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Abstract Asa key intermediate in the nitrogen cycle, nitrite is involved in multiple biological
pathways that regulate the distribution and availability of nitrogen in the ocean. In the oligotrophic

gyres, nitrite accumulates near the base of the euphotic zone, demonstrating a subsurface maximum,
termed the primary nitrite maximum; while in subpolar regions, nitrite concentrations are elevated in

the near-surface ocean. As yet, the mechanisms controlling this meridional pattern remain unclear.

Here, we present vertically resolved profiles of rates of nitrite production and consumption extending
from the Subtropical Gyre to the Subarctic Front in the North Pacific Ocean. Our results indicate that the
latitudinal distributions of nitrite across this basin are influenced by variations in phytoplankton-nitrifier
interactions. In the well-lit oligotrophic surface, phytoplankton dominates rapid nitrite cycling via coupled
release and re-assimilation; below the euphotic zone, diminished light stress on nitrite oxidizers results in
rapid turnover and limits nitrite. By contrast, in subpolar regions where nitrate concentrations are elevated
in the euphotic zone, nitrite is released during assimilative nitrate reduction and competition between
phytoplankton and nitrifiers for ammonium is relaxed, facilitating ammonia oxidation. These processes,
together with differential light sensitivities of ammonia and nitrite oxidizers, allow net accumulation of
nitrite. Furthermore, we demonstrate a substantial contribution of urea oxidation in forming the primary
nitrite maximum and balancing the two steps of marine nitrification. Our findings reveal physical-
biological interactive controls on nitrite cycling and distributions in the ocean and help disentangle the
complex effect of phytoplankton-microbe interactions on marine nitrogen biogeochemistry.

Plain Language Summary Nitrite is a key intermediate between reduced and oxidized forms
of nitrogen that is involved in numerous biological processes in the marine nitrogen cycle. Throughout
the world's oceans, concentrations of nitrite vary spatially, with concentrations in the subtropics often
demonstrating a subsurface maximum, while concentrations are often elevated in the euphotic zone in the
tropics and subpolar regions. To date, the mechanisms and processes governing the vertical distributions
of nitrite remain controversial. By investigating a suite of processes catalyzing nitrite cycling across the
Northwestern Pacific, we show that spatially variable interactions between phytoplankton and planktonic
nitrifiers regulate pathways and rates of nitrite cycling. These processes together shape nitrite distribution
patterns at the basin scale. Additionally, we demonstrate the significance of urea oxidation in marine
nitrogen recycling in terms of contributing to the primary nitrite maximum formation and maintaining
the homeostasis of the two steps of nitrification.

1. Introduction

Nitrogen (N) limits primary productivity in approximately half of the global ocean, with concomitant in-
fluences on the magnitude of ocean carbon sequestration (Falkowski, 1997; Moore et al., 2013). Despite the
importance of N cycling in global biogeochemistry, our knowledge of the complicated and interactive mi-
crobially-mediated transformations among N species remains incomplete. The marine N cycle is structured
by a series of redox-driven biological transformations between the major N species, from the most reduced
forms of ammonium (NH,*) and organic N to the most oxidized form nitrate (NO,™). As an intermediate
in many of these processes, nitrite (NO,~) plays numerous roles in plankton metabolism, including acting
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as an electron donor or acceptor for diverse microorganisms, a nutrient source for phytoplankton (NO,~
assimilation), and a metabolic product of ammonia-oxidizing organisms (AOO). Hence, NO,™ is centrally
involved in multiple processes that structure the marine N cycle, making it an excellent intermediate for
disentangling marine N biogeochemistry (Casciotti, 2016).

