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The bioavailable nitrogen fixed by diazotrophs is critical for sustaining pro-
ductivity in the oligotrophic ocean. Despite this, understanding how
diazotroph-derived nitrogen integrates into the nitrogen cycle within the
euphotic zone remains unknown. Here, we investigated nitrogen fixation rates
in the particulate and dissolved fractions within the euphotic zone of the North
Pacific Subtropical Gyre. Our findings reveal the proportion of nitrogen fixa-
tion rates in the dissolved fraction increases with depth. Light manipulation
experiments uncover that reduced light levels can stimulate the net release of
diazotroph-derived nitrogen, aligning with our depth-related observations.
Furthermore, we identify two distinct transfer pathways vertically associated

with light-driven ecological niches. Specifically, the released diazotroph-
derived nitrogen is transferred to non-diazotrophic plankton in the upper
layers. Meanwhile, in the lower layers, it contributes to the nitrification pro-
cess. Our results underscore the high bioavailability of diazotroph-derived
nitrogen and its rapid integration into the nitrogen cycle through multiple
pathways within the well-lit ocean.

Marine nitrogen fixation, performed by diazotrophs including UCYN-A
symbiosis, UCYN-B, Trichodesmium, etc., serves as a vital exogenous
nitrogen source, sustaining primary production and contributing to
export production in the oligotrophic ocean'’. Even though diazo-
trophs comprise only approximately 1% of planktonic biomass, the
ecological impacts of diazotrophs on the entire oligotrophic ecosys-
tem are profound and rely heavily on the release and transfer of
diazotroph-derived nitrogen (DDN)**.

Early studies have documented the release of DDN, such as the
accumulation of ammonium or dissolved organic nitrogen (DON) fol-
lowing Trichodesmium blooms in the surface ocean or enriched
extracellular DON in pure cultures of Trichodesmium®’. These studies,
mainly focused on Trichodesmium, quantified that ~50% (with a range
of 10% to 80%) of the total fixed nitrogen can be released into the
dissolved pool. The release process is regulated by diazotrophic pro-
grammed cell death®, variations in ambient light intensity’, bacterial
lysis or viral invasion'®, and zooplankton’s sloppy feeding'.

The released DDN is potentially biologically available for sur-
rounding planktonic communities in the oligotrophic ocean. Evidence
of relatively low 8N in phytoplankton or zooplankton indicates sig-
nificant transfer of DDN to the planktonic food web'?". Yet, the path-
way and transfer rates remain poorly identified in a quantitative way
due to methodological limitations, particularly the overlap in size-
spectrum between diazotrophs and non-diazotrophs'*.

Studies utilizing size-fractionated techniques coupled with N,
labeling incubation, mainly during surface Trichodesmium blooms,
have shown that 5-10% of nitrogen fixed by Trichodesmium (recovered
in the size fraction >10 um) was transferred to small-sized (recovered in
the size fraction <10 um) non-diazotrophic biota’". Recently, high-
resolution nanometer-scale secondary ion mass spectrometry has
been employed to identify and quantify the transfer of released DDN
into specific groups of phytoplankton and bacteria in the surface
ocean, demonstrating transfer ranging from 6-21% of fixed nitrogen to
diatom, pico-phytoplankton, and bacteria'*'®".
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In the field, the released DDN is partially transferred into the
surrounding biota with the remainder in the dissolved fraction. Yet, the
nitrogen fixation rates in the dissolved fraction (NFRp) have been
underexplored in previous studies, potentially leading to an under-
estimation of total nitrogen fixation rates'. Limited observations of
NFRp have primarily focused on surface waters in the field rather than
the entire euphotic zone®.

Considering that DDN is typically in the reduced state, existing as
DON or ammonium>*%, and the influence of light on the flow path-
ways of reduced inorganic nitrogen within the vertical gradient of light
intensity in the euphotic zone*, a question arises regarding how DDN
is incorporated vertically into the nitrogen cycle throughout the entire
euphotic zone.

In this study, we utilize ®N, isotope labeling techniques with a
sophisticated experimental design to accurately quantify the nitro-
gen fixation rates in both particulate and dissolved fractions (NFRp &
NFRp) across a vertical scale from the ocean’s surface down to a
depth of 0.1% surface photosynthetically active radiation (sPAR) in
the North Pacific Subtropical Gyre (NPSG) (Supplementary Fig.1). We
also conducted pilot tests to verify the methodological reliability
(Supplementary Fig. 2). Moreover, we separate the total nitrogen
fixation rates (TNFR; i.e., NFRp plus NFRp) into those mediated by
large-sized (>10 um) and small-sized (<10 um) diazotrophs (Supple-
mentary Fig. 3), and the NFRp into nitrate/nitrite (NO,") and DON/
ammonium. With the support of light manipulation experiments, our
results provide robust evidence highlighting the significance of DDN
release across the entire euphotic zone and reveal how light intensity
simultaneously regulates the production, release, and transfer pro-
cesses. Furthermore, we propose two vertically light-driven transfer
pathways for released DDN within the euphotic zone, thus elucidat-
ing how released DDN incorporates into the intricate marine nitro-
gen cycle within the sunlit zone.

Results and discussion

DDN is efficiently released in the entire euphotic zone

In our study, we conducted parallel measurements of the NFRp and
NFRp across the euphotic zone in 14 stations in the NPSG, during both
the summer and the winter cruises (Supplementary Fig. 1; Supple-
mentary Table 1). Overall, the vertical profiles of NFRp and TNFR
exhibited an unimodal pattern, with peak rates typically occurring at
~-50 m (Fig. 1a, b; Supplementary Fig. 4), consistent with previous
findings in the oligotrophic ocean” >, The ratios of NFRp to TNFR
varied widely from 3% to 97%, with an average of 31% and a median of
52% (n=48). Interestingly, the NFRp/TNFR increased with depth
(Fig. 1c, d; Supplementary Fig. 4), indicating efficient release of DDN by
diazotrophs into the surrounding environment, despite the lack of
clear vertical variation of NFR, across all stations.

