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Abstract We examined the nitrogen (N) biogeochemistry of adjacent cyclonic and anticyclonic eddies near
Hawai'i in the North Pacific Subtropical Gyre (NPSG) and explored mechanisms that sustain productivity in the
cyclone after the initial intensification stage. The top of the nutricline was uplifted into the euphotic zone in the
cyclone and depressed in the anticyclone. Subsurface nutrient concentrations and apparent oxygen utilization at
the cyclone's inner periphery were higher than expected from isopycnal displacement, suggesting that shallow
remineralization of organic material generated excess nutrients in the subsurface. The excess nutrients may
provide a supply of subsurface nutrients to sustain productivity in maturing eddies. The shallow
remineralization also raises questions regarding the extent to which cyclonic eddies promote deep carbon
sequestration in subtropical gyres such as the NPSG. An upward increase in nitrate 15N/14N isotope ratios below
the euphotic zone, indicative of partial nitrate assimilation, coincided with negative preformed nutrients—
potentially signaling heterotrophic bacterial consumption of carbon‐rich (nitrogen‐poor) organic material. The
15N/14N of material collected in shallow sediment traps was significantly higher in the cyclone than in the
anticyclone and showed correspondence to the 15N/14N ratio of the nitrate supply, which is acutely sensitive to
sea level anomaly in the region. A number of approaches were applied to estimate the contribution of N2 fixation
to export production. Results among approaches were inconsistent, which we attribute to non‐steady state
conditions during our observation period.

Plain Language Summary Mesoscale eddies are ubiquitous physical manifestations of “swirling
water” throughout the ocean, equated with the “weather” of the ocean. They have distinct properties compared
to their surroundings, transporting heat, salt and nutrients horizontally and vertically. Their influence on ocean
ecosystems is difficult to study due to their ephemeral nature. We examined the nitrogen (N) biogeochemistry of
adjacent cyclonic (counter‐clockwise in the northern hemisphere) and anticyclonic (clockwise in the northern
hemisphere) eddies in the North Pacific Subtropical Gyre. Nitrogen, in the form of nitrate, is an essential
nutrient that promotes phytoplankton growth on the sun‐lit surface. Nutrients were higher than those in the
surroundings directly below the sun‐lit surface of the cyclonic eddy, signaling the relatively shallow
decomposition of sinking organic matter. This shallow nutrient reservoir at the subsurface may fertilize the
surface of mature and decaying cyclonic eddies from mixing. The nitrate N isotope ratio signaled nitrate
consumption below the sun‐lit surface, potentially by non‐photosynthetic microbes assimilating carbon‐rich
material. We had hoped to exploit depth profiles of nitrate N isotope ratios to assess the contributions of a
specific microbial metabolism (“di‐nitrogen fixation”) to the rain of particles out of the surface; however, the
disparate timing of these processes within these eddies made this exercise uncertain.

1. Introduction
Mesoscale eddies are ubiquitous features in the ocean (Chelton et al., 2011), facilitating the lateral and vertical
transport of heat, salt, and nutrients (Conway et al., 2018; Dong et al., 2014; Gupta et al., 2022; Spingys
et al., 2021; Zhang et al., 2014). They can trap water and biogeochemical signatures in their interior as they
propagate (Chelton et al., 2011; D’Ovidio et al., 2013; Early et al., 2011; Gaube et al., 2014). The vertical motions
of density surfaces in eddies influence their biogeochemistry by modulating the depth of the nutricline relative to
the euphotic zone. Doming isopycnals in cyclonic eddies increase the nutrient supply to the euphotic zone,
whereas deepening isopycnals in anticyclonic eddies lower the nutrient supply (Falkowski et al., 1991; Gaube
et al., 2014; McGillicuddy, 2016; McGillicuddy & Robinson, 1997; McGillicuddy et al., 1998; Siegel
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et al., 1999). The nutrient flux induced by mesoscale eddies accounts for as much as 50% of new production in the
subtropical ocean (McGillicuddy et al., 1998).

The North Pacific Subtropical Gyre (NPSG) is characterized by low surface nutrients and low biomass
(Karl, 1999; Karl & Church, 2017; Karl et al., 1997). Persistent thermal stratification of the upper ocean isolates
the nutricline from the influence of wind mixing, impeding the delivery of nutrients into the euphotic zone (Dore
et al., 2008; Letelier et al., 2004). Near Ocean Station ALOHA (A Long‐term Oligotrophic Habitat Assessment,
located at 22°45’N and 158°W) in the NPSG, mesoscale eddies occur during 30% of the time, driving changes in
nutrient delivery and plankton community structure in the deep euphotic zone (Barone et al., 2019; Benitez‐
Nelson et al., 2007; Bidigare et al., 2003; Johnson et al., 2010; Letelier et al., 2000; Nicholson et al., 2008; Rii
et al., 2008; Seki et al., 2001). Cyclonic eddies can stimulate primary productivity relative to the surroundings
from the initial “eddy pumping” of nutrients via the shoaling of isopycnals (e.g., Falkowski et al., 1991; Siegel
et al., 1999). Increased subsurface productivity persists throughout the mature and decaying stages of cyclonic
eddies, ostensibly maintained by the diapycnal mixing of nutrients into the euphotic zone (Barone et al., 2022;
Benitez‐Nelson et al., 2007; Siegel et al., 1999).

Cyclonic eddies are also thought to promote the export of carbon to depths where CO2 is effectively sequestered
from the atmosphere, although observations corroborating this notion in subtropical gyres remain scant. In this
regard, Bidigare et al. (2003) described enhanced 234Th‐derived carbon export in a cyclonic eddy in the lee of
Hawai'i. However, a number of studies reported no increase in particulate organic material export in subtropical
cyclonic eddies, but otherwise recorded enhanced silica and particulate inorganic carbon export relative to
background (Barone et al., 2022; Benitez‐Nelson et al., 2007; Buesseler et al., 2008; Maiti et al., 2008; Rii
et al., 2008).

The stoichiometry of new and export production may also be influenced by mesoscale eddies. A characteristic
feature of the NPSG (and the Sargasso Sea) is the surface drawdown of dissolved inorganic carbon that occurs in
the complete absence of inorganic nutrients. The subsurface drawdown of dissolved oxygen, in turn, occurs in the
absence of stoichiometrically proportional nutrient production (Abell et al., 2005; Johnson et al., 2010). Although
these features are not definitively explained (e.g., Barone et al., 2022; Johnson et al., 2010; Letscher & Villar-
eal, 2018), they may portend the surface production and shallow remineralization of carbon‐rich organic material
(Abell et al., 2005; Emerson & Hayward, 1995; Fawcett et al., 2018). Mesoscale eddies may modulate these
stoichiometric features, potentially offering insights into their origins.

