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Abstract Dinitrogen (N2) ﬁxation rates were investigated in the euphotic layer of the Bismarck and
Solomon Seas using 15N2 incubation assays taking into account both the particulate and the dissolved
pools. Average depth-integrated particulate N2 ﬁxation rates were 203 (range 43–399) and 1396 (range
176–3132) μmol N m2 d1 in the Bismarck and Solomon Seas, respectively. In both seas, N2 ﬁxation
measured in the dissolved pool was similar to particulate N2 ﬁxation, highlighting the potentially substantial
underestimation of N2 ﬁxation in oceanic budgets when only particulate N2 ﬁxation is considered. Among
the diazotroph phylotypes targeted using quantitative polymerase chain reaction ampliﬁcation of nifH
genes, Trichodesmium was the most abundant. Regression analyses suggest that it accounted for the major
proportion of N2 ﬁxation. However, unicellular cyanobacterial and non-cyanobacterial diazotrophs were also
occasionally abundant. This study reports high pelagic N2 ﬁxation rates and conﬁrms that the Western
Tropical South Paciﬁc is a hot spot for marine N2 ﬁxation.
1. Introduction
Vast regions of the surface ocean, in particular subtropical gyres, are characterized by low nitrogen (N)
availability that limits phytoplankton growth [Moore et al., 2013]. In these areas, biological dinitrogen (N2)
ﬁxation (the reduction of atmospheric N2 into bioavailable N) provides large amounts of “new” N fueling
up to 50% of marine productivity and particle export [Karl et al., 2002, 2012; Capone et al., 2005]. Marine
planktonic N2 ﬁxation is performed by diverse prokaryotes called diazotrophs, which include cyanobacteria
such as the ﬁlamentous Trichodesmium that forms large blooms that accumulate at the surface [LaRoche
and Breitbarth, 2005; Bergman et al., 2013], heterocystous cyanobacteria symbiotic to diatoms (diatom-diazotroph associations, DDAs), unicellular diazotrophs (UCYN) [Zehr and Kudela, 2011], and diverse non-cyanobacterial bacteria and archaea [Riemann et al., 2010].
The subtropical oligotrophic gyres of the North Atlantic and Paciﬁc Oceans have long been studied and are
now recognized to harbor high N2 ﬁxation rates [Dore et al., 2008; Benavides and Voss, 2015]. However, the
southern counterparts of the Atlantic and the Paciﬁc Oceans remain largely undersampled [Luo et al.,
2012]. In the Western Tropical South Paciﬁc (WTSP), Bonnet et al. [2015] and Messer et al. [2015] reported
extremely high N2 ﬁxation rates (up to 90 nmol N L1 d1) associated with diverse diazotrophs near
Australia and in the Solomon Sea. A former study between the Solomon and the Bismarck Sea also reported
extremely high N2 ﬁxation rates (up to 610 nmol N L1 d1) [Bonnet et al., 2009]. These studies strongly suggest that the WTSP is a hot spot of diazotrophy that may provide a signiﬁcant fraction of the overall Paciﬁc
Ocean N2 ﬁxation [Bonnet et al., 2015]. Yet the data available for this area are sparse [Luo et al., 2012] and have
mainly been obtained during austral winter conditions. The geographical coverage and seasonality need to
be extended to better understand the contribution of the WTSP to global ﬁxed N inputs.
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N2 ﬁxation is generally measured via the incorporation of 15N into particulate organic N (PON) following
incubation in the presence of 15N2 (hereafter referred to as PN2) [Montoya et al., 1996]. Nevertheless, the
few studies that also measured the 15N enrichment in the dissolved pool (hereafter referred to as DN2)
reported a variable but at times highly signiﬁcant contribution of DN2 (10–90% of total N2 ﬁxation, deﬁned
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as the sum of PN2 and DN2) [Glibert and Bronk., 1994; Konno et al., 2010; Benavides et al., 2013a]. The 15Nenrichment in the dissolved pool has been attributed either to the release of recently ﬁxed N2 as dissolved
organic N (DON) and ammonium (NH4+) by diazotrophs [Glibert and Bronk, 1994; Mulholland et al., 2006;
Benavides et al., 2013a] or to the presence of 15N-enriched cells small enough to pass GF/F ﬁlters (<0.7 μm
pore size) in the ﬁltrate [Konno et al., 2010]. The goals of this study were (1) to quantify the contribution of
PN2 and DN2 ﬁxation to total N2 ﬁxation in the euphotic layer of the Solomon and Bismarck Seas (WTSP),
(2) to quantify the abundance of the major diazotrophic phylotypes, and (3) to assess the potential biogeochemical impact of N2 ﬁxation in this region during austral summer conditions.