Furthermore, depth-integrated total nitrogen fixation rates
(ITNFR) exhibited spatial variability within the NPSG (Fig. 1e; Supple-
mentary Table 2). During the summer cruise, ITNFR in central NPSG
(428 + 75 umol N m2d™, n=5) were significantly higher than those in
the northern and southern regions (7618 umolNm=d?, n=3;
p<0.001), whereas in the winter cruise, the differences were less
pronounced (p=0.236; 220 +149 pmol N m2d™ in the central NPSG
(n=4) and 369 + 98 pmol N m2d in the northern and southern NPSG
(n=2)). However, ITNFR did not show significant seasonal variation
across the oligotrophic NPSG (296 +190 pmolNm™2d™, n=8, in the
summer; 270 + 145 pumol N m2d ™, n=6, in the winter; p > 0.05). Depth-
integrated NFRp, (INFRp) accounted for 3-53% (average of 26%, n =14)
of ITNFR (Fig. le; Supplementary Table 2), indicating potential
underestimation of ITNFR by ~26% when not considering INFRp. Sta-
tions with lower ITNFR tended to have a higher proportion of INFRp
(Supplementary Fig. 5), highlighting the importance of accounting for
NFRp in the assessment of marine nitrogen fixation rates, particularly
in regions with relatively lower NFRp.

In the vertical profile, TNFR had a significantly positive correlation
with total nifH gene abundance at corresponding depths (p <0.05;
Supplementary Fig. 7a). Similarly, in the horizontal distribution across
the integrated water column, ITNFR exhibits a significantly positive
correlation with depth-integrated total nifH gene abundance at cor-
responding stations (p < 0.05; Supplementary Fig. 7b). At the central
and southern NPSG stations, UCYN-B dominates in the water column,
with Trichodesmium as the second most abundant species, revealing a
coherent pattern with ITNFR (Fig. 1e, f) regardless of seasonal varia-
tions. In contrast, UCYN-A symbiosis contributes most to the nifH gene
abundance in the water column of the two northern NPSG stations,
potentially contributing to the observed TNFR there (Fig. 1e, f). The
spatial distribution of UCYN-A symbiosis and UCYN-B is likely highly
influenced by water temperatures (Supplementary Fig. 1c, d; Supple-
mentary Table 1) due to UCYN-A symbiosis’ adaptation to low tem-
peratures and UCYN-B'’s preference for warm seawater'*>%, Overall, in
this study area, NFRp is determined by the nifH gene abundance of
UCYN-B, while NFRp shows no clear association with any diazotroph
species, in both specific layers and water column integration (Sup-
plementary Fig. 7a, b). However, we cannot rule out the potential direct
contribution of unknown diazotrophic ultramicrobacteria or viruses to
the NFRp.

Considering that photoautotrophic diazotrophs (UCYN-A sym-
biosis, UCYN-B or Trichodesmium) dominated in our study region
(Fig. 1f; Supplementary Fig. 6), and total nifH gene abundance and the
TNFR were positively correlated with light intensity at corresponding
depths (Supplementary Fig. 7a), we propose that light intensity likely
influences both the vertical distribution and activity of diazotrophs.
Interestingly, during the summer and winter cruises, maximum TNFR
often occurred at 50 m (the corresponding daily mean light intensity
was about 145 pmol Em™s™) (Supplementary Fig. 8a, b; Supplemen-
tary Table 2). Given that the mixed layer depths exceeded 50 m depth
at most stations in this study (Supplementary Fig. 1c-f; Supplementary
Table 2) and physical-chemical parameters (such as temperature,
salinity, nutrients, etc.) other than light intensity were relatively
homogeneous within the mixed layer, these suggest that high surface
light intensity may suppress TNFR, contributing to the observed
unimodal TNFR distribution on the vertical scale. While the NFRp, did
not show significant correlation with environmental parameters or
diazotrophic compositions (Supplementary Fig. 7a), the NFRp/TNFR
was positively correlated with depth and negatively correlated with
light intensity, possibly due to light attenuation with depth (Supple-
mentary Fig. 8c, d).

Light intensity shapes vertical nitrogen fixation rates and por-
tion of net release

During the winter cruise, we conducted light manipulation experi-
ments for three stations to test our hypothesis. The results unveiled
an unimodal distribution of the TNFR in response to variable
light intensities (Fig. 2; Supplementary Fig. 9), consistent with the
observed in situ profiles of TNFR (Supplementary Fig. 8a, b). The
optimum light intensities (/) at layers dominated by UCYNs ranged
from 12pmolEm™s? to S8lumolEm™2s™ (47 +22pumolEm™s?,
n=10), determined from data fitting (Supplementary Fig. 9; Sup-
plementary Table 3). The /, values were aligned closely with previous
reports for UCYN-A symbiosis (44 + 23 umol E m2s™)*, albeit slightly
lower than those for UCYN-B (88 +13 pmol E m™2s™)%. Importantly, /i
showed no significant vertical variation and remained consistent
among the three stations with different diazotrophic compositions.
Layer exhibited the highest TNFR where in situ light intensity closely
matched /i at the depth (Supplementary Table 3). Nitrogen fixation in
layers above the depth with / experienced light inhibition, while
those below were light-limited. These findings demonstrate the
pivotal role of light intensity in shaping the vertically unimodal dis-
tribution of TNFR.
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Fig. 1| Seasonal nitrogen fixation rates and nifH gene abundance in all stations
in the North Pacific Subtropical Gyre (NPSG). a, b The profiles of total nitrogen
fixation rates (TNFR) during the summer and the winter cruise, respectively. Data
are presented as mean values + standard deviation. The error bars depict propa-
gated standard deviation from triplicate rate measurements (n =3 biologically
independent samples). ¢, d the ratio of nitrogen fixation rates in dissolved fraction
(NFRp) to TNFR during the summer and the winter cruise, respectively. Data are
presented as mean values +/- standard error of mean. The error bars represent the
standard error of mean, with propagated standard deviation derived from triplicate
rate measurements (n =3 biologically independent samples). e The pink and blue
bars represent depth-integrated nitrogen fixation rates in particulate fraction
(INFRp) and depth-integrated NFRp (INFRp), respectively. Data are presented as
mean values - standard deviation. The error bars depict propagated standard
deviation from triplicate rate measurements (n =3 biologically independent