Finally, mesoscale eddies in subtropical gyres are cited to influence the magnitude of marine dinitrogen (N2)
fixation as well as the community composition of N2 fixing organisms (Dugenne et al., 2023). The biomass of
diazotrophic cyanobacteria and N2 fixation rates are generally higher in anticyclonic eddies compared to sur-
roundings (Davis & McGillicuddy, 2006; Liu et al., 2020; Löscher et al., 2016), including at Station ALOHA
(Böttjer et al., 2017; Church et al., 2009; Davis & McGillicuddy, 2006; Dugenne et al., 2023; Fong et al., 2008;
Liu et al., 2020; Löscher et al., 2016). Conversely, enhanced N2 fixation was observed in cyclonic eddies in the
Northwest Subtropical Pacific, a dynamic ascribed to excess surface phosphate and an elevated iron supply from
depth (Yuan et al., 2023). N2 fixation reportedly fuels a substantive fraction of new and export production in the
NPSG (Barone et al., 2022; Böttjer et al., 2017; Karl et al., 1997). Mesoscale eddies may thus enhance export
production by enhancing N2 fixation.

Adjacent mesoscale eddies of opposite polarity were sampled as part of the MESO‐SCOPE (Microbial Ecology of
the Surface Ocean‐Simons Collaboration on Ocean Processes and Ecology) expedition in June–July 2017 (Barone
et al., 2022). Both eddies were generated in the central NPSG away from the continental margins and drifted
westward (Barone et al., 2022). The cyclone and anticyclone were extreme mesoscale events relative to historical
Eulerian observations at Station ALOHA (Barone et al., 2022). At the time of sampling, the cyclone was in a
weakening phase, while the anticyclone was in a stable phase (Dugenne et al., 2023). The cyclone sustained
higher rates of primary production in the deep euphotic zone than both the anticyclone and mean conditions at
Station ALOHA (Hawco et al., 2021). The center of the cyclonic eddy hosted a more abundant community of
eukaryotic phytoplankton at the deep chlorophyll maximum that resulted in larger chlorophyll concentrations,
which was presumably sustained by the increased diapycnal nutrient flux (Barone et al., 2022). Nitrate and O2 had
an anomalous stoichiometry in both of the mesoscale features (Barone et al., 2022). High depth‐integrated rates of
N2 fixation (670 μmol N m−2 d−1) were observed in the anticyclone, concurrent with the onset of a Crocosphaera
bloom (Dugenne et al., 2023).
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We obtained opportunistic samples from the campaign to characterize the stable N isotope ratios (15N/14N) of
nitrate, which we interpret in the context of corresponding hydrography and biogeochemical properties. Nutrient
distributions provide evidence of shallow remineralization, with implications for the mechanisms sustaining
productivity in cyclonic eddies. Nitrate isotope ratios at the top of the nutricline suggest that deviations from
canonical nutrient remineralization stoichiometry may derive from heterotrophic nitrate assimilation. An attempt
to infer the contribution of biological N2 fixation to the export flux from a nitrogen isotope mass balance of
particles collected in shallow sediment traps relative to nitrate upwelled to the euphotic zone illustrates inherent
limitations of this approach in a system that violates steady state assumptions.

2. Materials and Methods
Two eddies of opposite polarity in the north of the Hawai'i islands were surveyed during the MESO‐SCOPE
expedition from 26 June to 15 July 2017 near station ALOHA. A comprehensive description of the survey is
detailed in Barone et al. (2022). Briefly, the eddies were identified from sea level anomaly (SLA) based on the
satellite altimetry product distributed by Copernicus Marine Environment Monitoring Service (CMEMS). SLA
was corrected for interannual trend and seasonal cycle, termed SLAcorr (Barone et al., 2019). The corrected sea
level anomaly values differed by more than two standard deviations from mean values recorded at Station
ALOHA between 1993 and 2018 (Barone et al., 2022). Eddies were tracked with the Mesoscale Eddy Trajectories
Atlas (META3.2 delayed time all satellite version) distributed by AVISO+ (Archiving, Validation and Inter-
pretation of Satellite Ocean data), as well as with a simplified regional tracking algorithm detailed in Barone
et al. (2022).

An initial survey was conducted along a transect bisecting both eddy centers to characterize surface hydrography,
which included underway conductivity, temperature, and depth measured with an underway CTD (Teledyne).
Current speed and direction were measured using a hull‐mounted acoustic doppler current profiler (ADCP,
Workhorse 300 kHz, Teledyne). Twelve (12) water column Photosynthetically Active Radiation (PAR) profiles
(Figure 1a) were measured (near local noon) near the center of the cyclone and anticyclone between July 4 and 11,
2017, using a free‐falling optical profiler with data binned to 1‐m intervals (Satlantic HyperPro, Sea‐Bird Sci-
entific, Bellevue, WA, USA). After the initial survey, the upper ocean biogeochemistry was characterized at 11
stations along the transect (Figure 1a) using a rosette mounted with 10 L Niskin® bottles, and profiling in-
struments including a CTD (Sea‐Bird 911 plus), a chlorophyll fluorometer (Seapoint SCF), a polarographic O2

sensor (SBE 43, Sea‐Bird) and a transmissometer (c‐star, Sea‐Bird). The chlorophyll fluorometer was calibrated
with chloropigment concentrations and the O2 sensor with determinations obtained by Winkler titrations,
consistent with protocols adopted by HOT (Carpenter, 1965; Tupas et al., 1997). Water samples for nutrient and
nitrate isotope analyses were collected at ∼25 m intervals from 5 to 500 m with higher vertical resolution (∼5 m

Figure 1. (a) Hydrographic stations along the transect. Contours are corrected sea level anomaly (SLAcorr) during the MESO‐
SCOPE sampling (28 June 2017). Green triangles represent locations of PAR profiles. (b) Sediment trap deployment (open
circles) and recovery (triangles) positions, with lines denoting trajectories. Contours are SLAcorr at the time of sediment trap
deployment (2 July 2017).
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intervals) near the deep chlorophyll maximum (DCM). Samples were frozen (−20°C) after collection pending
analysis.

Twelve (12) free‐drifting surface‐tethered sediment traps were deployed at 150 m across the eddy centers at
∼18 km spacing to collect sinking particles. Traps were retrieved after 10–13 days (Figure 1b). The surface‐
tethered array included 12 individual particle interceptor trap collector tubes (Knauer et al., 1979) processed
following the HOT (Hawaii Ocean Time‐series) program methods (Karl & Lukas, 1996).

The concentrations of nitrate plus nitrite (N + N) and soluble reactive phosphorus (herein termed phosphate,
PO4

3−) were analyzed using a SEAL Autoanalyzer III using standard colorimetric protocols (Dore et al., 1996;
Foreman et al., 2016). Samples with N + N concentrations less than 100 nmol L−1 were analyzed using a
chemiluminescent method (Foreman et al., 2016).