In well-oxygenated ocean waters, NO,™ is typically found at very low concentrations (i.e., usually <10 nmol
L") (Dore & Karl, 1996a; Zafiriou et al., 1992). However, in stratified regions of the world's oceans NO,~
can accumulate (typically 100 to 1,000 nmol L) near the base of the euphotic zone, forming a vertically
unimodal feature known as the primary NO,~ maximum (PNM; Gruber, 2008; Karl et al., 2008; Lomas &
Lipschultz, 2006; Vaccaro & Ryther, 1960). Recent measurements of NO,~ concentrations in the global
ocean show distinct geographic NO,~ distribution patterns, with the PNM layer vertically ascending from
near the base of the euphotic zone in the subtropics into the well-lit, near-surface ocean in the subpolar
regions (Cavagna et al., 2015; Kemeny et al., 2016; Olsen et al., 2016; Peng et al., 2018). Mechanisms for the
formation and maintenance of this unique global NO,~ accumulation pattern have recently been modeled
as governed by competition with phytoplankton for N sources (Zakem et al., 2018). In this model, compet-
itive interactions between nitrifiers and phytoplankton were controlled by factors such as nitrogen, light,
or iron, with nitrifiers outcompeted by faster-growing phytoplankton in N-limiting environments, while
these organisms coexist under conditions where phytoplankton growth is limited by light or iron (Zakem
et al., 2018). However, field-based quantifications of specific contributions by phytoplankton and nitrifiers
as sources and sinks of NO,™ in the euphotic zone remain limited.

In the sunlit ocean, the release of NO,~ by marine phytoplankton during incomplete assimilatory reduction
of NO,~and NH,* oxidation by AOO are considered the dominant NO,~ sources, but the relative importance
and environmental control of these NO,~ sources are still debated (Casciotti, 2016; Karl & Michaels, 2018;
Lomas & Lipschultz, 2006). Several recent studies highlight that urea, an intracellular metabolic byproduct,
can act as an alternative substrate fueling the energetic demands of marine AOO (Alonso-Séez et al., 2012;
Bayer et al., 2016; Kitzinger et al., 2019), suggesting a previously unaccounted source of NO,~ whose con-
tribution to the PNM remains unquantified. Primary sinks for NO,~ in the oxygenated ocean include NO,~
oxidation by NO,~ oxidizing bacteria (NOB), NO," assimilation by phytoplankton and bacteria, and NO,~
reduction to N, in low oxygen microenvironments (Bianchi et al., 2018; Klawonn et al., 2015; Stocker, 2012).
To date, the assessment of factors regulating NO,~ turnover in the upper water column is hindered by
limited simultaneous rate measurements of production and consumption processes.

Light has been long recognized as a key factor in forming and maintaining the PNM, either for its regulation
of incomplete NO,~ assimilation (Kiefer et al., 1976; Vaccaro & Ryther, 1960; Wada & Hattori, 1971) or its in-
hibition of the two steps of nitrification (Dore & Karl, 1996b; Guerrero & Jones, 1996a, 1996b; Olson, 1981;
Ward et al., 1982). Surprisingly, the effects of light on NO,~ production and consumption, including how
diel variation in light might regulate NO,™ distributions, are poorly studied. Moreover, rates of nitrification
appear spatially and temporally variable in the near-surface waters of the ocean, suggesting light cannot be
the sole factor controlling rates of nitrification in the upper ocean (Shiozaki et al., 2016; Ward, 2008; Yool
et al., 2007). In addition to a possible control by light, ambient NO,™ has also been shown to be a key factor
co-regulating competition between phytoplankton and AOO for NH,*, with increased NO,~ concentrations
ameliorating phytoplankton-AOO competition for NH,* (Wan et al., 2018). Such findings further imply am-
bient NO,~ conditions may also influence NO,~ distributions and cycling through phytoplankton-nitrifier
interactions, although the potential effect of NO,~ on NO,~ competition between phytoplankton and the
NOB has not yet been investigated.