2. Materials and Methods
2.1. Hydrography, Nutrients, and Chlorophyll a
The MoorSPICE cruise was carried out onboard the R/V Thomas G. Thompson from 1 to 30 March 2014,
coinciding at the end of the austral summer. Samples were collected along three transects in the Bismarck
(stations 1 to 6), North Solomon (stations 7 to 12), and South Solomon (stations 13 to 16) Seas. At each station
four depths in the photic layer were sampled. The sampling depths were ﬁxed (5, 15, 30, and 70 m) and
corresponded to 55, 36, 10 and 1% of the surface irradiance. At each station, conductivity, temperature,
and depth SBE 911 plus probe (Sea-Bird Electronics) equipped with a ﬂuorometry (ECO-FL, WET labs) sensor
was deployed on a rosette frame with 24 10 L Niskin bottles.
Samples for nitrate plus nitrite (NOx) and phosphate (PO43) concentrations were collected and analyzed at
stations 1 to 12 as described in Benavides et al. [2015]. Samples for NH4+ determination were collected in
40 mL borosilicate bottles and analyzed onboard by ﬂuorometry according to Holmes et al. [1999] on a
Trilogy ﬂuorometer (Turner Designs, detection limit of 0.009 μmol L1). Samples for DON determination were
collected in 40 mL borosilicate ﬂasks after ﬁltration through precombusted (450°C, 4 h) GF/F ﬁlters, stored at
20°C, and analyzed onshore by the wet oxidation procedure [Pujo-Pay and Raimbault, 1994]. For the
measurement of Chlorophyll a (Chl a), 550 mL of seawater was ﬁltered through GF/F ﬁlters at each station,
immediately stored at 80°C, and analyzed by ﬂuorometry (Trilogy ﬂuorometer, Turner Designs) after
extraction in methanol according to Herbland et al. [1985]. The Chl a concentrations were used to calibrate
the ﬂuorometry sensor.
2.2. N2 Fixation and Primary Production Rates
Primary production (PP) and N2 ﬁxation rates were measured at stations 1 to 12 in triplicate 2.3 L transparent
polycarbonate bottles at each of the four sampling depths using 13C-labeled bicarbonate (NaH13CO3; ≥98 at.
%, Sigma Aldrich, 10 at. % ﬁnal enrichment) and 15N2 (15N2 “dissolved” method, Cambridge Isotopes
Laboratories, ≥98.9 at. %) as described in Mohr et al. [2010]. The level of contamination in 15NO3 and 15NH4
of the 15N2 stock bottle was checked according to Dabundo et al. [2014] and was found to be lower than
2 × 108 mol per mol of 15N2, leading to a potential overestimation of N2 ﬁxation rates <1%. The bottles were
incubated for 24 h in on-deck incubators covered with blue light screening reproducing the light intensity at
the corresponding sampling depths and cooled with continuously circulating surface seawater. Incubations
were stopped by ﬁltration through precombusted 25 mm GF/F ﬁlters to recover particulate organic carbon
(POC) and PON. Filters were analyzed using an elemental analyzer coupled to a mass spectrometer
(EA-IRMS, Integra CN, SerCon Ltd.) for the determination of 13C/12C and 15N/14N ratios and POC and PON
concentrations. At each station, two 2.3 L bottles collected at the deepest and the shallowest depths were
also ﬁltered onto GF/F ﬁlters without any tracer amendment to measure the natural 15N/14N and 13C/12C ratio
(time zero) in ambient photic waters. Discrete PP and N2 ﬁxation rate measurements were depth integrated
over the photic layer using trapezoidal integration.
At each station, ﬁltrate fractions from the shallowest 15N incubations were recovered for the determination of
DN2 ﬁxation. The samples were stored in 500 mL borosilicate bottles, poisoned with HgCl2, and kept in the
dark until analysis. The 15N/14N ratio analyses in the dissolved pool were performed following the diffusion
method (Slawyk and Raimbault [1995], as modiﬁed by Berthelot et al [2015]) to recover NH4+ in a ﬁrst step
and DON in a second step. However, due to the low initial NH4+ concentrations, the measured 15N
enrichments were not signiﬁcantly higher than those of the natural background. The contribution of the