The N isotope ratios of nitrate (15N/14N) in water samples from stations 4 to 13 were measured with the denitrifier
method (Casciotti et al., 2002; Sigman et al., 2001) for concentrations exceeding 0.5 μmol L−1. Nitrate was
converted to nitrous oxide (N2O) by cell concentrates of the denitrifying bacterial strain Pseudomonas chloror-
aphis (ATCC 43928, Manassas, VA, USA), which lacks the terminal N2O reductase. The N2O gas was extracted
and purified using a custom‐modified Thermo Fisher Scientific Gas Bench II fronted by dual cold traps and a GC
Pal autosampler, and analyzed with a Thermo Delta V Advantage continuous flow gas chromatograph isotope ratio
mass spectrometer (Casciotti et al., 2002; McIlvin & Casciotti, 2011). The N isotope ratios are expressed in delta (δ)
notation in units of per mil (‰) versus a standard material (N2 gas in the air): δ15Nsample = [(15N/14N)sample/
(15N/14N)standard − 1] × 1000. Nitrate isotopic analyses were calibrated to internationally recognized nitrate
reference materials IAEA‐NO3 (International Atomic Energy Agency, Vienna, Austria) and USGS‐34 (National
Institute of Standards and Technology, Gaithersburg, MD, USA) with reported δ15N values of 4.7 ‰ and −1.8 ‰
(vs. air). Working solutions were diluted from primary stocks into nutrient‐free seawater to concentrations
bracketing sample concentrations to account for potential matrix effects (Weigand et al., 2016; M. Zhou
et al., 2022). Individual samples were measured 3–9 times to achieve an analytical uncertainty to ≤0.3 ‰. The
oxygen isotope ratios of nitrate (δ18ONO3) were not measured concurrently as we did not secure sufficient sample
volumes to estimate these reliably (see M. Zhou et al., 2022).

We define the mixed layer depth as the first depth where the density was 0.03 kg m−3 greater than the near‐surface
value at 10 m (de Boyer Montégut, 2004). Because PAR profiles were limited to locations near the center of the
cyclone and anticyclone, we equated the DCM to the base of the euphotic zone. We note that this approximation is
not entirely accurate as the average depth of the euphotic zone (defined as the depth with 1% of the surface
downwelling PAR irradiance) was 103 ± 4 m in the cyclone and 108 ± 1 m in the anticyclone, whereas that of DCM
was 106 ± 5 m in the cyclone, and 119 ± 6 m in the anticyclone. From the dissolved oxygen measurements, we
derive the Apparent Oxygen Utilization (AOU) to discern the extent of remineralization, defined as the difference
between the O2 concentration at saturation and the observed O2 (AOU (μmol L−1) = O2, saturation − O2, observed). We
also derive the concentration of preformed nitrate (preNO3

−), which is the difference between the observed [N + N]
and that expected from remineralization, such that preNO3

− = [N + N]observed − AOU/RO2/N, where RO2/N = 10.5,
the stoichiometric ratio of O2 consumption to nitrate regeneration during remineralization (Anderson, 1995).

3. Results
3.1. Physical Characteristics of the Eddies

The adjacent cyclone and anticyclone were characterized by respective shoaling (upward displacement) versus
deepening (downward displacement) of isohalines and isopycnals (Figure 2a). The surface mixed layer depth
varied (15–34 m) from the center of the anticyclone (station 6; 18 m) and cyclone (station 12; 34 m). Both cy-
clones and anticyclones were nonlinear, characterized by a ratio of rotational fluid speed (U) to translation speed
(c) larger than 1, U/c > 1, in the upper 600 m (Text S1; Figure S1 in Supporting Information S1). In the upper
200 m, the value of U/c was >4, suggesting that the eddies trapped water within their interiors as they propagated
(Figure S1 in Supporting Information S1; Chelton et al., 2011; Flierl, 1981). At the time of sampling, the cyclone
was 134‐day‐old, and the anticyclone was 48‐day‐old based on the AVISO + META3.2 Delayed Time all sat-
ellites version. The regional algorithm of Barone et al. (2022) characterizes the cyclone as 240‐day‐old and the
anticyclone as 78‐day‐old.
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3.2. Biogeochemical Characteristics of the Eddies

The DCM, situated between 100–127 m among stations, was assumed to mark the base of the euphotic zone, with
the shallowest DCM in the center of the cyclone and the deepest in the anticyclone (Figure 2). N + N at all stations
was <0.01 μmol L−1 in the surface mixed layer. N + N at the DCM at the center of the cyclone (100 m) was
0.8 μmol L−1, compared to <0.01 μmol L−1 at the DCM at the center of the anticyclone (127 m)—consistent with
isopycnal displacement (Figure 2b; Figure 3a). Along the isopycnals delineated by potential density anomalies of
24.3–25.3 kg m−3, [N + N] and coincident [PO4

3−] were notably higher at the subsurface of the cyclonic eddy's
inner edges (station 11 at 150 m and station 13 at 125–150 m)—and at the southern outer edge of the cyclone
(station 14 at 125 m)—than at corresponding density horizons below the euphotic zone outside the cyclone
(Figures 2b and 3a; Figure S2 in Supporting Information S1). This density horizon was otherwise uplifted above
the euphotic zone at the center of the cyclone, thus depleted in [N + N] (Figure 3e). Station 10 was selected as the
reference station to estimate the excess and deficit in [N + N] along the σθ = 24.3–25.3 kg m−3 isopycnal surface
given its near zero SLAcorr. At stations 11, 13, and 14, the depth‐integrated excess [N + N] was 0.03–
0.1 mol N m−2 relative to station 10, while the depth‐integrated deficit of [N + N] at the center of the cyclone
(station 12) and station 4 was 0.08–0.1 mol N m−2.

AOU values were negative throughout the euphotic zone due to net photosynthesis, reaching minima between 28–
62 m depth at all stations (i.e., O2 maxima), with the lowest AOU value of −17.5 μmol L−1 observed in the
cyclone center (Figure 2c; Figure 3b). AOU increased from negative values throughout the euphotic zone (i.e., O2

excess above saturation) to positive values below the euphotic zone (Figure 2c; Figure 3b). The highest subsurface
AOU was at the center of the cyclone, and the lowest in the center of the anticyclone—consistent with isopycnal
displacement. As with [N + N], AOU values along the σθ = 24.3–25.3 kg m−3 isopycnal were higher at the
subsurface of the cyclone's inner edges (stations 11 and 13) and at its southern outer edge (station 14) than below
the DCM at outer stations. At stations where these density horizons were otherwise uplifted into the euphotic
zone, AOU along the isopycnal decreased to prominent minima at the center of the cyclone (station 12) and at
station 4 due to net primary production (Figure 3f). Compared to outer station 10, excess AOU along the

Figure 2. Depth sections along the hydrographic transect of (a) salinity, (b) N + N concentration, (c) AOU and (d) preformed nitrate (preNO3
−). The contours are

potential density surfaces. The red and cyan dashed lines denote the depth of the chlorophyll maximum and the depth of the mixed layer, respectively.
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σθ = 24.3–25.3 kg m−3 isopycnals at was 0.4–1.1 mol O2 m−2 (at stations 11, 13 and 14). The excess subsurface
AOU at the cyclone's inner edges showed stoichiometric correspondence to excess [N + N] (Anderson, 1995),
with AOUexcess:Nexcess = 10.9 ± 6.3.