samples). The deep blue dots represent the ratio of INFRp, to ITNFR. Data are
presented as mean values + standard error of mean. The error bars are standard
error of mean, with propagated standard deviation derived from triplicate rate
measurements (n = 3 biologically independent samples). f The bars show nifH gene
composition of targeted diazotrophs in every layer at each station. The dark green
bars are UCYN-B; the dark purple bars are UCYN-A symbiosis (short for UCYN-A),
including UCYN-A1 and UCYN-A2; the red bars are Trichodesmium; the creamy
white bars are Other diazotrophs, ‘Others’ include UCYN-C, y-24774A11, hetl, het2,
and het3. The pink dots are depth-integrated total nifH gene abundance (Units
(copies m™) are converted to log;o (copies m)). a-d the prefix of the station’s
names: ‘S’ denotes stations in the summer cruise, while ‘W’ denotes stations in the
winter cruise. The colors of the station’s names and dots-lines in a-d represent the
region of the stations: green, the northern NPSG; red, the central NPSG; blue, the
southern NPSG. Source data are provided as a Source Data file.

In every individual layer, the NFRp/TNFR exhibited a concave
trend, contrary to the TNFR trend observed in the light manipulation
experiments (Fig. 2). The NFRp/TNFR were relatively higher under low
light intensities (1 and 14 umol Em™s™; corresponding to the in situ
depths of 0.1% and 1% sPAR, lower than / in this study) compared to
moderate light intensities (145, 290, and 745 pmol Em™s™; corre-
sponding to the in situ depths of 10%, 20% and 50% sPAR), consistent
with our in situ observations at deeper depths (Fig. 2; Supplementary
Fig. 8¢, d). One study has documented that under low light conditions,
diazotrophs released a larger proportion of DDN into the
environment’. It is hypothesized that surrounding organisms are
unable to effectively utilize the released DDN under low light condi-
tions, leading to the retention of released DDN in the dissolved

fraction. This may result in an elevated proportion of NFRp under low-
light incubation in our light manipulation experiments. Similarly,
under high-light incubations (1194 pmol E m™2s; corresponding to the
in situ 2 m depth; Supplementary Table 1), the NFRp/TNFR was higher
than under moderate light intensity (Fig. 2). This excess of energy led
to the increased discharge of cellular nitrogen to prevent photo-
destruction and light inhibition of diazotrophs and non-diazotrophic
photoautotrophic phytoplankton®, resulting in relatively low TNFR
(Fig. 2) and ineffective planktonic utilization despite release, leading to
the accumulation of released DDN.

Our results imply that the light intensity regulates nitrogen fixa-
tion and its net release, which may arise from the altered physiological
characteristics of diazotrophs and surrounding phytoplankton. Our
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ratio of NFRp, to total nitrogen fixation rates (TNFR). Data are presented as mean
values + standard error of mean. The error bars are the standard error of the mean,
with propagated standard deviation derived from triplicate rate measurements
(n=3 biologically independent samples). The light intensity in each chart is the
daily mean light intensity. The numbers with stars on the X axis show the in situ light
intensity at the corresponding layer. Source data are provided as a Source Data file.

Fig. 2 | The results of light manipulation experiments in three stations during
the winter cruise. Responses of nitrogen fixation rates to variable light intensities
at four depths in M30 (a-d), M18 (e-h), and K13a (i-1). The pink and blue bars
represent nitrogen fixation rates in particulate fraction (NFRp) and in dissolved
fraction (NFRp). Data are presented as mean values — standard deviation. The error
bars depict the standard deviation of NFRp and NFRp, from triplicate rate mea-
surements (n = 3 biologically independent samples). The deep blue dots denote the
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experiments reproduced the downward-increasing trend of in situ
observation of vertical NFRp/TNFR as light intensity attenuated
(Fig. 1c, d; Fig. 2). However, the magnitude of NFRp/TNFR in the light
manipulation experiments conducted in the high light layers (=10%
sPAR) was significantly lower than that in the low light layers (<10%
sPAR) regardless of the variable light intensities applied (p <0.001;
Supplementary Fig. 10a-c). Similarly, in the in situ observation, the
NFRp/TNFR in the high light layers were also significantly lower than
that in the low light layers (p < 0.001; Supplementary Fig. 10d). These
distinctions suggest that while changes in light intensity contribute to
the variation in NFRp/TNFR, they alone cannot fully explain the high
ratios observed under in situ low-light conditions in the low light
layers.

Released DDN comprises reduced nitrogen compounds (such as
DON or ammonium)**%, Historically, labile DON uptake in marine
ecosystems has been attributed to heterotrophic bacterial
production”. Enhanced heterotrophic bacterial production was also
observed during a Trichodesmium bloom, indicating that released DDN
was transferred to bacteria®. In fact, the newly released DON may
contribute to the labile DON pool for microbial consumption and can
be transformed into ammonium by bacteria. Previous studies have
shown that ammonium was preferentially utilized by phytoplankton in
the high light layers, conversely, ammonium was utilized by nitrifiers
and converted into NO, in the dissolved pool in the low light
layers?®?, In the euphotic zone, the vertical light gradient obviously
creates niches for various microbes, including photoautotrophs and
chemoautotrophs. Therefore, pathways of the released DDN could be
controlled by niche differentiation.

