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Nitrogen fixation is a vital new nitrogen source in the oligotrophic ocean. Although our knowledge of the
controlling factors of marine nitrogen fixation have increased rapidly, the physical controls, particularly eddies-
induced upwelling and light intensity, remain elusive. In this study, conducted in the Subtropical Northwestern
Pacific, we measured nitrogen fixation rates (NFR) in two cyclonic eddies (CEs). Our observations in one CE
revealed that depth-integrated NFR (INFR) in core stations were significantly higher than in edge stations,
indicating that CEs-induced upwelling might enhance nitrogen fixation. However, more intense upwelling in
another CE resulted in lower INFR in core stations compared to edge stations. The INFR distributions in CEs were
driven by the upwelling intensity, showing a unimodal response, i.e., the maximum INFR appeared at optimal
upwelling intensity. This finding reconciles the debate about whether CEs inhibit nitrogen fixation. Additionally,
results from light manipulation incubations proved that light intensity is a key driver for the vertically unimodal
pattern of NFR, i.e., peaks at the subsurface layer with an optimum light intensity of 20% to 50% of surface PAR.
Furthermore, molecular evidence showed that UCYN-A dominated in the upwelling area, while UCYN-B domi-
nated in the non-upwelling area, indicating that CEs-induced physical perturbation regulates the niches of
diazotrophs. Taken together, these results suggest that physical dynamics exert profound controls on the spatial
heterogeneity of diazotrophic distribution and activity in the Subtropical Northwestern Pacific, providing new
insights into the physical drivers of nitrogen fixation on mesoscale hydrodynamics..

1. Introduction

In the vast oligotrophic oceans, biological nitrogen fixation by
diazotrophs is a crucial new nitrogen source to the euphotic ecosystem
in the nitrogen-depleted surface ocean; this process sustains new pro-
duction and its subsequent export to the ocean’s interior, playing a
critical role in marine carbon and nitrogen cycle. (Bottjer et al.,2017;
Falkowski, 1997; Karl et al., 1997; Karl et al., 2012; Moore et al., 2013;
Sohm et al., 2011). Meanwhile, nitrogen fixation balances the marine
nitrogen budget by compensating for nitrogen loss via denitrification
and anaerobic ammonia oxidation (Wang et al., 2019; Zehr and Capone,
2020). Since the first report of marine nitrogen fixation in the 1960 s
(Dugdale,1961; Dugdale et al., 1964), it has been recognized as a key
component of marine biogeochemical studies with the environmental

regulation of diazotrophic biogeographic distribution and activity being
the central focuses, while physical drivers, such as mesoscale eddies,
upwelling, light intensity, etc., remain underexplored and debatable
(Ward et al., 2013; Wen et al., 2022; Benavides and Robidart, 2020;
Benavides et al., 2021; Church et al., 2009; Kitajima et al. 2009; Lu et al.,
2019; Subramaniam et al. 2013; Liu et al., 2023b). Via investigation of
the impact of physical divers on nitrogen fixation, this study tried to
address this knowledge gap.

Mesoscale eddies are ubiquitous hydrodynamic processes in the
global ocean, exerting profound controls on nutrient redistribution and
subsequent biogeochemical dynamics (McGillicuddy, 2016). Cyclonic
eddies (CEs) cause sub-surface water to lift due to the divergence of the
surface water, while anticyclonic eddies (AEs) cause the convergence of
surface water to deepen the isopycnal layer. CEs enhance the
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entrainment of subsurface nutrients into the eutrophic zone, stimulating
phytoplankton growth and primary production (Falkowski et al., 1991;
Oschlies and Garcon, 1998; Liu et al., 2024). Meanwhile, the uplifted
isopycnal layer in CEs carries the plankton from the deeper layer to the
surface ocean, alleviating the light limitation for photoautotrophs. This
dual supply of nutrients and solar energy turns the euphotic zone in CEs
into a productivity hotspot (Gruber et al., 2011; McGillicuddy, 2016).

To date, only a few studies have explored the impact of mesoscale
eddies on nitrogen fixation in the oligotrophic oceans (Benavides et al.,
2021; Wilson et al. 2017; Church et al., 2009; Davis and McGillicuddy,
2006; Dugenne et al., 2023; Fong et al., 2008; Holl et al., 2007; Liu et al.,
2020). From a traditional perspective, nitrogen fixation is expected to be
suppressed in the CEs where subsurface water with low temperature and
high nutrient upwells, as diazotrophs might be beaten by the non-
diazotrophic phytoplankton in this low temperature and high nitrate
conditions (Dekaezemacker and Bonnet, 2011; Holl and Montoya, 2005;
Holl et al., 2007; Luo et al., 2012). On the contrary, AEs may favor the
diazotrophs as a result of higher abundance of diazotrophs and nitrogen
fixation rate (NFR) have been observed in AEs compared to those in CEs
in different regions of the global ocean (Benavides et al., 2021; Wilson
etal. 2017; Church et al., 2009; Davis and McGillicuddy, 2006; Dugenne
et al., 2023; Fong et al., 2008; Holl et al., 2007; Liu et al., 2020), sup-
porting the hypothesis that CEs are unfavorable for diazotrophs. This
paradigm, however, is complicated by several lines of evidence 1), the
unicellular cyanobacterial diazotroph group A (UCYN-A) is recently
found ubiquitously and remains active in the high-nutrients and low-
temperature environments (Harding et al. 2018; Mills et al., 2020;
Tang et al. 2019; Shiozaki et al., 2020), indicating nitrogen fixation
maybe not necessarily inhibited in the CEs when UCYN-A is the domi-
nant diazotroph; 2) the upwelling water with excess phosphate (i.e., the
water mass with initial N:P < 16) and the subsequent Redfieldian con-
sumption of nitrogen and phosphate by the phytoplankton leads to
elevated P* (an indicator of excess P), which in turn fuels the growth of
diazotrophs (Deutsch et al., 2007; Karl & Letelier, 2008; Subramaniam
et al., 2013; Ward et al., 2013). Moreover, most previous studies only
have limited spatial and temporal resolution on sampling stations (i.e.,
at only one station in one eddy or one stage of the eddy life) (Dugenne
et al., 2023; Holl et al., 2007; Liu et al., 2020), leading to a fragmented
understanding of nitrogen fixation in response to the CEs. To accurately
evaluate the impact of CEs on nitrogen fixation at different stages,
higher spatial and temporal resolution studies are needed.