The preNO3
− showed characteristic negative values at the base of the euphotic zone, ranging from −1.9 to

−0.4 μmol L−1 in the cyclone and −1.8 to 0 μmol L−1 in the anticyclone (Figure 2d). Negative values at the
subsurface occupied a broader depth and isopycnal intervals in the anticyclone, from the base of the euphotic zone
to ∼200 m (σθ = 24.0–25.2 kg m−3) compared to ∼125 m (σθ = 24.9–25.2 kg m−3) in the cyclone. Values of
preNO3

− increased with depth to positive values below the σθ = 25.2 kg m−3 isopycnal.

Depth profiles of δ15NNO3 along transect revealed lower values at the subsurface of the anticyclone (2.5–5‰) and
higher values at the subsurface cyclone (5–10‰; Figure 3d). This difference derives from a steep increase in
δ15NNO3 with potential density, as δ15NNO3 values increased with depth, converging along density intervals
(Figure 3h). Nevertheless, although subsurface values were generally lower in the anticyclone, the δ15NNO3

values directly at the base of the euphotic zone at all stations were higher than at the subsequent depth interval—
and differed among stations along isopycnals—signaling local fractionation due to partial nitrate assimilation. To
isolate the assimilation signals for each depth profile, we calculated the gradients of δ15NNO3 over depth (the
difference between two adjacent δ15NNO3 measurements divided by their depth interval). A positive δ15NNO3

gradient represents an increase of δ15NNO3 toward shallower depths. These assimilation signals (positive δ15NNO3

gradients) were notably coincident with the minima in preNO3
− (i.e., negative preNO3

−), where the corre-
sponding AOU values were positive (Figure 4).

The particulate organic nitrogen (PON) fluxes collected in shallow sediment traps deployed at 150 m were
comparable between the cyclonic and anticyclonic eddies, with an average value of 0.4 ± 0.1 mmol N m−2 d−1

(Figure 5a; Barone et al., 2022). The δ15N of PON in sediment traps ranged from 3.0 to 4.3 ‰, with a lower range

Figure 3. Shallow depth profiles at stations along the hydrographic transect of (a) N + N concentration, (b) AOU, (c) preNO3
− and (d) δ15NNO3. Corresponding potential

density profiles of (e) N + N concentration, (f) AOU, (g) preNO3
− and (h) δ15NNO3. Colors represent corrected sea level anomaly in (a–c, e–g) and preformed NO3

−

concentration in (d, h). The red arrows in (e, f) point to the accumulation of excess nutrients along the isopycnal at the edges of the cyclone. Station 10 is shown in the
dotted line.

Global Biogeochemical Cycles 10.1029/2024GB008206

ZHOU ET AL. 6 of 17

 19449224, 2025, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

B
008206 by U

niversity O
f H

aw
aii A

t M
anoa, W

iley O
nline Library on [14/05/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



of values observed in the traps deployed in the anticyclone (3.0–4.2 ‰)
compared to the cyclone (3.8–4.3 ‰; Figure 5b; Barone et al., 2022). The
δ15NNO3 values at 150 m were imprinted by the partial assimilation of nitrate
(Figure 3d). To compare δ15NNO3 values that supplied the euphotic zone with
the δ15NPON collected in the sediment traps, we extrapolate the δ15NNO3 to
values in contiguous density horizons not influenced by partial assimilation
(Figure S3 in Supporting Information S1). The resulting δ15NNO3 at 150 m
decreased from the cyclone center (5.5 ± 0.1‰) to the anticyclone center
(2.3 ± 0.5‰; Figure 5b).

4. Discussion
4.1. Origin of Subsurface Nutrients

The physical and biogeochemical properties of the cyclone and anticyclone
showed characteristics shared by regional eddies (Ascani et al., 2013; Barone
et al., 2022; Church et al., 2009; Gaube et al., 2013; Seki et al., 2001; Xiu &
Chai, 2020). DCM was shallower in the cyclone and had higher fluorescence
and chlorophyll‐a concentrations. Primary productivity in the deep euphotic
zone was coherently higher in the cyclone (Hawco et al., 2021). Depth‐
integrated O2 concentrations in the euphotic zone were higher in the
cyclone than in the anticyclone.

The enhanced primary production observed in the lower euphotic zone of the
cyclone center was ostensibly sustained by a greater vertical nutrient supply
from diapycnal mixing; The vertical displacement of isopycnals associated
with the mesoscale features resulted in higher nutrient concentrations directly
below the euphotic zone of the cyclone compared to the anticyclone, borne of
a steep gradient in nutrient concentrations with density (Barone et al., 2022).
The gradient of the regional nutricline is explained by the incidence of
Subtropical Salinity Maximum Water (STSMW; σθ = 24.2 kg m−3) at the
base of the euphotic zone (Figure 6), which is depleted of nutrients at its
origin near the subtropical front (25°–30°N; Casciotti et al., 2008; Sabine
et al., 1995; Tsuchiya, 1968). Nutrients therein derive in part from diapycnal
mixing with underlying Shallow Salinity Minimum Water (SSMW;
σθ = 25.8 kg/m3) formed in the northeastern subtropical gyre, which overlies
North Pacific Intermediate Water (NPIW; σθ = 26.8 kg m−3; Talley, 1985,
1993). The low δ15NNO3 in STSMW (as low as 2.2 ± 0.1 ‰ in the anti-
cyclone) relative to deeper waters suggests that nitrate therein also originated
from the remineralization of newly fixed N (Casciotti et al., 2008; Knapp
et al., 2018). The δ15NNO3 in NPIW at intermediate depths is ca. 7.1 ‰
(Casciotti et al., 2008; Lehmann et al., 2018; Sigman et al., 2009). The
δ15NNO3 in SSMW above is 5.6 ‰, intermediate between NPIW and
STSMW. The upward decrease in δ15NNO3 is consistent with the addition of
newly fixed N from the remineralization of organic material with a nominal
δ15N value of −2–0 ‰ (Carpenter et al., 1997; Delwiche et al., 1979; Hoering
& Ford, 1960; Minagawa & Wada, 1986) integrated over the residence time
of the water mass since it was ventilated (Casciotti et al., 2008; Liu
et al., 1996). The low subsurface δ15NNO3 could additionally result from
isotope fractionation during remineralization, as bacteria preferentially
degrade 14N, leading to a relatively low δ15NNO3 of the remineralized nitrate
(Altabet, 1988; Casciotti et al., 2008)—a notion to which we return in a later
section. Directly at the base of the euphotic zone, the sharp increases in
δ15NNO3 compared to corresponding values along isopycnals are consistent
with isotope fractionation due to the partial assimilation of nitrate (e.g.,
Fawcett et al., 2015; Lehmann et al., 2018).