BERTHELOT ET AL.

N2 FIXATION IN THE WESTERN PACIFIC

8415

Geophysical Research Letters

10.1002/2017GL073856

NH4+ pool was thus not taken into account, and only the 15N enrichment of the DON pool was considered. N2
ﬁxation rates were calculated as follows:
PN2 or DN2 ¼

Rsample Rt0
RN2 Rt0
15 14


 ½sample
, where Rsample represents the 15N/14N ratio of the measured PON or DON, Rt0
t

the measured N/ N ratio of time zero samples, RN2 the 15N/14N ratio of the N2 source pool, [sample] the
measured concentration of PON or DON, and t the incubation time. PP was calculated similarly from the
measured 13C/12C ratios on POC.
2.3. DNA Extraction and qPCR Assays
Seawater samples for nifH analyses were collected at the four sampling depths at all stations into 2.3 L polycarbonate bottles and ﬁltered through 0.2 μm Supor ﬁlters using a peristaltic pump. Filters were then placed
on sterile cryovials and stored at 80°C until analysis. DNA was extracted using the DNeasy Plant Mini Kit
(Qiagen), as modiﬁed by Moisander et al. [2008]. The abundance of diazotrophs was quantiﬁed by TaqMan
quantitative polymerase chain reaction (qPCR) assays, using previously published primer-probe sets for
UCYN-A1, UCYN-A2, UCYN-B, UCYN-C, Trichodesmium, the putative Gammaproteobacterium γ-24774A11,
and Het1 (Richelia-Rhizosolenia or DDAs) [Church et al., 2005a, 2005b; Foster et al., 2007; Moisander et al.,
2008, 2010; Thompson et al., 2014]. The γ-24774A11 is a nifH phylotype (clone name 24774A11) originally
obtained from the South China Sea [Moisander et al., 2008] and representative of a cluster of phylotypes also
termed Gamma A and UMB—uncultured marine bacteria—in other studies, where different qPCR assays
have been used to target this group [Bird et al., 2005; Church et al., 2005b; Langlois et al., 2015]. The 20 μL
reactions consisted of 10 μL ABI TaqMan Gene Expression Master Mix; 6.4 μL nuclease-free water;
0.4 μmol L1 and 0.2 μmol L1 ﬁnal concentrations of primers and probe (FAM-TAMRA modiﬁed),
respectively; and 1.6 μL DNA template. All samples were run in duplicate. Tenfold dilutions of linearized
plasmids containing the relevant nifH targets were used as standards. The reactions were run on an ABI
StepOnePlus Real-Time PCR system (Life Technologies). Ampliﬁcation efﬁciencies were >90% for all
reactions. Standard curves were calculated by linear regression of threshold cycle (Ct) and log gene copies
per reaction using duplicate standards ranging from 107 or 108 to 101 gene copies. Duplicate no template
control wells were included in all runs. Inhibition tests were carried out for all samples by adding 1.6 μL of
the 105 standard to each sample well. The efﬁciencies of inhibition test runs ranged from 95.55 to
101.73%; thus, we consider that ampliﬁcation in our samples was not inhibited. The limits of detection and
quantiﬁcation were considered as 1 and 8 gene copies per reaction, respectively.