In addition to temperature and nutrients, light intensity also plays an
important role in regulating the growth and activity of photoautotrophic
diazotrophs. In the well-stratified tropical and subtropical oceans, the
measured NFR often showed a subsurface maximum. The max NFR was
located at around 30 m where in-situ light intensity was lower than that
at the surface (Lu et al., 2019; Shiozaki et al., 2017; Wen et al., 2022).
Given that the other physical-chemical properties (such as temperature,
salinity, nutrients, etc.) are mostly homogenous in the upper mixed layer
in the oligotrophic ocean, we hypothesized that the subsurface peaks of
NFR in the field are driven by light intensity and the NFR-irradiance
curve in the field might not follow these photosynthetic models con-
ducted in the laboratory for different photoautotrophic diazotrophs
(Kara et al., 2000; Breitbarth et al., 2008; Foster et al., 2010; Garcia
et al., 2013; Gradoville et al. 2021; Lu et al., 2018; Pyle et al., 2020;
Villareal, 1990; Webb et al., 1974). Nevertheless, the impact of light
intensity due to the shoaling of the isopycnal layer on nitrogen fixation
in the CEs has not yet been systematically examined.

The Subtropical Northwestern Pacific is a hot spot for marine ni-
trogen fixation owing to its high temperature and low surface nitrate
concentration, which favor the growth of diazotrophs when phosphate
and iron are available (Karl et al., 2012; Wang et al., 2019; Ward et al.,
2013; Wen et al., 2022). Meanwhile, this region is also home to the most
complex oceanic circulation systems, with the westward flowing North
Equatorial Current (NEC), carrying subducted North Pacific Tropic
Water (NPTW), which splits into the equatorward flowing Mindanao

Progress in Oceanography 226 (2024) 103298

Current and the northward flowing Kuroshio upon reaching the Philip-
pine coast (Fig. 1a-b) (Qiu & Lukas,1996; Toole et al., 1990). Mesoscale
eddies are also very active in this region due to the baroclinic instability
associated with vertical velocity shears between the surface Subtropical
Countercurrent and the underlying NEC, stimulating biogeochemical
processes here, such as primary production, nitrification, etc. (McGilli-
cuddy, 2016; Qiu, 1999; Yang et al., 2013; Liu et al., 2023a; Liu et al.,
2024). Additionally, previous studies have shown that photoautotrophic
cyanobacterial diazotrophs (UCYN-A, UCYN-B, or Trichodesmium) were
dominant in this region (Chen et al., 2019; Wen et al., 2022). Therefore,
the Subtropical Northwestern Pacific is an ideal area to test the impact of
physical drivers (mesoscale eddies-induced upwelling and light in-
tensity) on nitrogen fixation.

In this study, we examined the response of nitrogen fixation to
different gradients of physical drivers by utilizing the °N, labelling
method, molecular biology techniques and the incubation device
providing artificial sunlight with programmed time intervals. Our re-
sults suggest that physical drivers play a critical role in structuring the
distribution of diazotrophic activity.

2. Sampling and methods
2.1. Cruise and stations

Two research cruises were conducted in the Subtropical North-
western Pacific to investigate the impact of CEs on nitrogen fixation and
to examine the regulation of light intensity on NFR. The first cruise
(KK1902 ‘SILICON EDDY’) took place onboard R/V Tan Kah Kee between
March 15 and April 20, 2019. The second cruise (KK2007) was con-
ducted between December 23, 2020 and February 07, 2021, onboard R/
V Tan Kah Kee.

The hydrographic data were collected using the SeaBird SBE 911plus
CTD, which recorded temperature, salinity, fluorescence, and photo-
synthetically active radiation (PAR). During the KK1902 cruise, near-
real-time high temporal resolution (1 day) of satellite-based sea level
anomaly (SLA) values and geostrophic current vectors were used to
identify CEs before sampling. Two CEs (CE4 and CE2) were targeted for
our sampling (Fig. 1 a-b). The vessel followed the trajectory of CEs to
explore the temporal and spatial evolution by using the Lagrangian
method. Four transects spanning different areas (core, edge) were
selected for collecting hydrological data (transect 1 in CE4; transects 2,
3, 4 in CE2) (Fig. 1 c-g; Table S1). Notably, three times repeated ob-
servations were conducted in CE2. In addition, eleven stations in these
four transects were selected for NFR incubations, which were divided
into core and edge stations by the differences in hydrographic charac-
teristics among stations (Fig. 2; Table S1). The station classification was
proven reasonable by principal component analysis (Fig. S1). In this
region full of AEs and CEs, we can hardly define a reference station for
comparison. In addition, light manipulation incubations were carried
out at one selected station during the KK2007 cruise to examine the
regulation of light intensity on NFR (Fig. 1a-b).