Light-driven transfer pathways of released DDN

To test the two speculative transfer pathways of released DDN in the
high light layers and low light layers, we conducted size-fractionated
experiments and measured the NFRp, in the NO,~ fraction from in situ
incubations. The results from size-fractionated experiments revealed
that 15-39% of fixed nitrogen from the large-sized diazotrophs
(>10 pm) was transferred to small-sized biota (<10 pm) in the high light
layers (Fig. 3a-c; Supplementary Fig. 11). It’s worth noting that this
method exclusively quantifies the transfer of released DDN from large-
sized diazotrophs, implying that the mentioned transfer efficiencies
present conservative estimates because we can not quantify the
transfer of released fixed nitrogen derived from small-sized diazo-
trophs. Despite the relatively low NFRp/TNFR (Fig. 1c, d) and the sig-
nificantly lower nitrification rates in the high light layers**>*, our results
underscore that the released DDN is rapidly assimilated by surround-
ing ammonium-favoring phytoplankton or bacteria. The NFRp
observed encompasses both diazotrophs and non-diazotrophic
plankton, indicating a direct contribution of nitrogen fixation to
regenerated production within the high light layers.

In the in situ incubation, upon introducing N, into samples from
the low light layers at nine stations (where the NO,~ concentration at
the remaining five stations fell below the detection limit), notable
augmentations of ®N in NO,~ were observed (Supplementary Table 4).
This signifies that, on average, 70% (n =9) of NFRp, resided in the NO,~
within the low light layers (Fig. 3d; Supplementary Table 5). The
observation implies the released DDN entered into the nitrification
process or underwent bacterial ammonification beforehand within the
low light layers. Additionally, the proportion of NFRp in the NO,~
fraction at the low light layer (at 120 m in W_K13a) declined with
increasing light intensity during our light manipulation experiments
(Fig. 3e), corroborating the pathway of transferred DDN to nitrifica-
tion, especially considering the light inhibition of nitrification rates®.
Consequently, these findings validate that within the low light layers,
released DDN is transferred to NO,~ primarily through nitrifiers.

Diazotrophs demonstrate remarkable efficiency in releasing DDN,
which promptly participates in the nitrogen cycling processes within

the euphotic zone, as evidenced by detectable signals within 24-hour
incubation. This involvement includes contributions to bacterial pro-
duction, regenerated production, and nitrification. Moreover, the
delineated transfer pathways within the two regimes of the euphotic
zone, particularly the transfer to the nitrification process in the low
light layers, play a pivotal role in the retention of released DDN in the
dissolved fraction. Additionally, diazotrophs may experience greater
predation pressure in low-light layers than in high-light layers®. Sloppy
feeding by zooplankton could increase the release of DDN". Conse-
quently, this mechanism may also contribute to the observed high
in situ NFRp/TNFR in the deeper layers.

Previous studies have consistently shown that the majority of
released DDN appears as DON**, Within the euphotic zone in this
study, total dissolved nitrogen concentrations typically range between
3 and S5pmolNL™ (Supplementary Fig. 12). However, the nitrogen
fixation rates did not surpass 10 nmol N L™ d over a 24-hour incuba-
tion period (Fig. 1a, b). The detectable transfer signal suggests that
released DDN, as the majority of DON, enters into a relatively large
ambient DON pool and is preferentially utilized by surrounding
organisms. Additionally, the nitrogen isotopic values derived from N,
labeling were also detectable in the NO,~ within the low light layers,
given that NO, comprises a small proportion of total dissolved
nitrogen (ranging from 0.71% to 37.71%, n =9, Supplementary Table 5),
which solidifies the notion of preferential utilization of released DDN.
Considering the spectrum of liability within the DON pool, it ranges
from truly refractory components persisting for years to millennia to
highly labile forms such as urea, amino acids, and nucleic acids, which
turn over in minutes to days®~**. The newly released DDN likely falls
within the relatively more labile DON or ammonium. Thus, our results
underscore the potential high bioavailability and rapid turnover of
released DDN, highlighting the crucial role of diazotrophs in oligo-
trophic oceanic ecosystems.

Nitrogen is a crucial factor limiting marine primary production®,
and nitrogen fixation plays a pivotal role in generating bioavailable
nitrogen'. Historically, NFRp has been overlooked in marine nitrogen
budget assessments, leading to an underestimate of the new nitrogen
source in global budgets that rely solely on NFRp'®. Incorporating NFRp
could potentially increase the global marine nitrogen fixation budget
from 223 Tg Ny (data from ref. 18) to 281 Tg N y ' based on an average
ratio of INFRp/ITNFR of 26%. This adjustment may help reconcile
debates on the imbalance of the marine nitrogen budget on a global
scale and suggests a need to reassess the biogeographical distribution
of marine nitrogen fixation rates® .

Nitrogen fixation has long been recognized as a new nitrogen
alongside atmospheric nitrogen deposition and upwelled subsurface
nitrate in the euphotic zone, supporting export production in the vast
oligotrophic oceans'. Our findings indicate that released DDN rapidly
enters the regenerated nitrogen cycle within the euphotic zone, sug-
gesting that nitrogen fixation’s role as new nitrogen extends over
longer timescales. In the short term, however, nitrogen fixation pri-
marily acts as regenerated nitrogen. Our results demonstrate that
newly fixed nitrogen is preferentially utilized by the surrounding
organisms, highlighting the role of diazotrophs in sustaining primary
production through the release of DDN. Our data further reveal that
nitrogen fixation contributes ~1-29% of primary production (Supple-
mentary Table 6), even though diazotrophs constitute <1% of the
overall phytoplankton community’, underscoring a considerable
contribution of DDN to primary production and carbon cycle in the
oligotrophic ocean.