Figure 4. Depth gradients of δ15NNO3 plotted against preNO3 with markers
denoting stations and colors the corresponding corrected sea level anomaly.
Positive δ15NNO3 gradients represent upward increase of δ15NNO3 (δ15NNO3
increases toward shallower depths). The shaded area highlights regions of
the water column where the upward increase of δ15NNO3 coincides with
negative preNO3.

Figure 5. (a) The particulate nitrogen flux (PON) collected in sediment traps;
(b) The δ15NNO3 values at 150 m and corresponding sediment trap δ15NPON
values plotted against latitudes along the hydrographic transect. Colors
represent sea level anomaly. Error bars represent the analytical uncertainties
(standard deviation) from measurement for PON flux, δ15NPON and
δ15NNO3. The sediment trap data are from Barone et al. (2022).
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Away from the center at peripheral stations inside the cyclone, nutrient concentrations were even higher than
along corresponding density horizons outside the eddy (and higher than the mean conditions at σθ ≈ 25.0 kg m−3

from the Station ALOHA climatology; Figure S4 in Supporting Information S1), suggesting shallow reminer-
alization within the cyclone. The excess [N + N] along isopycnals in the cyclone was associated with a corre-
sponding stoichiometric excess in AOU, suggesting that these signals derived proximately from shallow
remineralization within the eddy. A related feature was observed by Buesseler et al. (2008) in a cyclonic eddy in
the North Atlantic Subtropical Gyre, where excess thorium‐234 was focused directly below the DCM.

The excess [N + N] along isopycnals could result from the shallow remineralization of the vertical flux of sinking
particles generated in lighter density horizons that were uplifted into the euphotic zone directly above. Alter-
natively, the correspondence of excess subsurface nutrients at the cyclone's inner edges with the isopycnal
uplifted into the euphotic zone in the center of the cyclone leads us to postulate that the excess remineralized
nutrients could have arisen from particles exported along isopycnals (Boyd et al., 2019)—thus adding to the
incident nutrient reservoir. Small sinking particles from the euphotic zone may attain neutral buoyancy at fringing
isopycnals, preventing export to further depths (McCave, 1975; Omand et al., 2020; Washburn et al., 1989). We
observed no evidence of shallow suspended particles from beam transmission and attenuation coefficients (data
not shown), although shallow remineralization could have occurred primarily before the occupation. Otherwise,
particles generated in the uplifted isopycnal in the cyclone center may have been advected tangentially toward the
edges of the eddy (Gaube et al., 2013; K. Zhou et al., 2020) and then exported gravitationally. Particles may also
be subducted to the subsurface along isopycnals via submesoscale fronts at the cyclone edges (Guidi et al., 2012;
Lévy et al., 2012; Omand et al., 2015; Resplandy et al., 2019; Stukel et al., 2017), particularly during the
intensification stage of the eddies (Guo et al., 2024). Regardless of the mechanism(s) resulting in the accrual of
excess nutrients at the subsurface, this feature was not evident below the euphotic zone of the anticyclone,
wherein [N + N] and AOU values were similar to those at out‐stations along corresponding density horizons.

At the center of the cyclonic eddy, the uplifted isopycnals resulted in a larger nutrient reservoir directly below the
euphotic zone than mean conditions, leading to a proportionally greater flux of nutrients into the euphotic zone
from turbulent mixing across isopycnals—providing a means for the cyclonic eddy to remain productive after the
initial isopycnal uplift into the euphotic zone (Barone et al., 2022). The so‐called “eddy‐pumping” of nutrients

Figure 6. Potential temperature versus salinity from bottle data spanning the 30‐year time series at Station ALOHA, with
contours of potential density and colors of N + N concentrations. Observations of the two eddies in this study are in green.
Labeled water masses include Subtropical Surface Water (STSW), Subtropical Salinity Maximum Water (STSMW),
Shallow Salinity Minimum Water (SSMW), North Pacific Intermediate Water (NPIW), North Pacific Deep Water (NPDW),
and North Pacific Bottom Water (NPBW). The data are from The Hawaii Ocean Time‐series observations (http://hahana.
soest.hawaii.edu/hot/hot‐dogs/).
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(Falkowski et al., 1991; McGillicuddy et al., 1998) borne of the uplift of isopycnals occurred before the onset of
the field survey, and was thus not captured. Barone et al. (2022) estimated a diapycnal N flux directly across the
top of the nutricline of 0.08 mmol N m−2 d−1 in the cyclone and 0.009 mmol N m−2 d−1 in the anticyclone. These
values are appreciably lower than the diapycnal flux estimated by Benitez‐Nelson et al. (2007) of 0.32–
0.51 mmol N m−2 d−1 at the center of a cyclonic eddy on the lee side of the Hawaiian islands—a difference
deriving largely from the assumption of a greater diapycnal diffusivity of 5–8 × 10−5 m2 s−1 versus that of
1.1 × 10−5 m2 s−1 assumed by Barone et al. (2022). The estimated diapycnal flux in the cyclone is also lower than
the corresponding PON sinking flux estimated from the sediment traps, which was 0.4 ± 0.03 mmol N m−2 d−1

(Barone et al., 2022).

In addition to mixing across isopycnals, mixing along isopycnals may also provide an important conduit of
nutrients into the euphotic zone of the cyclone (Cao et al., 2024; Freilich & Mahadevan, 2019). Subsurface
nutrients along the σθ ≈ 25.0 kg m−3 isopycnal were apt to mix into the uplifted center of the cyclone where
nutrients were depleted. We estimate the isopycnal mixing flux in the cyclone and anticyclone for a diffusivity,
kiso, of 1 m2 s−1 (Okubo, 1971; Shcherbina et al., 2015). To this end, we first compute the volume‐specific flux
Fiso,vol (mmol N m−3 d−1) from Fiso,vol = kiso(∂2N/∂x2 + ∂2N/∂y2) where x and y are the respective zonal and
meridional directions. Assuming symmetric eddies, we derive the isopycnal flux along the hydrographic transect,
F'

iso,vol = kiso(2∂2N/∂x’2), where x’ is the direction along the transect. The volumetric flux, F'
iso,vol integrated over

the depth range of density σθ = 24.6–25.4 kg m−3, yields an isopycnal flux of 0.002 mmol N m−2 d−1 in the center
of the cyclone, compared to −0.0003 mmol N m−2 d−1 in the center of the anticyclone. The isopycnal mixing flux
of N thus appears to be one order of magnitude lower than the diapycnal mixing flux. We note that our calculation
may underestimate isopycnal fluxes because the horizontal resolution of the measurements was relatively coarse,
with distances between the cyclone center and its peripheral stations of ≥38 km. Excess subsurface nutrients
accrued in closer proximity to the cyclone center would result in a steeper along‐isopycnal concentration gradient.
For example, given a similar nutrient gradient along an arbitrary distance of 10 km (along the x’ direction) from
the cyclone center, isopycnal mixing would result in a flux of 0.04 mmol N m−2 d−1, of the same order of
magnitude as the diapycnal flux. This hypothesis is supported by a recent investigation of energetic submesoscale
dynamics in a long‐lived cyclonic eddy that revealed significant isopycnal fluxes of nutrients to the DCM (Cao
et al., 2024). We thus submit that isopycnal mixing may be a means by which production is sustained beyond the
initial “eddy injection.”