2.2. Sampling and on-board incubations

During the cruise KK1902, water samples were collected for in-
cubations using 12 L Niskin bottles that were attached to the CTD rosette
and sub-sampled into 1.2 L polycarbonate bottles that had been pre-
rinsed by 1 N HCI. The polycarbonate bottles were rinsed with Milli-Q
and sample water before filling them up. The six to seven layers were
selected at each station in the upper 180 m to conduct NFR incubations
(Fig. 2). NFR were determined using the enriched water method (Mohr
et al., 2010; Wilson et al., 2012; Lu et al., 2018, 2019). Briefly, to pre-
pare 15N, enriched seawater, 2 L of surface seawater were filtered
through a 0.22 pm filter (Millipore) and transferred into 2 L Tedlar bags
without headspace. Then, 20 ml of 15N, (isotopic enrichment 98.9 %,
chemical purity > 99.9 %, Cambridge Isotope Laboratories, Inc.) was
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Fig. 1. Overview of the oceanic circulation systems of the study area and sampling information during the study. The distribution of annual average salinity for 2019
at the sea surface (a) and at 180 m (b) in the study region. The two circles denote the location of CE4 and CE2 in the Subtropical Northwestern Pacific and the orange
dots in the circles are stations for NFR incubations in KK1902. Red arrows present the North Equatorial Current, Mindanao Current and the Kuroshio. The salinity
data are downloaded at http://data.argo.org.cn. The pink dot presents the K13a station for light manipulation incubations in KK2007. Four transects in two CEs are
in Fig. 1 c-f. The sampling time period for four transects are indicated at the top of each figure. Black dots are stations for only collecting hydrological data. Purple
dots (core stations) and orange dots (edge stations) are stations for both collecting hydrological data and conducting NFR incubations. The background is reprocessed
daily SLA values at the midpoint of the time period for each transect. The black arrows are geostrophic current vectors. SLA values and data for geostrophic current
vectors are downloaded at https://marine.copernicus.eu/https://marine.copernicus.eu/. (g) The lifespan-evolution SLA values in the center of CE2 and CE4 (time
resolution: 1 day). Filled dots represent CE2 and hollow dots represent CE4. Green shadows show the sampling period for four transects in this study. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Vertical profiles of temperature, salinity and potential density anomaly in the four transects. (a-d): Temperature (°C); (e-h): Salinity; (i-1): Potential density
anomaly (kg m~%). Gray triangles represent layers for NFR incubations. The colors of the name of core stations and edge stations are blue and orange, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

injected into each Tedlar bag. The Tedlar bag was slapped to dissolve the
15N, gas until all visible bubbles dissolved. The 15N, enriched water was
used within 12 h to prevent leakage of '°Nj in the Tedlar bag. Then, 100
ml '°N, enriched water was slowly injected into each 1.25 L poly-
carbonate bottle. Any headspace after tracer injection in the incubation
bottles was amended with in-situ seawater. The final >N, enrichment in
incubation bottles were not measured directly during this cruise. How-
ever, the 1°N, atom % were measured in the shore lab by mimicking the
onboard incubation procedures and conditions using a membrane inlet
mass spectrometry (MIMS) (Text S1). The 15N, atom % in the simulated
incubations ranged from 8.30 to 8.55 atom % (Table S2), with a mean +
SD of 8.42 + 0.09 atom % (n = 6). The average value of 8.42 atom % was
used for calculating the NFR in the KK1902. The water samples were
incubated on deck and all incubation bottles were cooled by flowing
surface seawater. Light conditions of the incubators were manipulated
using neutral density and blue filters (061 Mist blue; 172 Lagoon blue) to
achieve near in-situ light intensity (Lu et al., 2018). The actual on-deck
light intensity during the incubations was monitored using a flat 2x PAR
sensor (PQS 1 PAR Quantum sensor) at one-minute intervals. The in-
cubators were covered with an opaque film at night to prevent any light
contamination from the vessel. The samples were incubated for 24 h
with triplicates. Particulate nitrogen (PN) samples were collected by
using pre-combusted (450 °C, 4 h) 25 mm glass fiber filters (GF/75, 0.3
pm; Advantec) with a pressure < 200 mm Hg at the beginning (T0) and
end (T1) of the incubations. All filters were stored at — 20 °C on board
immediately after filtration.

During the cruise KK2007, water samples from four depths (5 m, 25
m, 50 m, 120 m) in K13a were collected for the light manipulation in-
cubations (Fig. 1a-b). Differently, the modified bubble release method
was used during this cruise due to the less perturbation induced by the
modified bubble release method (Chang et al., 2019; White et al.,2020).
The '°N, atom % in the incubation bottles was directly measured by

MIMS here. In addition, to quantify and compare the optimal light in-
tensity for the diazotrophs at different depths, the light manipulation
incubations were performed utilizing an artificial simulated periodical
sunlight system (Hydra® 64HD, Aqualllumination) and temperature-
controlled incubators. Six gradients of light intensities (corresponding
in-situ depth at 2 m, 5 m, 25 m, 50 m, 120 m, and depth of 0.1 % surface
PAR (sPAR)) were set for incubation at each depth. Temperatures in the
incubators were set according to in-situ temperature. Incubations lasted
for 24 h (12 h periodical sunlight and 12 h dark). Triplicated PN samples
were collected at the beginning (T0) and end (T1) in the incubations
using the procedure described above.