In the low light layers, released DDN enters the nitrification
pathway, contributing ~-3-9% of nitrification (Supplementary Table 7).
Our study provides insights into the source of nitrate in the lower
euphotic zone through the shortcut of released DDN-nitrification
processes, indicating that nitrogen fixation indirectly contributes new
nitrogen through nitrification. This finding challenges previous studies
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Fig. 3 | The transfer pathways of diazotroph-derived nitrogen (DDN) in the high
light layers and low light layers. The upper panel shows the results of size-
fractionated experiments in M35 (a), K2b (b), and M22 (c) during the summer
cruise. The purple, green, and orange bars represent total nitrogen fixation rates
derived from large-sized diazotrophs (TNFR.10,m), released DDN that is partially
transferred to small-sized biota (<10 pm), and the remaining DDN derived from
large-sized diazotroph after transfer. Data are derived from the subtraction of the
data in Supplementary Fig. 11 and presented as mean values + standard deviation.
The error bars are propagated standard deviation derived from triplicate rate
measurements (n = 3 biologically independent samples). The pie charts display the
relative distribution of released DDN transferred to small-sized biota and remaining
DDN derived from large-sized diazotroph after transfer. The lower panel shows
nitrogen fixation rates in dissolved fraction (NFRp) within NO,™ fraction and the
ratio of NFRp, in NO,~ fraction to total NFRp, from in situ observations in the low light
layers at the nine stations (d) and light manipulation experiments at 120 m in K13a

during the winter cruise (e). The cyan bars are NFRp in NOx™ fraction. Data are
presented as mean values - standard deviation. The error bars depict one standard
deviation from triplicate rate measurements (n =3 biologically independent sam-
ples). The blue bars represent the remaining NFRy, in total dissolved nitrogen
(TDN). Data are presented as mean values + standard deviation. The error bars are
propagated standard deviation derived from triplicate rate measurements (n=3
biologically independent samples). The deep blue dots are the ratio of NFRp, in
NOy fraction to the total NFRp. Data are presented as mean values - standard error
of mean. The error bars are standard error of mean, with propagated standard
deviation derived from triplicate rate measurements (n =3 biologically indepen-
dent samples). The stations in chart (d) are rearranged according to the ratio. Black
arrows show DDN release, and red arrows show DDN transfer. DON, dissolved
organic nitrogen; Diaz, diazotrophs; Bac, bacteria; Phyto, phytoplankton; sPAR,
surface photosynthetically active radiation; Source data are provided as a Source
Data file.

suggesting overestimations in oceanic new production due to
nitrification®®*°, particularly in the lower euphotic zone. Moreover, the
recycling processes in the lower euphotic zone produce N,O, off-
setting some of the carbon export driven by nitrogen fixation in terms
of net greenhouse gas potential*’, which further complicates the role
of current findings.

In conclusion, our study underscores the critical role of NFRp in
the marine nitrogen budget through comprehensive observations on
diazotrophs and nitrogen fixation rates in the NPSG. NFRp emerges
from the interplay between diazotrophs (as sources/release process)
and surrounding organisms (as recipients/transfer process), regulated
by their physiological traits and light intensity. The released DDN
exhibits high bioavailability and rapid turnover, traversing distinct
pathways modulated by light intensity-driven niches. In the high-light
layer, released DDN is transferred mainly to phytoplankton, while in
the low-light layer, it is utilized by nitrifiers. Our study elucidates the

intricate dynamics of nitrogen cycling within the euphotic zone and
emphasizes the pivotal role of diazotrophs as keystone species in oli-
gotrophic marine ecosystems.

Methods

Sampling information

Two cruises were conducted onboard R/V Tan Kah Kee from July 2 to
August 23, 2020 (KK2003, the summer cruise) and from 23 December
2020 to February 07, 2021 (KK2007, the winter cruise) in the NPSG.
Hydrographic data were recorded using SeaBird SBE 911plus CTD
system, equipped with temperature, salinity, fluorescence, and pho-
tosynthetically active radiation (PAR) sensors. The stations covered a
broad range of hydrographic conditions in the NPSG, notably char-
acterized by low surface chlorophyll a concentration. Stations were
further categorized into the southern, central, and northern NPSG
based on both hydrographic and geographic disparities
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(Supplementary Fig. 1). The depth of the mixed layer was defined as the
depth where a 0.8°C deviation relative to the surface value we
observed*. The base of the euphotic zone was defined as the depth
with 0.1% surface PAR*. Three or four layers were selected in each
station within the euphotic zone, determined by the in situ light
intensity (Supplementary Fig. 1). Water samples were collected using
12 L Niskin bottles affixed to the CTD rosette.

Pilot tests of method of nitrogen fixation rates incubation
Before commencing the incubation to determine nitrogen fixation
rates, we conducted two pre-experiments. First, we assessed the
potential contamination of bioavailable non-N,-*N from commercial
N, gas. Briefly, triplicate 2 mL of N, gas (98.9% atom “N, chemical
purity >99.9%, Cambridge Isotope Laboratories, Inc. Lot. #AR0483820
(gas 1) for the summer cruise and & Lot. #AR0664758 (gas 2) for the
winter cruise) were injected into 12 mL tubes (Exetainers, Labco) along
with 10 mL of natural particulate-free sea surface water from the NPSG.
These tubes were sealed with septum caps and shaken overnight.
Subsequently, the 6N of total dissolved nitrogen (TDN) in these tubes
was measured by the method described below and compared with the
natural §8"Nypy of surface seawater samples (without “N, gas addi-
tion). The 8"Nypy values for the test seawaters with gasl and gas2 were
4.8+ 0.1%0 (n=3 biologically independent samples) and 4.9 + 0.1%o
(n=3 biologically independent samples), respectively, while the
85Nypn values for the natural sample were 4.8%o (n=1). The result
indicated that the two N, gases used were free from non-targeted N
contamination.