3. Results and Discussion
3.1. N2 Fixation Rates in Particulate and Dissolved Pools
PN2 ﬁxation was detected at all stations and all depths sampled at rates ranging from 0.1 ± 0.2 to
77.9 ± 5.9 nmol N L1 d1 (13.7 ± 20.5 nmol N L1 d1 on average; Figure 1). N2 ﬁxation rates were on average
2 orders of magnitude higher at the surface (5–30 m) as compared to deep samples (70 m) and 6 times higher
in the North Solomon Sea (22.7 ± 25.5 nmol N L1 d1 on average) than in the Bismarck Sea
(3.5 ± 3.9 nmol N L1 d1 on average). This difference may be strongly inﬂuenced by the hydrological context. The Bismarck Sea was characterized by higher NOx availability, lower sea surface temperature (SST), and
a shallower deep chlorophyll maximum as compared to the Solomon Sea (Figure 1 and Figures S1 and S2 in
the supporting information), indicative of the upwelling of deep waters commonly occurring during this
season due to the northwest monsoon winds [Hasegawa et al., 2010; Delcroix et al., 2014]. Diazotrophs are
known to have lower growth rates compared to non-diazotrophs due to the high energetic cost of N2 ﬁxation
[Gallon, 1992] and their high iron requirements [Berman-Frank et al., 2001]. The higher availability of NOx in
the Bismarck Sea may have favored non-diazotrophic phytoplankton [Tyrrell, 1999; Dutkiewicz et al., 2012;
Ward and Jensen, 2014], likely explaining why N2 ﬁxation rates were higher in the NOx-depleted Solomon
Sea. This is further conﬁrmed by the overall negative correlation of N2 ﬁxation rates with NOx and PO4 concentrations (r = 0.52, p < 0.001 and r = 0.64, p < 0.001, respectively, data not shown).
Depth-integrated PN2 ﬁxation rates were 203 ± 121 and 1396 ± 1181 μmol N m2 d1 in the Bismarck and
North Solomon Seas, respectively. These rates are in the upper range of rates compiled in the global N2 ﬁxation database of Luo et al. [2012] (range 100–1000 μmol N L1 d1). In the Solomon Sea, the N2 ﬁxation rates
BERTHELOT ET AL.
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1

1

Figure 1. Vertical and horizontal distribution of the PN2 ﬁxation rates are shown in nmol N L d in the (a) Bismarck Sea, (b) North Salomon Sea, and (c) South
1
Solomon Sea. Vertical and horizontal distribution of the nifH gene abundances in copies L (sized dots) in the (d) Bismarck Sea, (e) North Salomon Sea, and
(f) South Solomon Sea. Colors indicate the proportion of Trichodesmium (purple), UCYN-A (red), UCYN-B (green), UCYN-C (blue), and γ-24774A11
Gammaproteobacterium (yellow). DDAs abundances were several orders of magnitude lower than the other diazotrophs and hence are not shown. The color scale
1
refers to Chl a concentrations in μg L .