2.3. PN concentration and 5'°N-PN measurement

All filters were freeze-dried for 48 h before measurement. PN was
oxidized to nitrate using the wet digestion method with slight modifi-
cation (Knapp et al., 2005; Wan et al., 2018; Xu et al., 2019). In brief,
each filter was placed into a 12 ml pre-combusted (450 °C, 4 h) boro-
silicate glass tube with 0.3 ml purified persulfate oxidizing reagent and
5 ml Milli-Q water. The persulfate (ACS-grade, Merck, German) was
recrystallized at least three times then adding NaOH (ACS-grade, Merck,
German) and Milli-Q water as a ratio: 6 g persulfate and 6 g NaOH and
100 ml Milli-Q water. The residual nitrate in the reagent was measured
to ensure nitrate concentration was less than 2 pmol Lt (reagent blank).
The caps were closed tightly once regent and Milli-Q water were added.
Then the tubes were autoclaved at 120 °C for one hour. Nitrate con-
centration after oxidation (containing the particulate sample, reagent
blank, and filter blank) was measured by the chemiluminescence
method (Braman and Hendrix, 1989). The blank of filters was less than
6 nmol N after the cruise. Regent blank and filter blank account for less
than 1 % and 3 % of the total N content in tubes, respectively (Table S3).
Isotopic values were measured by the denitrification bacterial method
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coupled Gasbench-Isotopic Ratio Mass Spectrometer (Thermo Fisher
Delta V) (Sigman et al., 2001; Casciotti et al., 2002). International iso-
topic standards of NO3: USG34, IAEA3, and USGS32, were used to
calibrate the 5!°N-NO3. Accuracy (pooled standard deviation) was
better than + 0.3 %o according to analyses of these standards at a level of
20 nmol N. We also conducted tests to validate our method for NFR
determination (Text S2; Fig. S2).

2.4. Rate calculation

The nitrogen fixation rates were calculated according to (Montoya
et al., 1996).

APN; — APN, _PN; + PN,
NFR = = ! 0 2+

1
AT AN, — APN, 2 M

NFR is the nitrogen fixation rate in nmol N L'* d'}; AT is incubation
length; APNy and APNy are the initial and final ratio of 15N% of the PN
samples (calculated from the measured isotopic value); AN is 15N2
enrichment in the incubation bottles; PNy and PN is the initial and final
concentration of particulate nitrogen.

We also calculated the limit of detection (LOD) according to the
propagation of uncertainty in each measured experimental parameter
with following White et al. (2020). LOD ranges from 0.02 to 0.74 nmol N
L1 d!in this study (Table. S4). All of our NFR were over LOD except
A32.130 m, A32.150 m, A42 150 m and Z3_.120 m.

The trapezoidal integration method was used to integrate nitrogen
fixation rates (INFR) of the water column.

2.5. nifH gene copies measurements

Copies of nifH gene were collected and quantified in only four sta-
tions in CE2 (Z2, 76, A36, and 3Z1). In brief, 2 L of seawater were
filtered through 0.22 pm pore size polycarbonate filters (Supor-200, Pall
Gelman) for DNA extraction. All filters were flash-frozen in liquid ni-
trogen and then transferred to — 80°C on board until further analysis.
DNA was extracted using the phenol-chloroform-isoamyl alcohol
method with minor modifications (Massana et al., 1997; Chen et al.,
2019). The concentration and purity of the genomic DNA were detected
using a NanoDrop spectrophotometer (Thermo Scientific 2000/2000c).
In this study, nine major diazotrophic groups (UCYN-Al, UCYN-A2,
UCYN-B, UCYN-C, Trichodesmium, Hetl, Het2, Het3, y-24774A11)
were quantified via TagMan qPCR assays. Specific primer and probe sets
followed previous studies (Table S5) (Church et al., 2005; Thompson
et al., 2014; Foster et al., 2007; Moisander et al., 2008).The thermocy-
cling conditions and reaction mixtures for qPCR followed by Chen et al.
(2019). Triplicate gPCRs were run for each environmental DNA sample
and each standard on a CFX96 Real-Time System (Bio-Rad Labora-
tories). Negative controls without templates were also included to test
for contamination. A standard curve was made using serial dilutions of
quantified, linearized plasmid containing target sequence for each run.
The amplification efficiencies of PCR were always between 95 % and
100 %, with R? values of standard curves > 0.99 (Table S5). The
quantification limit of the qPCR reactions was one nifH gene copy per
reaction according to the estimates from maximum Ct-values generated
by quantifiable samples (at least two of the three replicates were
amplified).

2.6. Statistical analysis

The significance of differences in NFRs and environmental parame-
ters between different stations were tested by t test and analysis of
variance (ANOVA) followed by the Tukey test, respectively, using SPSS.
A significance level of p < 0.05 was applied. Generalized additive
models (GAM) was used to fit the correlation between NFR and envi-
ronmental parameters by R (Version: ‘2023.12.1 + 402’; package:
‘mgev’).
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3. Results
3.1. Hydrological distribution

During the KK1902 cruise, two CEs (CE2 and CE4) were captured by
the SLA values and geostrophic current vectors (Fig. 1 c-f). The shape of
those two CEs was approximate circular with diameters of 150 — 300 km.
Those two CEs generally went through formation — mature — decay in
their lifespan and gradually moved westward (Fig. 1 c-g). During the
observational period, the SLA values in the eddy center in the CE4 were
— 0.17 to — 0.15 m (mature state) and that in the CE2 were — 0.07 to —
0.12 m (mature state) (Fig. 1 g), indicating CE4 might have more intense
upwelling than CE2.