Second, we employed a modified bubble release method to add
BN, gas®. A pre-experiment was conducted to determine the time
required for gas equilibrium and incubation. In brief, at a room tem-
perature of ~25°C, 4 mL of ®N, gas was injected by syringe through
septum caps into thirty-six 4.5 L polycarbonate (PC) bottles filled with
sea surface water. These bottles were then subjected to rotation using
a self-developed rotating device (-1 rev/s) for durations of 5,10, 15, and
30 min to facilitate gas equilibration between N, and *N,. Afterward,
additional sea water was swiftly added into the headspace to halt gas
equilibrium. The bottles were then divided into three sets, each with 9
bottles, for incubation periods of 0 h (T0), 24 h (T1), and 48h (T2),
respectively. The ®N, enrichment in the bottles post-incubation was
directly measured by membrane inlet mass spectrometry (MIMS). At
TO, the ®N,-enrichment increased with rotation time, and the per-
centage of actual N, gas dissolution to theoretical dissolution
reached 96% after 30 min of rotation (Supplementary Fig. 2a). The ®N,-
enrichment remained stable between TO and T1 but decreased at T2
(Supplementary Fig. 2b). Based on these results, we selected a rotation
time of 30 min and an incubation time of 24 h for subsequent
experiments.

In situ nitrogen fixation rates incubation
The samples collected for in situ nitrogen fixation rates incubation
were sub-sampled into four 4.5L PC bottles that had been pre-rinsed
by 1N HCI. Nitrogen fixation rates were determined using the N,
labeling method combined with the modified bubble release method*.
In every layer, 4mL of “N, gas was injected into four bottles for
incubation via syringe through septum caps, followed by rotation for
30 min (-1 rev/s) in a dark environment. Subsequently, in situ seawater
was promptly added into the headspace to cease gas equilibration.
Concurrently, control incubations without ®N, labeling were
carried out in each layer. The samples for control incubations were
sub-sampled into three 1.25 L PC bottles that had been pre-rinsed with
1N HCI. The particulate organic nitrogen (PN) and TDN samples in the
control group at TO were treated as natural samples. These control
experiments aimed to assess any alterations in §°Npy or 8°Nypy over
the incubation periods or potential contamination in subsequent
sample-handling processes.

All nitrogen fixation rate incubations (including the control
group) in this study were performed using an artificial simulated per-
iodical sunlight system (Hydra® 64HD, Aqualllumination) and
temperature-controlled incubators. The light intensity and tempera-
ture setting closely mimicked in situ conditions (Supplementary
Table 1). The incubation duration was 24 h, comprising 12 h of peri-
odical artificial simulated sunlight and 12 h of darkness.

Post-incubation, water from each labeled bottle was subsampled
into 12 mL tubes (Exetainers, Labco), fixed with 0.1 mL saturated HgCl,
solution, and to determine the final ®N,-enrichment, directly mea-
sured by MIMS. The ®N,-enrichment ranged from 7.02% to 10.34%
(with an average of 9.0 + 0.6%, n =333 biologically independent sam-
ples) in all of our samples. These values surpassed those reported in
previous studies, for instance, 2.4+0.2 % (n=10 biologically inde-
pendent samples) in Bonnet et al.” and 1.4 + 0.1% (n=17 biologically
independent samples) in Wen et al.”>. The elevated “N,-enrichment
potentially contributes to higher nitrogen fixation signals, significantly
reducing detection limitations.

One sample (TO) and triplicated samples (T1) were collected in the
nitrogen fixation rates incubation. Similarly, one sample (TO) and
duplicated samples (T1) in the control group incubation were col-
lected. PN samples at TO and T1 were filtered (<200 mm Hg) using pre-
combusted (450°C, 4h) 25mm 0.3 um glass fiber filters (GF/75;
Advantec). TDN samples at TO and T1 were filtered through a 0.22 um
syringe filter into a 50 mL centrifuge tube (BD Falcon). All filters and
dissolved samples were stored at —20°C on board for subsequent
analysis.

Light manipulation experiments

Light manipulation incubations were performed at four depths across
three stations (M30, M18, and K13a) in the winter cruise. At each depth,
alongside the in situ light intensity, four or five gradients of light
intensities were established concurrently during the incubation by the
artificial simulated periodical sunlight system. All other procedures
during the incubation remained the same as those described above.
The data of NFRp in the light manipulation incubations in K13a were
described by ref. 44.

Size-fractionated experiments

We conduct size-fractionated incubations at three or four depths
across three stations (M35, K2b, and M22) in the summer cruise. The
incubations consisted of two parts (Supplementary Fig. 3) as below.

In Partl, as part of the in situ nitrogen fixation rates incubation,
subsamples of 2 L water from the 4.5 L bottles after incubation were
filtered through 47 mm 10 um PC filters (Isopore™). Then the filtrate
was filtered (under <200 mm Hg pressure) through pre-combusted
(450°C, 4h) 25mm 0.3um GF/75 filters (Advantec). The remaining
water (2.5L) in 4.5 L bottles was directly filtered through 25 mm GF/75
filters and 50 mL water in it was filtered through 0.22 pm syringe filter
to determine the in situ bulk nitrogen fixation rates (TNFRpy,) as
described above.