We further attempt to quantify the remineralization fluxes that contributed to the excess nutrients in the cyclonic
eddy, and compare these to the observed PON sinking fluxes and estimated diapycnal and isopycnal mixing
fluxes. We make the simplified assumption that the excess nutrients at the edge of the cyclone accumulated from a
constant remineralization flux during the lifetime of the eddy, acknowledging that this flux was ostensibly not
constant. Given excess NO3

− at Stations 11, 13, and 14 of 0.03–0.1 mol N m−2, the time‐averaged reminerali-
zation flux is on the order of 0.2–0.7 mmol N m−2 d−1 if the cyclonic eddy was 134‐days‐old at the time of
sampling based on the AVISO + data product (0.1–0.4 mmol N m−2 d−1 if the cyclone was 240‐days‐old based on
Barone et al. (2022)). This remineralization flux is relatively high compared to the sum of the estimated diapycnal
and isopycnal nutrient fluxes of 0.08 mmol N m−2 d−1 at the time of sampling. In turn, the PON sinking flux
estimated from the sediment traps in the cyclone was 0.4 ± 0.03 mmol N m−2 d−1 (Barone et al., 2022), which is
comparable to our estimate of the time‐averaged shallow excess remineralization flux. This calculation illustrates
that the shallow excess remineralization flux is substantive. It notably contributes an additional export flux not
captured by sediment traps at 150 m, given that excess nutrients are focused above this depth interval. It also
shows that the nutrient flux supplied to the surface remains too low to explain the corresponding sinking PON
flux, notwithstanding this additional shallow remineralization flux. This apparent inconsistency suggests that the
shallow remineralization flux may derive from enhanced production fueled by the initial isopycnal uplift.

In all, our observations suggest that a substantive fraction of the particulate organic material generated in the
euphotic zone was remineralized directly below the euphotic zone. Given the cyclone's nonlinear nature,
remineralized nutrients were retained within the eddy and accrued at the subsurface. Remineralized nutrients at
shallow depths directly below the euphotic zone were then apt to be re‐supplied to the euphotic zone, allowing the
cyclonic eddy to sustain primary production in the deep euphotic zone beyond that fueled by the initial uplift of
isopycnals. Such “rejuvenation” of nutrients was actualized in eddy‐resolving simulations of the Northern Canary
upwelling system, wherein the PON generated at the surface of long‐lived mesoscale eddies was largely
remineralized at the shallow subsurface and re‐supplied to the euphotic zone on timescale of ∼1.5 months—thus
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rejuvenating multiple times over the lifetime of long‐lived (∼14 months) cyclonic eddies (Lovecchio et al., 2022).
While increased primary productivity in cyclonic eddies is initiated during their intensification (e.g., Guo
et al., 2024), higher productivity than the surrounding may be sustained thereon by the re‐supply of nutrients
accrued from remineralization at the shallow subsurface.

The excess nutrients observed here were focused between 125 and 150 m, depths shallower than the sediment
traps, suggesting that a sizable fraction of the export flux in the cyclone was remineralized above the traps. This
fraction of the exported production from the cyclone manifestly did not reach depths where carbon is effectively
sequestered away from the atmosphere (DeVries et al., 2012; DeVries & Weber, 2017). This inference conforms
to the notion that warmer waters promote shallower remineralization of labile organic material (Marsay
et al., 2015). It is also consistent with inverse model analyses suggesting that the transfer efficiency of sinking
organic particles to the ocean interior is relatively low in subtropical gyres (Weber et al., 2016). Particle remi-
neralization and fragmentation were recently shown to be enhanced at the DCM inside a decaying cyclonic eddy
in the oligotrophic South China Sea, leading to weak carbon export (Zhu et al., 2023). Much of the enhanced
production during the maturing and decaying stages of regional cyclonic mesoscale eddies may be subject to
shallow remineralization, such that the remineralized carbon will resurface on sub‐annual to decadal time scales.

Surprisingly, the organic particulate flux recorded in the sediment traps at 150 m was of similar magnitude in the
cyclonic versus anticyclonic eddy in terms of both PON and POC, on the order of 0.4 ± 0.1 mmol N m−2 d−1 for
PON—whereas particulate inorganic carbon and particulate silicate fluxes were notably greater in the cyclone
(Barone et al., 2022). Similar observations in subtropical gyres have led to the conclusion that regional cyclonic
eddies function as effective silica pumps but inefficient organic carbon pumps (Benitez‐Nelson et al., 2007;
Buesseler et al., 2008; Maiti et al., 2008; Rii et al., 2008; K. Zhou et al., 2020; Zhu et al., 2023). Barone
et al. (2022) nevertheless posited that organic material produced in the cyclone during the initial isopycnal uplift
was exported to deeper waters prior to the sampling campaign. In this regard, examination of multiple eddies in
the NPSG revealed that carbon and nitrogen flux anomalies were negatively correlated to the eddy age, with
higher export anomalies occurring during early maturity (K. Zhou et al., 2021). Guo et al. (2024) similarly
observed enhanced POC export during the intensifying stage of a cyclonic eddy, a high percentage of which was
transferred to the base of the mesopelagic layer. A recent survey of regional eddies further revealed that O2

minima at mid‐depths (between 600 and 900 m) were generally more prominent in cyclonic eddies than in
surrounding waters, while less prominent in anticyclonic eddies, suggesting greater export to mid‐depths in
cyclonic eddies (Xiu & Chai, 2020). While organic material exported from the cyclone surface was ostensibly
remineralized directly below the euphotic zone, the export of organic carbon to mid‐depths may nevertheless have
been greater in the cyclone than the anticyclone over their respective lifetimes.

