement
with observation from earlier works [Mills et al., 2004; Moore et al., 2009; Fernandez et al., 2010; Schlosser et al.,
2014; Snow et al., 2015]. (i) Station 7 (19°N), with an N, fixation rate between threefold and eightfold higher
than at the other sites, behaves differently from the other North Atlantic sites in that next to dust, also P* as
well as another, yet undetermined, parameter appeared to influence our measurement. The occurrence of
positive P* values we observed in surface waters in the area of station 7 agrees with observations by Ratten
et al. [2015] and with the 20 m depth P* climatology (October-December; period 1955-2012, Figure 1) [Garcia
et al,, 2013]. (iii) N, fixation in the South Atlantic (stations 11-17) was predominantly related to P*.

Although dust (i.e., iron) and excess phosphate are confirmed as important controlling factors, they operate
differently in North and South Atlantic. While dust is most likely a direct controlling factor in the north, in
the south a positive P* is profitable to the diazotrophic community, but is itself not sufficient to sustain the
relatively high N, fixation rates we observe. The absence there of a relationship with dust input implicates
the existence of another iron source. According to Noble et al. [2012], shelf sediment resuspension within
anoxic waters of the BUS, coupled to offshore advection via the Benguela and Angola Currents [Flohr et al.,
2014] could represent a major pathway of dissolved Fe input to the eastern South Atlantic. However, Noble
et al. also pointed out that the surface concentration of iron originating from coastal sediments, rapidly
decreased with distance from the shelf likely due to oxidation and scavenging. Thus, the offshore input of
iron would be spatially limited. Noble et al. reported nevertheless significant iron concentration up to 1.0
nM in subsurface waters (200-400 m) of the eastern South Atlantic as far offshore as the prime meridian
covering the area of the South Atlantic sites studied here (see Figure 1). As such, during active upwelling in
the Benguela region waters advected offshore could carry both iron and excess phosphorus to sustain N,
fixation activity. Temperature, salinity, and nutrients sections from stations we sampled in the BCIR province
(station 15-17, located between 17°S and 21°S and 3°E and 6°E) suggest these locations were characterized
by a well-homogenized nitrate and phosphate replete surface layer. In addition, nitrate climatology
(November, monthly average NO; concentration for the period 1955-2012, supporting information Figure
S1a) along with enhanced chlorophyll concentration recorded by satellite data at the time of our cruise
(supporting information Figure S1b) in the eastern South Atlantic sampled region, indicate a plausible influ-
ence of the upwelling in the area of station 15-17.

Our field measurements of N, fixation activity and circumstantial evidence from satellite data and nutrient
climatology therefore seem to point toward the critical role of atmospheric dust deposition and eastern
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Table 3. Estimates of N Inputs to the Open Atlantic Ocean

Ocean N Input
Reference Method Area (10° km?) (+SE;TgNyr ") Domain
Capone et al. [2005] Scaled in situ measurements 18-28 22-34 North Atlantic
of Trichodesmium N, fixation
GroBkopf et al. [2012] Scaled own N; fixation measurements 24 +1 25°N-45°S
Luo et al. [2012] Compilation of published 36 32+74 0°N-55°N
Direct oceanic N, fixation measurements 27 2+06 0°S-40°S
measurements Present study Scaled present-study N, fixation measurements 42 251*56 38°N-21°S
Compiled N, fixation Scaled N fixation of studies using the 19 31+15 20°N-50°N
data from the acetylene reduction assay, the >N, 21 19.5+10 20°N-10°S
Atlantic Ocean bubble-addition and dissolution 28 50*20 10°5-45°S
methods including data from the present study 68 276 £10 50°N-45°S
Gruber and Thermocline N* = (INO; 1 — 16 X [PO3 "]+ 2.90) X 0.87 28 28 10°N-50°N
Sarmiento [1997]
Singh et al. [2013] Subsurface water column N* = [NO; ] — 14.63 X [PO;"] 28 17 0°N-50°N
Geochemical Deutsch et al. [2007] Surface waters P* = [PO} ] — [NO; 1/16 63 20 65°N-40°S
estimates Knapp et al. [2008] Water column nitrate isotopic composition 21-34 45°N-45°S
Lee et al. [2002] Carbon inventory assuming a C:N ratio of 7:1 for biomass 46 28 40°N-40°S
Moore et al. [2009] Water column N* = [NO3 1 — 16 X [PO3 "] 15-21 36°N-30°S

boundary upwelling systems in sustaining offshore N, fixation activity. In the North Atlantic, the input of Fe-
rich atmospheric dust, and also regionally the advection of P-rich waters (case of station 7), likely triggered
the observed high N, fixation rates. In the South Atlantic, positive P* signatures combined with a potential
input of dissolved Fe and other trace elements from the BUS likely triggered the relatively high N fixation
rates observed there.

4.4. Revisiting the Annual N, Fixation Rates

In this section, we discuss basin-wide estimates of annual N input to the ocean resulting from diazotrophic
activity. For the Atlantic Ocean region bounded by 38°N and 21°S, we estimated an annual N, fixation rate
of 25.1 = 5.6 Tg N yr ' based on our measurements. However, these calculations cover limited spatial and
temporal scales, and so we attempted to integrate our measured values in a broader data set to come up
with a more representative figure for diazotroph-sustained N input into the Atlantic.