The vertical profiles of temperature, salinity, and potential density in
the CEs showed similar dome-shape structures (Fig. 2). Isothermals,
isohalines, and isopycnals were uplifted at the range of 50 m to 150 m in
core stations compared to edge stations in the CEs. CE4 exhibited more
pronounced shoaling of the subsurface water compared to CE2 (Fig. 2 a,
e, i), demonstrating a more intense upwelling during the sampling
period. This observation aligns with the differences in SLA values at the
eddy centers between CE4 and CE2 (Fig. 1g). Sea surface temperature
(SST) progressively decreased from the edge stations to the core stations
in each transect (Table 1 and Fig. 2 a-d). The 180 m-average tempera-
tures in core stations were significantly lower than those in edge stations
(p = 0.003; Table S6, Table 1). In all transects, the high salinity water,
the NPTW, was uplifted from about 150 m depth to 0-100 m depth
(Fig. 2 e-h; Fig. S3). Especially, in the core of CE4, the mainstream of
NPTW outcropped to the surface and pushed the originally superin-
cumbent water to the side, showing a more intense upwelling in CE4
than CE2. Consequently, the core stations had higher sea surface salinity
(SSS) than the edge stations (Table 1). In core stations, the 180 m-
average salinity were also significantly higher than in edge stations (p =
0.013; Table S6, Table 1). The potential density showed a similar spatial
pattern with temperature (Fig. 2 i-1). These results suggested the hy-
drological structure was reorganized by the CEs-induced upwelling.

Deep chlorophyll maximum (DCM) layers were significantly shal-
lower accompanied with higher fluorescence value in DCM in the core
stations compared to that in edge stations (Fig. 3 a-d, p = 0.01 for DCM;
p = 0.169 for fluorescence in DCM, Table S6). However, there is no
significant difference in the depth of 0.1 % sPAR between core and edge
stations (p = 0.207, Fig. 3 a-d, Table S6). PN concentration was around
0.3 pmol L! with slight variation between core and edge stations in the
upper euphotic zone (Fig. 3 e-h). In the deeper euphotic zone, PN con-
centration decreased to 0.1-0.2 pmol L', with the lowest concentration
observed in the cores of CEs in each transect (Fig. 3 e-h), indicating
upwelling deep water with relatively lower PN concentration diluted or
replaced the originally superincumbent water which have had relatively
higher PN concentrations. This dilution effect may influence the sub-
sequent biogeochemical processes. However, the 180 m-integrated PN
concentrations in core stations were not significantly different from that
in the edge stations (p = 0.369, Table S6), showing plankton potentially
prospered in the upper euphotic zone in the core of CEs even dilution
effect was dominated here.

3.2. Nitrogen fixation rates and diazotrophs distribution

The surface NFR (sNFR) varied between 0.6 to 2.5 nmol N L1dlin
all stations (Table 1). The sNFR in the core station demonstrated
significantly higher than that in the edge stations in CE2 (p = 0.002,
Table S6). The maximum NFR in the vertical profile (ranging from 1.1 to
4.6 nmol N L1 d‘l; Table S4) were observed at around 30 m except for
the A32 station. Below the depth of maximum NFR, the NFR decreased
steeply (Fig. 3i-1; Table S4). Therefore, the profiles of NFR at nearly all
investigated stations (10 out of 11) exhibited a vertically unimodal
pattern (Fig. 3 i-l1).

The INFR ranged from 99 to 275 pmol N m~2 d"! and showed clear
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Table 1

Environmental parameters and nitrogen fixation rates. Average T and S are calculated with corresponding data within 180 m. Fluorescence is fluorescence values in
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DCM. IPN and INFR are depth-integrated PN and NFR within 180 m. E denotes light attenuation coefficient. ND means no data.

Stations SST Average T (°C) SSS Average S DCM Fluorescence Depth of 0.1 %PAR (m) E IPN sNFR INFR
(°C) (m) (mg m3) mh (mmol m~?) (mmol NL1dh) (pmol N m2dh
S21 25.5 24.2 34.84 34.86 155 0.503 162 0.043 60.32 0.8 207
S24 25.5 22.5 34.95 34.94 105 0.463 ND ND 51.11 1.1 165
A22 26.8 23.9 34.76 34.86 114 0.549 130 0.053 48.07 1.7 168
A32 26.6 23.9 34.82 34.89 127 0.658 ND ND 49.55 2.4 136
A42 27.5 25.0 34.74 34.82 136 0.546 157 0.044 50.39 1.5 138
z2 25.9 22.8 34.77 34.89 87 0.585 159 0.043 44.24 2.5 239
Z3 26.7 23.4 34.75 34.86 100 0.459 162 0.043 37.82 2.3 275
Z6 27.2 24.6 34.73 34.85 136 0.474 159 0.041 45.78 0.7 194
3A35 27.7 25.7 34.60 34.71 152 0.444 179 0.039 46.23 0.6 99
a36 28.1 25.4 34.65 34.78 112 0.488 159 0.043 39.75 1.1 132
3z1 27.6 24.0 34.77 34.88 115 0.567 159 0.043 36.74 2.0 202
Transect 1 Transect 2 Transect 3 Transect 4
PAR (%) PAR (%) PAR (%) PAR (%)
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Fig. 3. Depth profiles of PAR, Fluorescence, PN and NFR in the four transects. (a-d): Depth profiles of PAR and fluorescence; (e-h): PN concentrations; The error bars
depict one standard deviation of triplicate samples. (i-1): nitrogen fixation rates in four transects. The error bars depict one standard deviation of triplicate rate
measurements. In some cases, the error bars are smaller than the symbols. The blue color shows results in core stations and the orange color denotes results in edge
stations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

spatial gradients (Table 1). In the CE2, INFR in core stations were
significantly higher than that in edge stations (p = 0.046, Table S6).
Furthermore, both INFR and sNFR exhibited a significant negative cor-
relation with SLA (R% = 0.52,p < 0.05; R’= 0.51, p < 0.01, respectively;
Fig. 4 a, ¢) and a positive correlation with salinity in the CE2 (R? = 0.41,
p = 0.06; R? = 0.67, p < 0.01, respectively; Fig. 4 b, d), implying ni-
trogen fixation were stimulated in the core of the CE2. However, in the
CE4, showing more intense upwelling than CE2, the core station had
lower INFR than the edge station (core: 165 + 33 pmol N m~2 d”! edge:
207 + 25 pmol N m~2 d'}, Table 1). These findings suggested different
responses of nitrogen fixation to the CEs-induced upwelling, indicating
complex impacts of the mesoscale-eddies-associated physical processes

on nitrogen fixation.