measured during austral summer conditions (this study) are signiﬁcantly higher (Wilcoxon rank test, p = 0.02)
than those measured during the austral winter (624 ± 1374 μmol N m2 d1) [Bonnet et al., 2015], suggesting
a possible seasonal effect. These high rates might be induced by a strong stratiﬁcation and warm waters
(>25°C) in the austral summer providing an ideal environment for the bloom-forming diazotroph
Trichodesmium, which was observed at high abundances during this study (see next section). Alternatively,
the observed differences in integrated PN2 ﬁxation between these two studies may result from the
different methodologies used to measure volumetric N2 ﬁxation rates in Bonnet et al.’s [2015] (“bubble
method”) and this study (“dissolved method”). In some studies, it has been reported that the bubble
method [Montoya et al., 1996] underestimates N2 ﬁxation rates by a factor of 2 to 6 [Mohr et al., 2010;
Großkopf et al., 2012; Wilson et al., 2012; Böttjer et al., 2016], although other studies have not found any
signiﬁcant differences between both methods [Benavides et al., 2013a; Mulholland et al., 2014; Shiozaki
et al., 2015; Bonnet et al., 2016b]. Nonetheless, N2 ﬁxation rates were generally high in both seasons,
conﬁrming that the region is a hot spot of diazotrophic activity and likely provides a signiﬁcant amount of
new ﬁxed N year round, which is in accordance with recent high N2 ﬁxation rates reported further east in
the WTSP [Bonnet et al., 2017]. The reason for such high N2 ﬁxation rates measured all year long in the
Solomon Sea need to be further investigated. However, the maintenance of warm temperatures (>25°C)
[Breitbarth et al., 2007], the low N/P ratio [Sohm et al., 2011], and an important supply of iron through land
runoff, hydrothermal, and volcanic activity [Labatut et al., 2014] seem to provide optimal conditions for
diazotrophs to bloom extensively in this region.
A parallel study conducted in the Solomon Sea indicates that this new N is transferred to non-diazotrophic
plankton, primarily diatoms [Bonnet et al., 2016a], potentially contributing to the export of organic matter
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Figure 2. (a) PN2 (grey) and DN2 (red) ﬁxation and (b) PP rates in surface waters (5 m) superimposed on a satellite image of the Chl a concentrations. Chl a data
represent the average concentrations for March 2014 measured by AQUA/Moderate Resolution Imaging Spectroradiometer satellite and were obtained from the
National Aeronautics and Space Administration (http://neo.sci.gsfc.nasa.gov/). The numbers (1 to 12) refer to the stations names.

out of the euphotic zone in this ecosystem [Nelson et al., 1995]. The transfer of recently ﬁxed N to surrounding
planktonic communities takes place mainly through the dissolved pool [Berthelot et al., 2016; Bonnet et al.,
2016a]. Signiﬁcant 15N-enrichment values were measured in the DON pool at all stations sampled (except
at stations 1 and 2) and were used to compute the DN2 ﬁxation rates. DN2 ﬁxation rates ranged from 2.2
to 59.3 nmol N L1 d1 (17.6 nmol N L1 d1 on average) and accounted for 39.0 ± 25.8% of total N2
ﬁxation on average during the cruise (Figure 2 and Table 1). This proportion is twice that reported in a
previous study in the subtropical Atlantic [Benavides et al., 2013a] and is comparable to the results
reported by Konno et al. [2010] and Bonnet et al. [2016a] in the Paciﬁc Ocean, as well as those of
Mulholland et al. [2006] in the Atlantic Ocean. These results highlight the need to take into account DN2
ﬁxation when routinely measuring N2 ﬁxation in order to avoid underestimating total N2 ﬁxation rates.
DN2 ﬁxation measurements are largely disregarded in in situ N2 ﬁxation studies because they are
considerably labor intensive. Since our understanding of new production in the surface ocean relies on
accurate measurements of N2 ﬁxation, the determination of total N2 ﬁxation (including the contribution of
the dissolved pool) becomes essential.
3.2. Diazotroph Abundance and Distribution
Diazotrophs were present in both the Bismarck and Solomon Seas with abundances exceeding 1 × 104 nifH
copies L1 in half of the samples assayed and reaching up to 1.7 × 105 nifH copies L1 (Figure 1 and Table S1).
These abundances are within the highest decile of those reported in Luo et al. [2012], reinforcing the view
that this region is a hot spot of diazotrophs [Bonnet et al., 2009, 2015]. Coinciding with N2 ﬁxation rates,
diazotroph abundances were higher in the Solomon Sea (6.5 × 104 nifH copies L1 on average) as compared
to the Bismarck Sea (5.0 × 103 nifH copies L1 on average; Figure 1 and Table S1).
Trichodesmium was the most abundant diazotroph in the three transects (64% of the total; Figure 1 and
Table S1), but abundances were 1 order of magnitude greater in the Solomon than in the Bismarck Sea
(Figure 1). Consistent with previous studies performed in this area [Bonnet et al., 2009, 2015], Trichodesmium
reached abundances of 1 × 105 nifH copies L1. The highest abundances were measured at the surface
(5–30 m), and numbers decreased with depth. Nevertheless, it is notable that in a parallel study performed
in the mesopelagic layer of the same transects sampled here, sporadic Trichodesmium nifH genes were
detected below the photic layer (between 200 and 1000 m), probably associated with sinking senescent cells
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Table 1. Integrated (0–70 m) PP (mmol C m d ), PN2 and Total N2 Fixation (μmol N m d ), and PN2 and total N2 Fixation Contribution to PP (%) Assuming a
a
C:N Ratio of 10.5 Calculated From Measurements Performed in the Bismarck and North Solomon Seas