We combined our results with published Atlantic open ocean data (including for example earlier works
such as Orcutt et al., 2001; Krupke et al., 2013; Subramaniam et al., 2013; see supporting information Table
S1). Based on the available measurements, we could cover the northern region between 20°N and 50°N, the
tropical region from 20°N to 10°S and the southern basin between 10°S-45°S (see supporting information
Table S1). We considered the tropical basin to extend southward down to 10°S, corresponding to the south-
ernmost migration boundary of the Intertropical Convergence Zone (ITCZ) [Chiang et al., 2002]. Since the
ITCZ is considered to act as a barrier to Saharan dust input to the South Atlantic [Schlosser et al., 2014], the
tropical region which is the most impacted by dust input could thereby be considered as a single system.
We computed average N inputs weighted by the number of sites visited during the different studies, for
each of the three latitudinal regions to minimize the influence of intensive sampling in the northwestern
tropical hot spot area. Since observations close to margins and shelves, which reveal relatively high rates of
N, fixation, are still scarce, we chose to exclude data from those areas (see supporting information Table
S1). This concerns data from the Gulf of Mexico [Holl et al., 2007], the English Channel [Rees et al., 2009], the
BUS [Sohm et al.,, 2011b] (but for the latter, data for stations outside the upwelling area were still consid-
ered), the North American coastal waters [Mulholland et al., 2012], and the South American shelf-influenced
region [Snow et al., 2015] (but data collected east of 40°W during the JC32 cruise were considered). None-
theless a proper assessment of the significance of margins and shelves at the global scale, clearly calls for
more measurements in those systems.

We calculated an annual N input for the whole Atlantic Ocean of 27.6 + 10.4 Tg N yr ' (+standard error, SE,

see Table 3), with the N input in the tropical region (19.5 = 10.1 Tg N yr~'; 20°N-10°S) exceeding by about
sixfold and threefold that in the northern region (3.1 1.5 Tg N yr~'; 20°N-50°N) and the southern basin
(5.0 + 2.0 Tg N yr'; 10°5-45°S), respectively.
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Our value for the global Atlantic is in the range of the 34 Tg N yr™ ' reported by Luo et al. [2012] for the

region bounded by 55°N and 40°S, although it is slightly lower since we did not included shelf and margin
measurements as they did (which would increase our estimate to a value of 33.2+11.2 Tg N yr '), and
since we also considered more recent studies in our computation. In line with this, while the contribution of
the northern basin is decreased, our estimate for the South Atlantic appears to be twofold larger (2 Tg N
yr~'; 0°5-40°S) than in the compilation by [Luo et al, 2012], likely owing to the inclusion of recent data
[GroBkopf et al., 2012; Snow et al., 2015, and present study]. The latter data are in fact up to an order of mag-
nitude larger than previous results for the South Atlantic considered by Luo et al. (see supporting informa-
tion Table S1). We also find that our estimates are in the range of geochemically estimated N input values
for the North Atlantic (between 17 and 28 Tg N yr™ ") [Gruber and Sarmiento, 1997; Singh et al,, 2013] and
the whole Atlantic Ocean (between 15 and 34 Tg N yr~', see Table 3) [Lee et al., 2002; Deutsch et al., 2007;
Knapp et al., 2008; Moore et al., 2009].

These findings point toward a greater role of the South Atlantic in the global N cycle than previously
thought, and highlight the urgent need for more N, fixation data in the South Atlantic in order to better
constrain annual N input fluxes. Finally, the obtained N input values for the South Atlantic (5 Tg N yr™') sug-
gest that N, fixation might balance the loss of fixed N through the combined effect of anammox (1.4 Tg N
yr ") [Kuypers et al., 2005] and denitrification (~2.5 Tg N yr ') [Nage! et al., 2013] within the oxygen mini-
mum zone of the BUS. Despite this near balance, South Atlantic surface waters still exhibit a significant P¥,
which then is likely inherited from the Indo-Pacific and advected with thermocline/intermediate waters
formed in the Southern Ocean, as proposed by Moore et al. [2009].

5. Conclusions

The present work adds to the existing data set on community dinitrogen (N,) fixation measurements in the
Atlantic Ocean. Results highlight the fact that the nitrogen (N) input in the eastern South Atlantic and the
role of this region in the global basin N cycle have been underestimated and should be reconsidered. We
support the hypothesis that eastern boundary upwelling (northwest Africa and Benguela) in the Atlantic
Ocean fuel offshore regions with excess phosphorus (P) and potentially trace elements and thus contribute
to sustaining significant N, fixation activity. N, fixation was shown to fuel up to 9% of primary production
(PP) in the oligotrophic subtropical North Atlantic (STNA, 20°N-38°N) while in the nutrient replete Benguela
Current-influenced region (BCIR, 15°5-21°S) N, fixation contributed to about 1% and 2% of PP and new pro-
duction (NP), respectively. Annual basin-scale N, fixation rates obtained by combining our data with data
from previous studies are in agreement with the overall assessment by Luo et al. [2012]. However, our calcu-
lations also highlight a larger contribution by the South Atlantic diazotrophic activity. Although we
observed a significant consistency in our replicate experiments, data collected in the 13°5-21°S latitudinal
range was not duplicated; there is thus a need to further investigate N, fixation spatial and temporal variabil-
ities in the eastern South Atlantic to confirm our findings. Large discrepancies existing between published
data obtained with different methods also stress the need for a standardized methodological approach for
future studies. Finally, the contribution from margin and shelf areas, potentially influenced by large riverine
input (e.g., Amazon and Congo) needs more detailed investigations as these areas might harbor a great deal
of diazotrophic activity, which presently is not well accounted for in annual basin-wide estimates.
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