4.2. Stoichiometric Anomalies at the Subsurface

A salient subsurface feature in subtropical gyres is the incidence of so‐called “negative” preformed nutrients
(Emerson & Hayward, 1995; Fawcett et al., 2018; Johnson et al., 2010). Given adherence to Redfield stoichi-
ometry, negative preformed nutrients may signal the respiration of O2 (and organic carbon) without the
commensurate remineralization of nutrients, or the consumption of nutrients without the proportional production
of O2 during photosynthesis (Abell et al., 2005; Emerson & Hayward, 1995). This feature could result, at least
partially, from nutrient transport by migrating plankton (Johnson et al., 2010; Letscher & Villareal, 2018; Vil-
lareal et al., 1999). Negative pre‐formed nutrients may also arise from the entrainment and decomposition of N‐
poor dissolved organic matter from the surface and/or from the gravitational flux and remineralization of C‐rich
gel‐like organic matter (aka, transparent exopolymer). The respiration of N poor material may, in turn, instigate
heterotrophic nitrate assimilation (Abell et al., 2005; Emerson & Hayward, 1995; Fawcett et al., 2018; Letscher
et al., 2015; Smyth & Letscher, 2023). Specifically, heterotrophic bacteria can fractionate nitrate isotope ratios
during its assimilation (Granger et al., 2010). In this regard, Fawcett et al. (2018) showed that dark incubations of
subsurface seawater in the North Atlantic Subtropical Gyre resulted in heterotrophic bacterial growth, the
drawdown of incident nitrate, and a commensurate increase in nitrate isotope ratios. Moreover, seasonal increases
in the 18O/16O ratio of subsurface nitrate at the Bermuda Atlantic Time Series site also suggested that hetero-
trophic nitrate assimilation may be required for the remineralization of C‐rich and N‐poor organic matter (Fawcett
et al., 2018). The upward increases in δ15NNO3 values observed here occurred below the euphotic zone, signaling
the partial assimilation of nitrate at the subsurface (Figure 4). Their association with the extrema in negative
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preNO3
− leads us to posit that they arise from nitrate assimilation by heterotrophic bacteria decomposing the C‐

rich and N‐poor organic matter.

4.3. N Isotope Mass Balance to Infer N2 Fixation in Mesoscale Eddies

New and export production in the NPSG are cited to be fueled in part by biological N2 fixation (Karl et al., 1997).
Incubation‐based estimates of N2 fixation in the euphotic zone from the HOT time series average of
230 ± 136 μmol N m−2 d−1 (Böttjer et al., 2017) for measurements made between 2005 and 2013. These may be
biased by a number of methodological artifacts that have been uncovered in recent years (Dabundo et al., 2014;
Mohr et al., 2010; White et al., 2020); Albeit, the potential for these biases to be evident was considered in Böttjer
et al. (2017) and more recent measurements have found rates were found to be similar or higher than previously
reported (Dugenne et al., 2023). Independent estimates of the contribution of N2 fixation to export production
cover a broad range, from negligible to nearly 50% of N exports (Barone et al., 2022; Böttjer et al., 2017; Casciotti
et al., 2008; Dore et al., 2002; Karl et al., 1997; Mahaffey et al., 2008). The latter is derived from mass balance
exercises where the δ15N of sinking material recovered in shallow sediment traps is compared to the δ15NNO3

supplied to the euphotic zone to infer the fraction of export flux from biological N2 fixation (Altabet, 1988;
Barone et al., 2022; Böttjer et al., 2017; Casciotti et al., 2008; Karl et al., 1997; Knapp et al., 2005, 2008, 2016;
Mahaffey et al., 2008). The higher range of these estimates presumed a relatively enriched δ15NNO3 end‐member
akin to that in intermediate depth waters, lacking direct measurements of δ15NNO3 at shallower depths (Karl
et al., 1997).

The incubation‐based N2 fixation rates estimated during the deployment were substantially higher in the anti-
cyclone (670 μmol N m−2 d−1) than in the cyclone (115 μmol N m−2 d−1; Dugenne et al., 2023)—a dynamic that
may be expected to manifest in the δ15N of the sinking flux. The high‐resolution δ15NNO3 profiles measured here
allow us to constrain the δ15NNO3 supplied to the euphotic zone, and evaluate whether these values can be
exploited to estimate the contribution of biological N2 fixation to shallow particle export in the respective
mesoscale eddies. The δ15N of particulate material collected in shallow sediment traps deployed at 150 m ranged
from 3.0–4.2 ‰ in the anticyclone compared to 3.8–4.3 ‰ in the cyclone (Figure 5b; Barone et al., 2022). We
presume here that the δ15NNO3 values at 150 m (the depth of sediment traps) corresponded to the nitrate supplied
to the euphotic zone. Because some of these values were imprinted by the partial assimilation of nitrate, we
extrapolate the δ15NNO3 to values in contiguous density horizons not influenced by partial assimilation (Figure 5b
and Figure S3 in Supporting Information S1). At corresponding stations along the transect, the δ15NPON values of
material recovered in sediment traps in the cyclone were lower than the δ15NNO3 values at 150 m, whereas the
δ15NPON values of particles collected in the anticyclone were higher than the δ15NNO3 values at 150 m (Figure 5b).
Assuming the δ15NNO3 of newly fixed N is 0 ± 1 ‰, the contribution of N2 fixation to export production
consequently inferred for the cyclonic eddy is on the order of 13 ± 3%, whereas that for the anticyclonic eddy
yields a negative value of −29 ± 14%. Alternative assumptions to characterize the δ15NNO3 of the upward nitrate
flux yield similarly confounding results (Text S2; Table S1; Figure S5 in Supporting Information S1). These
results are clearly problematic arising because mesoscale eddies are not a steady‐state system with respect to the
nutrient supply to the surface and the coincident export of organic material therefrom. The regional δ15NNO3

gradient with density (and depth) is remarkably steep—notably steeper than that near Bermuda in the North
Atlantic Subtropical Gyre (Knapp et al., 2005)—rendering the δ15NNO3 supplied to the euphotic zone highly
sensitive to SLA. The SLA in mesoscale eddies changes on relatively short time scales, such that the sinking
material captured in the traps was not necessarily produced from the nitrate (and associated δ15NNO3) co‐located
at the base of the euphotic zone.

We nevertheless exploit the coherence of δ15NNO3 along isopycnals to infer the mean depth‐distribution of
δ15NNO3 at Station ALOHA. The σθ = 24.8 kg m−3 isopycnal is that which commonly resides at 150–175 m
depth, and has a δ15NNO3 of 3.1 ± 0.4 ‰. The mean δ15NPON of sinking particles recovered monthly in sediment
traps at Station ALOHA for 31 years was 3.3 ± 1.0 ‰, squarely in the δ15NNO3 range of σθ = 24.8 kg m−3

isopycnal. Given no detectable secular change in the δ15NPON of sinking particles over this time (Figure S6 in
Supporting Information S1), and presuming no change in the corresponding δ15NNO3, the fractional contribution
of N2 fixation to export production thus estimated is within the margin of error, −6 ± 35%—rendering this es-
timate uncertain. In contrast, Knapp et al. (2018) reported that the material captured in shallow sediment traps in
the southwestern Pacific had δ15N values of 0.6 ± 1 ‰, compared to subsurface δ15NNO3 values of 7.0–8.4 ‰,

Global Biogeochemical Cycles 10.1029/2024GB008206

ZHOU ET AL. 11 of 17

 19449224, 2025, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

B
008206 by U

niversity O
f H

aw
aii A

t M
anoa, W

iley O
nline Library on [14/05/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



arguing for an unambiguous contribution of newly fixed N to the sinking flux, corroborating markedly elevated
incubation‐based estimates of N2 fixation at this site.