Station

Integrated
PP
2 1
(mmol C m d )

Integrated PN2
Fixation
2 1
(μmol m d )

1
2
3
4
5
6
Average

128
182
103
150
101
198
144 ± 40

172
242
43
236
399
125
203 ± 121

7
8
9
10
11
12
Average

62
124
89
78
77
41
79 ± 28

176
1302
788
471
2508
3132
1396 ± 1181

Proportion of
DN2
b
(% of Total N2 Fixation)
Bismarck Sea
ND
ND
90.5
34.2
41.9
23.1
c
31.6 ± 33.6
North Solomon Sea
64.7
47.2
56.7
42.8
22.6
44.2
46.4 ± 14.3

Integrated Total N2
Fixation
2 1 b
(μmol m d )

PN2 Fixation
Contribution to PP
(Particulate Only, %)

Total N2 Fixation
Contribution to PP
b
(Total, %)

172
242
453
359
687
163
415 ± 218

0.6
0.6
0.19
0.6
1.6
0.2
0.6 ± 0.5

0.6
0.6
2.9
1.6
4.5
0.5
2.4 ± 1.7

499
2466
1820
823
3240
5613
2410 ± 1869

1.2
4.3
3.6
2.5
13.3
31.2
9.3 ± 11.6

5.3
13.1
13.5
7.0
27.8
90.4
26.2 ± 32.4

a
ND: Not detected.
b
Assuming an equal
c

proportion of DN2 ﬁxation to total N2 ﬁxation at all depths compared to those measured at the surface.
Assuming that ND as 0%.