UCYN-B and UCYN-A (UCYN-A1 plus UCYN-A2) were the dominant
species, accounting for approximately 95 % of total nifH gene copies
(Fig. S4). The y-24774A11 gene was consistently detected with one to
two orders of magnitude lower than that of UCYN-A and UCYN-B.
UCYN-C and Trichodesmium were detectable but contributed a minor
fraction of the total diazotrophs (Fig. S4). Hetl, Het2, and Het3 were all
not detectable in the most of samples (Fig. 5). The vertical distribution of
diazotrophs in four stations in CE2 showed a similar pattern (Fig. 5). In
the upper 90 m, the nifH gene copies of UCYN-A were more abundant
than those of UCYN-B in the Z2, 76, and 3Z1, while a reversed rela-
tionship was observed in the A36 (Fig. S4). In the deeper euphotic zone,
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nifH gene copies of UCYN-A were always more abundant than that of
UCYN-B (Fig. 5). Diazotrophs were also detectable below the euphotic
zone (Fig. 5).

3.3. Results of light intensity manipulation incubations

During the light manipulation incubations, the NFR showed a
unimodal response to the light intensity at all investigated depths
(Fig. 6). Specifically, NFR increased with light intensity up to an optimal
level, and NFR declined with further increases in light intensity. The
optimal light intensity was approximately 725 pE m~2s~! (daily average
light intensity, the same hereinafter; 50 % of sSPAR, corresponding to the
in-situ light intensity at 5 m) for the samples collected from 5-50 m. For
the sample collected from 120 m, the optimal intensity was around 290
pEm 257! (20 % of sPAR, corresponding to the in-situ light intensity at
25 m). These results suggest that diazotrophs in the upper euphotic zone
have a high light demand, whereas those near the base of the euphotic
zone have acclimated to low-light conditions and maybe vulnerable to
increased light intensity.

4. Discussion

4.1. CEs-induced upwelling exerts a unimodal control on nitrogen fixation
in the Subtropical Northwestern Pacific

Previous studies have demonstrated the profound influence of eddy
dynamics on marine biogeochemistry, including nutrient distribution
(Gruber et al.,, 2011; McGillicuddy, 2016; Liu et al., 2023a; Rohr
et al.,2020), primary production (Falkowski et al., 1991; Oschlies and
Garcon, 1998; Liu et al.,2024), export production (Liu et al.,2024; Guo
et al.,2024) and phytoplankton community structure (Liu et al., 2020).

However, only a few efforts have been devoted to exploring the
underlying mechanism of response of nitrogen fixation to eddies
(Benavides et al., 2021; Wilson et al. 2017; Church et al., 2009; Davis
and McGillicuddy, 2006; Dugenne et al., 2023; Fong et al., 2008; Holl
et al.,, 2007; Liu et al., 2020). These studies generally conclude that
upwelling has a negative impact on nitrogen fixation in the CEs due to
the introduction of low-temperature and nitrate-enriched waters, as well
as the dilution effect on diazotrophs in surface waters. (Dekaezemacker
and Bonnet, 2011; Dugenne et al., 2023; Holl et al., 2007; Luo et al.,
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2012). Our observations in CE4 were in line with this view showing
INFR in core station was lower than that in edge station (Table 1). Un-
expectedly, our investigations in the CE2 showed the higher INFR in the
core stations (Fig. 4), indicating that some other favorable factors
induced by upwelling in CE2 can compensate for those negative impacts
on nitrogen fixation.

Interestingly, high NFR (i.e., > 2.5 nmol N LT d'Y) were detected
when water with a specific salinity of 34.8 + 0.1 was uplifted to a depth
of around 30 m (Fig. S5, Fig. 7 a, b). Nevertheless, the NFR measured in
the water with a salinity of 34.8 & 0.1 were consistently low when the
water mass was not uplifted, suggesting that diazotrophic activity was
enhanced when the water was upwelled into the upper euphotic zone
(Fig. S5). Additionally, in the core station of CE4 (S24), the mainstream
of NPTW outcropped to the surface, and the water mass with a salinity of
34.8 + 0.1 incidentally upwelled at the edge station (S21) (Fig. 2 e).
Higher INFR in edge stations than that in core stations (Table 1), rein-
forced the stimulation of NFR when the water with a salinity of 34.8 +
0.1 was uplifted to the upper euphotic zone by the CEs. The water mass
with a specific salinity of 34.8 & 0.1 have the potential to enhance ni-
trogen fixation which need further investigation.

In this study, UCYN-A and UCYN-B were the dominant diazotrophs,
which were detectable throughout the upper 200 m despite a rapid
decrease in the deeper euphotic zone (Fig. 5). In the non-uplifted NPTW,
UCYN-A and UCYN-B might be exported from the upper layer by
embedding in large particulate matter or forming aggregates (Bonnet
et al., 2023a; Farnelid et al., 2019). Meanwhile, the N:P ratio in the
deeper Pacific Ocean was found to be below the Redfield Ratio (16:1)
owing to denitrification in the East Tropic Pacific, indicating an excess of
phosphorus compared to nitrogen (Deutsch et al., 2007; Gruber and
Sarmiento, 1997). The upwelling of subsurface water with N:P < 16
would lead to an excess of phosphorus following the Redfieldian uptake
of N and P by phytoplankton, which in turn fuels the growth of diazo-
trophs (Deutsch et al., 2007; Karl and Letelier, 2008; Subramaniam
etal., 2013; Ward et al., 2013). Additionally, CEs-induced upwelling can
also increase the supply of iron, contributing to the enhancement of
nitrogen fixation in the CEs (Boyd and Ellwood, 2010; Bonnet et al.,
2023a,b). Sub-mesoscale fronts can drive the vertical nutrient supply
and stimulate the phytoplanktonic growth (Guo et al., 2022; Guo et al.,
2024). However, current sampling scheme does not allow us to discuss
how sub-mesoscale processes affect nitrogen fixation.