The similarity of the long‐term δ15N average of sinking flux compared to mean δ15NNO3 at subsurface is per-
plexing in light of the magnitude of in situ estimates of biological N2 fixation at Station ALOHA. For a net
regional community production of 287 ± 100 mmol N m−2 y−1 (Johnson et al., 2010), the corresponding
contribution of N2 fixation to the export flux is 29 ± 20% for a N2 fixation rate of 230 ± 136 μmol N m−2 d−1

(Böttjer et al., 2017), which should result in a difference of at least ∼1% of sinking flux from the N isotope mass
balance for a N2‐fixation endmember of 0 ‰. Based on the fact that biological N2 fixation contributes signifi-
cantly to new production at Station ALOHA, the discrepancy could arise if newly fixed N accumulates as DON in
the euphotic zone. This premise was queried by Knapp et al. (2005) in the Sargasso Sea, wherein the δ15N of DON
in the euphotic zone was not detectably lower than at depth—noting that N2 fixation is not thought to contribute
substantively to the export flux in this region (Altabet, 1988; Knapp et al., 2008). Similarly, the δ15N of DON
measurements in the euphotic zone near Hawai'i did not show evidence for low δ15N accumulating in the DON
pool (Knapp et al., 2011). The particulate flux of newly fixed N at Station ALOHA may otherwise be episodic and
thus not well aliased by shallow trap deployments (Karl et al., 2012). Alternatively, newly fixed N may remain
associated with prokaryotic microbes on the premise that eukaryotes rely predominantly on nitrate (Fawcett
et al., 2011); the former may be exported and remineralized at shallower depths than the sediment traps. Finally,
we note that estimates of the supply of new nitrate to the surface of the NPSG are uncertain (e.g., Johnson
et al., 2010) and may thus be under‐estimated, rendering N2 fixation proportionally less important.

Another uncertainty regarding the N isotope mass balance that warrants consideration is that it may be biased by
isotopic fractionation during particle remineralization (Lehmann et al., 2002). Casciotti et al. (2008) observed a
shift in the δ15N of sinking PON near station ALOHA, from 2.5 ‰ at 150 m to 3.5 ‰ at 300 m, attributed to
isotope fractionation during remineralization. Given sizable remineralization occurring above 150 m, the pref-
erential production of low δ15N nitrate from remineralization would result in the capture of PON at 150 m with a
higher δ15N than exited from the euphotic zone—leading to an under‐estimation of the contribution of biological
N2 fixation to the PON flux. The δ15N increase in sinking PON with depth could also conceivably reflect the
differential export of respective plankton groups assimilating different N sources hypothesized above (e.g.,
Fawcett et al., 2011) and/or the depth‐sensitive disaggregation and repackaging of sinking particles (e.g., Briggs
et al., 2020; Lampitt et al., 1990; Wilson et al., 2008). In a parallel vein, the low δ15N nitrate at the base of the
euphotic zone throughout the NPSG could arise from the remineralization of suspended PON (Hannides
et al., 2013) rather than the remineralization of newly fixed N. In light of the potential limitations of the N isotope
mass balance approach used here, we submit that nitrate isotope ratios can provide a more robust accounting of the
input of newly fixed N to the regional nitrate inventory when considering the whole of intermediate water column
wherein bulk remineralization occurs (e.g., Casciotti et al., 2008; Knapp et al., 2008; Marconi et al., 2017;
Marshall et al., 2022; Marshall et al., 2023) ‐ rather than an N isotope mass balances restricted to the top of the
nutricline.

5. Conclusions
Our analysis reveals that the increased production in the cyclone was patently remineralized at the cyclone edges,
directly below the euphotic zone—rather than exported to depths where CO2 is effectively sequestered. This
material was remineralized at depths above the sediment traps, potentially explaining the similarity of the POC
and PON export fluxes between the cyclonic and anticyclonic eddies. The shallow nutrient reservoir borne by
remineralization within the eddy may provide a means to fuel primary production in mature and decaying stages
of cyclonic eddy from cross‐isopycnal (and potentially along‐isopycnal) mixing of nutrients—promoting the
continuous “rejuvenation” of nutrients over the lifetime of the eddy.

The coincidence of a subsurface nitrate assimilation signal (from δ15NNO3) with negative preformed nutrients
supports the notion that the deviations from canonical elemental stoichiometry may arise from the shallow export
and remineralization of C‐rich material, promoting the assimilation of nitrate by heterotrophic bacteria.

Substantially higher biological N2 fixation was detected in the anticyclone (Dugenne et al., 2023), yet this dy-
namic was not discernible from the δ15NPON of sinking particles recovered in sediment traps compared to the
nitrate δ15NNO3 at 150 m due to the non‐steady state nature of the system. A steep isopycnal gradient of nitrate
δ15NNO3 renders subsurface values sensitive to SLA, such that the δ15NPON along transect mirrored corresponding
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differences in the δ15NNO3 of the nitrate that fueled new production. Averaged over long timescales, the N isotope
mass balance of the euphotic zone did not appear sensitive to the export flux of newly fixed N at Station ALOHA
for reasons that remain unclear.

Our study highlights the need to better characterize the physical mechanisms of nutrient delivery to the surface
oligotrophic ocean, particularly in light of increased surface ocean stratification (Li et al., 2020; Polovina
et al., 2008; Sallée et al., 2021). Studies that achieve high vertical and horizontal resolution of mesoscale features
will allow for better characterization of the fate of export production based on the subsurface nutrient reservoir.
Our study also impels consideration of how to better constrain the significance of N2 fixation to the export flux in
the NPSG.

Data Availability Statement
Nitrate δ15NNO3 measurements in this study are archived on Zenodo (M. Zhou et al., 2025). Hydrographic and
biogeochemical measurements can also be found on Zenodo (Barone et al., 2021). Data were obtained via the
Hawaii Ocean Time‐series HOT‐DOGS application (University of Hawai'i at Mānoa. National Science Foun-
dation Award # 2241005) can be found at HOT‐DOGS (2024). The altimetric Mesoscale Eddy Trajectories Atlas
(META3.2 DT) was produced by SSALTO/DUACS and distributed by AVISO+ with support from CNES, in
collaboration with IMEDEA (Pegliasco et al., 2022).
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