[Benavides et al., 2015]. Our results build upon previous evidence of the preferential growth of Trichodesmium
at the surface and in warm waters (>25°C) [Capone et al., 1997]. Trichodesmium was more abundant close to
the shore in the Solomon Sea (stations 11 and 12; Figure 1), likely due to the so-called “island mass effect,”
previously proposed by Shiozaki et al. [2014] for the WTSP, where the terrigenous supply of micronutrients
and macronutrients near islands is suspected to enhance Trichodesmium development.
The UCYN groups assayed (UCYN-A1, UCYN-A2, UCYN-B, and UCYN-C) were much less abundant than
Trichodesmium. UCYN-A1 was only detected in 12 out of 64 samples at abundances ranging between
<4 × 101 and 1.3 × 103 nifH copies L1. UCYN-A2 was detected only twice (Figure 1 and Table S1) at
abundances of 1.3 and 7.0 × 103 nifH copies L1, in agreement with previous studies that have reported a
generally more ubiquitous presence of the phylotype UCYN-A1 [Thompson et al., 2014; Bonnet et al., 2015].
UCYN-B was detected in 30 out of the 64 samples analyzed at abundances <5 × 102 nifH copies L1, almost
exclusively in the South Solomon Sea and to a lower extent in the Bismarck Sea (Figure 1 and Table S1). In
contrast, UCYN-C was most abundant in the North Solomon Sea (4.4 × 104 nifH copies L1 on average)
and almost absent in the Bismarck and South Solomon Seas. The heterogeneous distribution of the different
diazotrophs conﬁrms that they occupy different ecological niches. The virtual absence of UCYN-A during our
cruise, when seawater temperatures in the euphotic zone ranged from 27 to 31°C, conﬁrms that these
diazotrophs do not develop in waters >25°C, as previously observed in different oceanic areas [Moisander
et al., 2010; Agawin et al., 2014; Bonnet et al., 2015]. Interestingly, UCYN-B and UCYN-C did not share the same
spatial niche: UCYN-C thrived extensively and exclusively in the oligotrophic warm North Solomon Sea at SST
of ~31°C, while UCYN-B was almost solely present in the Bismarck and South Solomon Seas at SST of ~29°C
(Figure 1 and Table S1). This is in good agreement with results from Bonnet et al. [2015] where UCYN-B was
found in similar abundances in the Solomon Sea during austral winter at SST ~28–29°C. Here again,
temperature may have also played a major role in the distribution of photosynthetic UCYN phylotypes
suggesting an adaptation of UCYN-C to relatively warmer waters compared to UCYN-B and UCYN-A.
However, the covariation of temperature with other factors could also have inﬂuenced these patterns.
Taken together, these results highlight the importance to consider seasonality in N2 ﬁxation studies, even
in equatorial regions with narrow temperature ranges.
DDAs were detected in 28 out of the 48 samples at abundances generally <5 × 102 nifH copies L1 but at a
maximal abundance of 5.1 × 103 nifH copies L1 at 15 m depth of the station 16 (Table S1). These overall low
abundances compared to Trichodesmium and UCYN-C are in agreement with previous ﬁndings in the
BERTHELOT ET AL.
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equatorial Atlantic Ocean [Foster et al., 2007, 2009a] and the Solomon Sea [Bonnet et al., 2015]. Nevertheless,
their abundance is 1 or 2 orders of magnitude lower than those reported in the Amazon River plume
[Subramaniam et al., 2008; Yeung et al., 2012] and in the North Paciﬁc Ocean [Church et al., 2005a] where
DDAs are thought to contribute signiﬁcantly to N2 ﬁxation. Microscopic observations conducted on samples
collected during the cruise in the Saint Georges Channel and in the Vitiaz Strait revealed a low abundance of
Rhizosolenia (~400 cells L1) (V. Cornet, personal communication, 2016), but Richelia were not observed as
either free-living cells or in association with diatoms. This indicates that the contribution of DDAs to the total
diazotroph consortium in the Bismarck and Solomon Seas is probably very low during austral summer
conditions.
The putative gammaproteobacterium γ-24774A11 was detected in 47 samples with an average abundance of
5.4 × 103 nifH copies L1 (>5 × 103 nifH copies L1 in 17 of the 64 samples analyzed). Compared to
Trichodesmium and UCYN, this diazotroph was more homogeneously distributed between the two seas
and ranked as the third most abundant diazotroph considering all the phylotypes targeted (Figure 1 and
Table S1). The ubiquitous presence of this non-cyanobacterial diazotroph at average abundances of
thousands of nifH copies per liter compares well with previous reports from the WTSP Ocean [Moisander
et al., 2014; Bonnet et al., 2015], the Tropical North Paciﬁc [Church et al., 2005a] and Atlantic Oceans
[Langlois et al., 2005], and the Red Sea [Foster et al., 2009b]. Their relatively homogeneous distribution when
compared to cyanobacterial diazotrophs suggests that they are adapted to wider variations in environmental
constraints (e.g., nutrients and temperature) and may have a largely cosmopolitan distribution in the tropical