Combining this, water mass with a salinity of 34.8 + 0.1, mixed
NPTW and surface water, containing the diazotrophic seeds and
adequate nutrients, had the potential for enhancing nitrogen fixation in
the process of upwelling. Diazotrophic seeds may be limited by low light
and low temperature in the deeper water of origin, waiting to alleviate
these limitations by upwelling (Gradoville et al., 2021; Fu et al., 2014).

The dilution effect on PN was observed in the deeper euphotic zone,
particularly in CE4 (Fig. 3 e-h). however, PN concentration in the upper
euphotic zone and fluorescence at the DCM were comparable in the core
stations of CE4 and CE2 (Fig. 3 a-h), indicating non-diazotrophic
phytoplanktonic seeds in the deep NPTW also flourished during the
upwelling. Recently, Liu et al., (2024) reported that meso-zooplanktons
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were two-fold increased within the core of CE2, suggesting that overall
grazing pressure was enhanced even primary production was also
increased. The balance between phytoplanktonic growth and grazer’s
predation may regulate the PN concentration in the upper euphotic zone
in the CEs. Diazotrophs maybe concomitantly subject to grazing pres-
sure which exert a negative effect for the flourishing diazotrophs during
the upwelling (Wang and Luo, 2022).

However, diazotrophs in NPTW (salinity over 34.9) might undergo
low-light and low-temperature acclimation, leading to less activity to
light and temperature enhancement during this intense upwelling in
CE4 (Vi et al.,2020) (Fig. 6). Although we have not obtained diazo-
trophic information in CE4, we speculated that diazotrophic abundance
in the upper euphotic zone in the core of CE4 was relatively low due to
the flushing of high-salinity water with low diazotrophic activity.
Therefore, excessive intensity of upwelling prevented diazotrophs from
growth which might result in reduced nitrogen fixation rates. Our results
in two CEs revealed that nitrogen fixation showed a unimodal response
to the intensity of CEs-induced upwelling in the Subtropical North-
western Pacific.

4.2. Light intensity exerts a key control on the vertically unimodal pattern
of nitrogen fixation rates

Light intensity is a crucial regulator of biogeochemistry in the
euphotic zone, which is the primary source of energy and organic matter
for oceanic plankton (Falkowski and Raven, 2013). Our light manipu-
lation incubations performed at the K13a demonstrated a unimodal
response of NFR to varied light intensity across all the investigated
depths. The optimal light intensity was ~ 725 pEm~2s ! for the samples
collected from 5 m, 25 m, and 50 m, and decreased to ~ 290 pE m ?s7!
for the sample collected from 120 m (Fig. 6). In KK1902, the surface
daily average PAR during incubations which were higher than 725 pE
m~2s7! (521 was excluded due to the cloudy weather during incubation,
Fig. 56), indicating in-situ surface NFR were inhibited by high light in-
tensity over 725 pE m~2 s~ L. For photosynthetic diazotrophs, high light
intensity inhibits nitrogen fixation which may result from photorespi-
ration energy dissipation, then energy or proton restriction may lead to
reduced NFR (Long et al., 1994). On the other hand, the optimal light
intensity for NFR at 50 m and 120 m was higher than in-situ light in-
tensity at these depths, suggesting that diazotrophs were light-limited
there (Fig. 6). The maximum NFR were observed at the depth where
optimal light intensity was close to the in-situ light intensity. Our results
indicate that light intensity attenuation is responsible for the vertically
unimodal pattern of NFR where photoautotrophic cyanobacterial diaz-
otrophs dominated. This vertically unimodal distribution of NFR maybe
a basin-scale characteristic rather than a unique feature for CEs as the
vertical light attenuation is expected to affect nitrogen fixation in broad
oligotrophic ocean regions. Meanwhile, our light manipulation in-
cubations provided evidence of light stimulation on nitrogen fixation
rates in the process of upwelling.

In KK1902, we found that the vertical highest NFR at the investigated
stations was located at about 30 m depth, consistent with previous
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research (Lu et al., 2019; Shiozaki et al., 2017; Wen et al., 2022), with
the corresponding in-situ daily average light intensity of approximately
380 pE m 2 s}, which was calculated by using an average light atten-
uation coefficient of 0.0415 and a daily average sPAR on deck in KK1902
(Fig. S6; Table 1). However, the GAM results suggested that the NFR
peaks at around 550 pE m~2 s ! (light intensity for incubations, calcu-
lated by sPAR on deck and light shading coefficient by optical filter)
(Fig. 7 ¢; Fig. S6). Light intensity for incubations was a little higher than
in-situ light intensity, which might result in an uncertainty of NFR at this
cruise. On the other hand, both light intensity for incubations and in-situ
light intensity were less than optimal light intensity in the upper 50 m in
the KK2007, indicating a true depth with the NFR maximum was above
30 m which we might miss in the KK1902. Therefore, a higher spatial
resolution sampling strategy was needed in the upper 30 m in the further
study to get a more accurate INFR.

Additionally, as temperature was found to limit diazotrophic growth
in previous research (Fu et al., 2014), our findings showed low NFR in
water with low temperature (Fig. 7 d). Therefore, upwelling of this
subsurface water benefits nitrogen fixation by alleviating light and
temperature limitation before other nutrients, such as phosphate and
iron, become limiting factors for the growth of diazotrophs.