In the Part2, prior to the incubation, we conducted another par-
allel incubation. Water samples pre-filtered through 47 mm 10 pm PC
filters (Isopore™) were sub-sampled into four 1.25 L PC bottles that had
been pre-rinsed by 1N HCI. The subsequent steps in the incubation
process remained consistent with those described above except add-
ing 1 mL of N, gas into 1.25 L PC bottles. The particulate and dissolved
samples obtained from this incubation were collected for further
sample treatment.

PN & TDN concentration and 6”N-PN & 6”N-TDN determination
All filters underwent a freeze-drying process for 48 h before mea-
surement. PN and TDN were oxidized to nitrate using the wet digestion
method with slight modifications*®. Filters and 5 mL Milli-Q (MQ) water
or 5mL TDN samples were placed into 12 mL pre-combusted (450 °C,
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4 h) borosilicate glass tubes containing 0.3 mL of purified persulfate
oxidizing reagent (POR). The persulfate (ACS-grade, Merck, German)
was recrystallized at least three times, then NaOH (ACS-grade, Merck,
German) and MQ water were added in a ratio of 6 g persulfate, 6 g
NaOH, and 100 mL MQ water. The N in the POR was measured to
ensure N concentration was less than 2 umol N L™ (regent blank). After
adding the regent, screw caps were tightly closed, and the tubes were
autoclaved at 120 °C for one hour. Nitrate concentration after oxida-
tion (including the particulate sample or TDN, regent blank, and filter
blank) was measured using the chemiluminescence method*. The
blank of filters used during the cruises was less than 6 nmol N. The
regent blank and filter blank accounted for <1% and 3% of the total N
content in tubes, respectively. Isotopic values (PN, TDN, and NO,")
were measured using the denitrifier method coupled with the
Gasbench-Isotopic Ratio Mass Spectrometer (IRMS, Thermo Fisher
Delta V)**5, The nitrogen isotope data were collected by GC-IRMS
software Isodat version 3.0 (Thermo Fisher Scientific). The isotopic
values of the regents were also measured. International isotopic
standards of NO5’, including USGS34, IAEA3, and USGS32, were used to
calibrate the 6”N-NO, . The accuracy (standard deviation) was better
than +0.3%. according to analyses of these standards at a level of
20 nmol N.

Rates calculation

The NFRp were calculated according to Montoya et al.*’. The NFR, was
calculated according to Bonnet et al.'®. The nitrogen fixation rates in
the NO,™ fraction were calculated according to Wan et al.”.

1 _ APN;— APN, _PN;+PN,

NFRp= 3T AN, —APN, < 2 @)
1 _ TDN; x (ATDN; — ATDN,)

NFRp = —— x AN, (@3]
1 _ NO;x(ANO;; — ANO

NFRy, = i x xR — o) 3)

NFRp is the nitrogen fixation rates in the particulate fraction in
nmol N L™ d}; APN, and APN; are the initial and final ratio of ®N% of the
PN samples (calculated from the measured isotopic value); PNy and
PN is the initial and final concentration of particulate nitrogen. AN, is
BN, enrichment in incubation bottles; AT is incubation length (24 h).

NFRp, is the nitrogen fixation rate in the dissolved fraction in
nmol N L™ d}; ATDN, and ATDNgare the initial and final ratio of ®N% of
the TDN samples (calculated by the measured nitrogen isotopic
values); TDN¢ is the final concentration of TDN.

NFRnox. is the NFRp, in the NOy™ fraction in nmol NL d%; ANO, o
and ANO, ¢ are the initial and final ratio of ®N% of the NO,~ samples
(calculated from the measured isotopic value); NO, ¢ is the final con-
centration of NO,".

The TNFR was calculated by NFRp plus NFRp. The trapezoidal
integration method was used to integrate particulate and dissolved
nitrogen fixation rates (INFRp and INFRp) of the water column. The
total integrated nitrogen fixation rates were calculated by INFRp
plus INFRp.

Rates detection limitation

The reliable nitrogen fixation rates were determined based on the
isotopic change of PN or TDN exceeding the minimum acceptable
change. The minimum acceptable change for §°N-PN or TDN was set
to be the average plus three times the standard deviation (SD) of §"Npy
or 8®Nypy. Since we only collected one PN or TDN sample at TO, the
average SD of 8“N-PN or TDN was derived from the three-repeat
determination of this single sample at TO, resulting in an SD of 0.3 %o

for both 8°Npy and 6°Npn. The detection limits of NFRp and NFRp in
each layer were calculated using the data in Supplementary Fig. 12 and
were presented in Supplementary Table 1.

In the control experiment, the change in 8“Npy or 8“°Nppy
between TO and T1 was consistently below 0.9 %., suggesting that our
subsequent sample treatment processes did not introduce con-
tamination (Supplementary Table 8).

In in situ incubations, all 8°N-PN differences between TO and T1 at
each layer exceeded 0.9%., indicating that the NFRp was above
detection limitations. However, the NFRp in S M35 90m, S WPS 140m,
S Klla 5m, and W_MRO5 5m were below the detection limitations
(Supplementary Table 9).

As for NFRp in NO,~ fraction in low light layers, the changes of
8"NO, between TO and T1in the control group were always below 0.9
%o, while 8°NO,~ substantially increased in the in situ incubation,
indicating that the NFRp in NO, fraction in the low light layers were
detectable at the nine stations (Supplementary Table 4).

Light response curves for total nitrogen fixation
We follow the photosynthetic model proposed by Platt et al. *°:

max

TNFR = TNFR gy X [1 — €70/ R ] x @~y )

where TNFR,.x is the potential maximum rates of TNFR at light-
saturating intensity, / is the incubation light intensity and a is the light
affinity coefficient for TNFR. g is the parameter that defining the
degree of inhibition at high light intensity. The light saturation
coefficient /, was the light intensity where TNFR is maximal.