and subtropical oceans, as suggested by reports from wide latitudinal ranges and contrasting oceanic regions
[Luo et al., 2012; Moisander et al., 2014; Langlois et al., 2015]. Nevertheless, their abundance was on average
~ 4.5 times higher in the Solomon as compared to Bismarck Sea suggesting that they also are more competitive under N scarcity. Given their relatively high abundance observed in this and other studies, the contribution of these non-cyanobacterial diazotrophs to global N2 ﬁxation may be considerable and deserves further
study [Bombar et al., 2016].
The importance of N2 ﬁxation recovered in the dissolved pool has traditionally been attributed to the release
of recently ﬁxed N2 to the dissolved pool as NH4+ or DON in the form of small organic compounds such as
amino acids [Capone et al., 1994; Glibert and Bronk, 1994; Mulholland et al., 2004]. However, the presence of
the non-cultivated, non-cyanobacterial diazotroph γ-24774A11 (whose size could be smaller than the GF/F
cutoff; ~0.7 μm) at high abundances raises the question about the possibility of their recovery in the dissolved pool and their contribution to the high DN2 ﬁxation measured [Konno et al., 2010]. Abundances of
nifH gene copies measured in this study do not necessarily translate into nifH expression and diazotroph
activity. However, in an attempt to estimate the contribution of each diazotroph phylotypes to N2 ﬁxation,
we assume a linear relationship between nifH abundances and diazotroph activity and correlate abundances
to PN2 and DN2 ﬁxation rates (Figure S3). Abundances of Trichodesmium were strongly positively correlated
with both PN2 and DN2 ﬁxation rates (r = 0.974, p < 0.001 and r = 0.801, p = 0.002, respectively). Conversely,
despite their relatively high abundances at times, UCYN and γ-24774A11 did not correlate signiﬁcantly
neither with PN2 nor DN2 ﬁxation rates, suggesting that their contribution to N2 ﬁxation was likely minor
and that γ-24774A11 was not responsible for the high 15N enrichment measured in the dissolved pool. It is
possible that DN2 ﬁxation was primarily attributed to N release. Based on these considerations, we conclude
that (1) nearly all the PN2 ﬁxation was attributed to Trichodesmium, (2) Trichodesmium was directly responsible for most of the DN2 ﬁxation through the release of DON compounds, and, when normalized by detected
nifH copies, (3) Trichodesmium was much more efﬁcient at ﬁxing N2 than UCYN and γ-24774A11.
3.3. Biogeochemical Implications and Conclusions
Depth-integrated PP rates were higher in the Bismarck Sea (125 ± 67 μmol C m2 d1) than in the Solomon
Sea (78 ± 28 μmol C m2 d1) (Figure 2 and Table 1). This is consistent with the higher-surface Chl a
concentrations and nutrient availability in the Bismarck Sea (Figure S3). The computation of the N demand
derived from this PP (assuming a C:N ratio of 10.5 ± 3.2 as measured in the POC and PON samples) indicates
that PN2 ﬁxation fueled 0.6% (range 0.2 to 1.6%) and 9.4% (range 1.2 to 31.2%) of PP in Bismarck and Solomon
Seas, respectively (Table 1). The contribution of PN2 ﬁxation to PP in the Solomon Sea is remarkably high
compared to other oceanic regions such as the Northwestern Paciﬁc [Shiozaki et al., 2013], the Eastern
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tropical South Paciﬁc [Raimbault and Garcia, 2008], subtropical Northeast Atlantic [Benavides et al., 2013b], or
the Mediterranean Sea [Bonnet et al., 2011; Ridame et al., 2013], where the contribution is generally <5%. It is,
however, in the range of previous studies performed in the Solomon Sea during the austral winter [5.5%;
Bonnet et al., 2015]. If we consider total N2 ﬁxation (DN2 + PN2 ﬁxation) and assume a similar proportion of
DN2 ﬁxation to total N2 ﬁxation at depth compared to the surface, the contribution of N2 ﬁxation to PP
reaches 1.5% (ranging from 0.3 to 2.8%) and 16.2% (ranging from 3.3 to 56.0%) in the Bismarck and the
Solomon Seas, respectively (Table 1). To the best of our knowledge, these are among the highest
contributions reported, which further conﬁrms the importance of N2 ﬁxation in supplying new N to the
surface waters of the Solomon Sea. Nitrate uptake was not measured in this study, and it is thus difﬁcult to
assess the relative importance of N2 ﬁxation in sustaining new production (in the sense of Dugdale and
Goering [1967]). However, new PP rarely exceeds 30% of the total PP in N-depleted waters [Yool et al.,
2007; Raimbault and Garcia, 2008; Bonnet et al., 2015], suggesting that new production in the Solomon Sea
was probably importantly sustained by N2 ﬁxation.
Accurate estimates of N2 ﬁxation are of outmost importance to constrain the global N cycle. The results from
this study highlight the importance of considering both PN2 and DN2 ﬁxation when quantifying rates and
report a hot spot of N2 ﬁxation in the equatorial and WTSP that needs to be taken into account in future
global budgets.
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