The results provided evidence of the stimulation of nitrogen fixation
due to the CEs-induced upwelling, as the entrainment of a water mass
with a salinity of 34.8 + 0.1 from about 150 m into the optimal light
zone for diazotrophs (20 % — 50 % of sPAR). However, Excessive in-
tensity of upwelling and light intensity may result in reduced nitrogen
fixation rates. Therefore, we proposed a physical optima for nitrogen
fixation in cyclonic eddies in the Subtropical Northwestern Pacific based
on non-linear responses of nitrogen fixation to the upwelling intensity
and light intensity (Fig. 8).

4.3. UCYN-A was more competitive than UCYN-B in the process of
upwelling

UCYN-A and UCYN-B dominated in the CE2, being consistent with
previous observations in the study area at different years and seasons
(Fig. 5), suggesting a regional dominance of diazotrophs by the unicel-
lular cyanobacteria in the Subtropical Northwestern Pacific (Chen et al.,
2019; Wen et al., 2022). In this study, nifH gene copies of UCYN-A were
higher than that of UCYN-B in stations (Z2, Z6, and 3Z1) where water
with a salinity of 34.8 + 0.1 reached depth with optimal light for ni-
trogen fixation, which indicated CEs-induced upwelling may be favored
for UCYN-A than UCYN-B (Fig. 5; Fig. S4). UCYN-A dominated in the
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Fig. 8. Conceptual diagram of physical optima for nitrogen fixation involving
optimum light intensity and optimum intensity of CEs.
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upwelling area which were reported in recent years (Liu et al., 2023a,b;
Cheung et al., 2020; Horii et al.,2023). UCYN-A has been recently
identified as ubiquitous in the global ocean spanning from oligotrophic
gyres to the eutrophic coastal waters and the low-temperature polar
seas, attributed to their good adaptation in high-nutrient and low-
temperature environments (Harding et al. 2018; Mills et al., 2020;
Tang et al. 2019; Shiozaki et al., 2020). Indeed, the presence of nitrate
has been found to favor the growth of UCYN-A, as enriched nitrate
stimulates photosynthesis of the host haptophyte alga, which serves as
the organic carbon source for the symbiont diazotroph (Thompson et al.,
2012; Mills et al., 2020). Nitrate stimulated their host may simulta-
neously enhance the growth of UCYN-A. Although researches had
revealed that nitrate may not inhibit UCYN-B (Dekaezemacker and
Bonnet, 2011; Rabouille et al., 2021). The surface temperature of the
upwelled water (at 26.7 + 0.6°C) in this study was lower than the
optimal temperature for UCYN-B (at around 30°C) (Fu et al., 2014),
indicating temperature may limit UCYN-B in the process of upwelling,
which was consistent with our results revealing the abundance peak of
UCYN-A at around 25 °C and UCYN-B at around 27 °C (Fig. S7).

In this study, the diazotrophic community was dominated by the
photoautotrophic UCYN-A and UCYN-B (Fig. 5), indicating a depen-
dence of nitrogen fixation on light. Moreover, different taxa display
different light affinities, leading to the vertical niche separation along
the water column (Breitbarth et al., 2008; Foster et al., 2010; Garcia
et al., 2013; Villareal, 1990; Pyle et al., 2020; Villareal, 1990). Lab
culture and culture-independent approach showed that the saturated
light intensity for UCYN-B (83 + 13 uE m~2 s~ 1) was higher than that of
UCYN-A (44 + 23 pE m2 s (Garcia et al., 2013; Gradoville et al.,
2021), indicating low light adaptation for UCYN-A. Our results are
consistent with this finding, as nifH gene copies of UCYN-A were higher
than UCYN-B in the low-light deeper euphotic zone (Fig. 5). However,
the reported optimal light intensities for nitrogen fixation in the field
studies were significantly higher than the results from lab culture (Lu
et al., 2019). The underlying cause for such discrepancy might be due to
low-light acclimation in lab cultures or higher light requirement for
diazotrophs in the field to resist the pressure of existence (low nutrients
level or grazer, etc.). Our study implied that UCYN-A having more ad-
vantages than UCYN-B in upwelling areas due to UCYN-A’s physiolog-
ical property to adapt to low temperatures and high nitrate conditions.
Therefore, we suggested that eddy-induced physical perturbation mod-
ifies the niches of diazotrophs in the upper euphotic zone.

5. Conclusion

Nitrogen fixation has been widely assumed to be inhibited by the
CEs, owing to the supply of cold and nitrogen-enriched water (Deka-
ezemacker and Bonnet, 2011; Holl and Montoya, 2005; Holl et al., 2007;
Luo et al., 2012). However, direct observations of the impact of CEs on
nitrogen fixation remain numbered (Liu et al., 2020; Dugenne et al.,
2023). Our investigations on NFR and diazotrophic distribution in two
CEs in the Subtropical Northwest Pacific revealed that CEs-induced
upwelling exerts a unimodal control on marine nitrogen fixation
depending on the intensity of upwelling. Combined with the light
manipulation incubations, we demonstrated that light acted as a key
control for the vertically unimodal distribution of NFR. Our results also
revealed that UCYN-A was more competitive than UCYN-B in the up-
welling areas.

Together, our results suggested that physical processes play a sig-
nificant role in controlling the heterogeneity of diazotrophic distribution
and activity in the ocean, providing a new understanding of the varied
responses of nitrogen fixation to the physical processes in the global
ocean. These findings should improve our ability to constrain the
biogeographic distribution of nitrogen fixation and to model nitrogen
cycling in the global relevant physical process.
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