Transfer efficiency of released fixed nitrogen
In the size-fractionated incubations, the TNFR in Part2 indicated the
TNFR derived from small-sized diazotrophs (<10 pm). The difference
between TNFRp i and TNFR40 im represented the TNFR derived from
large-sized diazotrophs (>10 pm). Additionally, in Part 1, the NFRp;
derived from the filtered 10 um treatment group indicated the nitro-
gen fixation rates in particulate fraction for small-sized diazotrophs
(NFRp,) plus the transfer of released fixed nitrogen from large-sized
diazotrophs to the small-sized biota (including diazotrophs and non-
diazotrophs). Therefore, the transfer efficiency was calculated as Eq.
(5). This method specifically quantifies the transfer efficiency of large-
sized diazotrophs (>10 pm) but not that of small-sized diazotrophs.
The transfer efficiency of released fixed nitrogen derived from
large-sized diazotroph (>10 pm) into small-sized surrounding biota
(<10 um) was calculated as below:

NFRp;—NFR;,

Transferefficiency(%) =
yC6 TNFRgy— TNFR 10,

x100%  (5)

NFRp; is the nitrogen fixation rates in particulate fraction in
incubation of Part 1. NFRp, is the nitrogen fixation rates in particulate
fraction in incubation of Part 2. TNFRg, is the total nitrogen fixation
rates in in situ incubation. TNFR<;0,m is the total nitrogen fixation rates
derived from small-sized diazotrophs in incubation of Part 2 in Sup-
plementary Fig. 3.

The nifH gene copies measurements

The samples collected for nifH gene copies measurements were from
the same cast for rates incubation. In brief, 4 L seawater was filtered
through 0.22 um pore size PC filters (Supor-200, Pall Gelman) for DNA
extraction. All filters were promptly flash-frozen in liquid nitrogen and
then transferred to -80°C on board until further analysis. DNA
extraction was performed using the phenol-chloroform-isoamyl alco-
hol method with minor modifications®. The concentration and purity
of the genomic DNA were detected using a NanoDrop spectro-
photometer (Thermo Scientific 2000/2000c). This study targeted
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quantification of nine major diazotrophic groups (UCYN-A1, UCYN-A2,
UCYN-B, UCYN-C, Trichodesmium, Hetl, Het2, Het3, y-24774A11) via
TagMan qPCR assays, employing specific primer and probe sets as per
previous studies (Supplementary Table 10). Each 20 pL reaction mix-
ture contained 10 pL of Premix Ex Taq (probe qPCR; Takara Bio Inc.),
400 nmol L™ of fluorogenic probe, 400 nmol L™ each of the forward
and reverse primers, and 1L of environmental DNA. The thermo-
cycling conditions were 50 °C for 2 min, 95 °C for 2 min, and 45 cycles
of 95°C for 15 s, followed by 60 °C for 1 min. Triplicate qPCRs were run
for each environmental DNA sample and for each standard on a CFX96
Real-Time System (Bio-Rad Laboratories). Negative controls without
templates were also included to test for contamination. Linearized
plasmid standards were generated by stepwise dilutions for each qPCR
run and were used to calculate copies for each sample. The amplifi-
cation efficiencies of PCR consistently ranged between 95% and 100%,
with R? values of standard curves >0.99. The quantification limit of the
gPCR reactions was set at one nifH gene copy per reaction.

Primary production rate measurements

During the summer cruise, at each station and depth, in situ primary
production incubations were conducted simultaneously with in situ
nitrogen fixation rate incubations. The NaH®COsz (99 atom% “C,
Cambridge Isotope Laboratories) solution was injected into each tri-
plicate 4.5 L bottle (final concentration of 100 pmol C L™). After 24 h of
incubation, triplicate water samples were gently filtered (<200 mm Hg)
onto precombusted (450 °C, 4 h) 25 mm 0.3um GF/75 filters (Advan-
tec). The particulate organic carbon (POC) concentrations and isotopic
values were analyzed on an EA (Elementar vario PYRO cube) coupled
with an IRMS (Isoprime Ltd). International references (USGS40 and
USGS41) were inserted every ten samples to check for drift and ensure
the accuracy of the measurements. The reproducibility of §°C mea-
surements was better than 0.3%.. The primary production rates were
calculated using an equation proposed by Hama et al. **.

1 APOC; — APOC,

1 . POC; +POC,
AT~ “ADIC — APOC,

PP= 3 (6)

PP is the primary production rate inumol CL™ d; APOC, and
APOC; are the initial and final ratio of *C% of the POC samples (cal-
culated from the measured isotopic value); POCq and POCsis the initial
and final concentration of POC. ADIC is *C enrichment in incubation
bottles; AT is incubation length (24 h).

In situ NO3~ + NO,~ (NOyx ") concentration

The samples collected for determining the in situ nitrate concentration
were from the different cast from that for rates incubation. Standard
colorimetric techniques were used for the determination of NO3™ +
NO,™ (NOy") concentrations on board with the same detection limits of
0.03umol N L™ *, For NO,~ concentrations falling below the detection
limit of the standard colorimetric method, measurements were con-
ducted using a liquid waveguide capillary flow cell with a detection
limit of 2.4 nmol N L™ **. The nitracline was determined as the mid-
point (average) of the steepest nitrate concentration gradient with
depths®.

Statistical analysis

The significance of differences among NFR and environmental para-
meters in different stations was tested by ¢ test and analysis of variance
followed by the Tukey test. A significance level of p < 0.05 was applied.
The analyses were performed using SPSS Statistics 26.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided in this paper. The data used in this study are
available in the Figshare database that can be accessed through https://
doi.org/10.6084/m9.figshare.26384017.
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