We conducted a comprehensive suite of rate measurements involved in NO,~ production (NH,* oxidation,
urea oxidation, and incomplete NO,~ reduction) and consumption (NO,~ oxidation, NO,~ assimilation, and
NO,~ reduction to N,) across a large region of the open waters of the North Pacific (Figure 1a and Figure S1
in Supporting Information S1). Multiple isotope-labeling incubations were conducted across biogeochemi-
cal and physical gradients between the center of the North Pacific Subtropical Gyre (NPSG) and the Subarc-
tic Front (SAF). Rate measurements above, in, and below the PNM were used to identify the NO,~ cycling
processes that determine the distributions and turnover of NO,~ in these regions. Paired light and dark
incubations were used to examine how sunlight influenced NO,~ metabolism in the upper ocean. The re-
sults are expected to elucidate the combined effect of NO,~ supply and light on NO,~ cycling; to quantify the
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Figure 1. Hydrographic conditions and nutrient distributions along the sampling transect. (a) Research area and sampling stations. Red dots show stations
where incubations were conducted, yellow dots depict stations where nutrients were sampled. The white line denotes the boundary of the NPSG and the yellow
line shows the boundary of the SAF. (b)-(d) Fluorescence, potential temperature and potential density anomaly of the upper 200 m along the transect. (e)—(f)
Distributions of NO,™ and NO,~ concentrations in the upper 200 m along the transect. The dashed line in panel c indicates the depth of the upper mixed layer;
the dashed line in panel f depict 1 umol N L' NO, ™. The gray dots in panel e and f show the location for on-board incubation. The x-axis shows the latitude of

each sampling station.

contribution of urea oxidation on PNM formation; and finally, to improve our mechanistic understanding
of the processes that shape the enigmatic distribution of this key intermediate in the marine N cycle.

2. Materials and Methods
2.1. Sample Collection and On-Deck Incubations

Sampling for this study was conducted during April-May 2015 aboard the R/V Dongfanghong II. Shipboard
sampling occurred as part of a transect that extended from the center of the NPSG to the SAF. Four sta-
tions (K2, B9, A4, and B1) that spanned large productivity gradients were selected for NO,~-focused rate
measurements (inferred from the surface Chl-a, Figure S2 in Supporting Information S1). Seawater samples
were collected using 24 x 12-L Niskin bottles mounted to a CTD rosette equipped with a Seabird SBE 911
CTD sensor package (for measurements of temperature, conductivity, and pressure). In addition, a SeaTech
flash fluorometer and a photosynthetically active radiation (PAR) sensor (Li-Cor Biosciences, LI-193) were
deployed on the rosette for associated fluorescence and downwelling PAR measurements. Measurements of
hydrographic variability and light penetration were obtained by CTD hydrocasts conducted at approximate-
ly noon the day prior to rate measurement sampling at the same station.

WAN ET AL.

30f19



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2021GB007072

Samples for subsequent nutrient determinations and rate measurements were collected from CTD hydro-
casts conducted at dawn (05:00 to 06:00 local time) for each station. Three 125 mL acid-washed, seawater
rinsed, high-density polyethylene (HDPE) bottles were used for nutrient collection; samples for subsequent
analysis of urea concentrations were collected into acid-washed, precombusted (450°C for 4 h) 50 mL am-
ber glass vials. Samples for subsequent determinations of particulate nitrogen (PN) concentrations were
subsampled from the CTD rosette bottles into acid-washed, seawater rinsed 1 L polycarbonate (PC) bottles.

Samples for rates of NO,~ reduction to N, were subsampled into acid-washed, precombusted (450 °C for
4 h) 120 mL borosilicate serum bottles (CNW, Germany) using Tygon tubing directly from the Niskin bot-
tles. Each sampling bottle was filled to the top and overfilled two to three volumes to minimize the introduc-
tion of bubbles. The bottle was then sealed with 20 mm butyl stopper and aluminum seals (Wheaton, USA),
followed by removal of 1 mL of a sample using a syringe to allow tracer and HgCl, injections. Seawater
for rate measurements of NH,*, urea, NO,~ oxidation, and NO,~ reduction were subsampled into 250 mL
PC bottles. Samples for NO,~ uptake incubations were subsampled from the CTD rosette bottles into ac-
id-washed, seawater rinsed 1 L PC bottles. All incubations were carried out in triplicate for each treatment.

Samples for NH,*, urea, and NO,~ oxidation, NO,~ reduction, and NO,~ uptake were incubated on-deck
under paired light and dark conditions. Four to five depths spanning large light and NO,™ gradients at each
site were selected for on-deck incubations. For light incubations, neutral density screens (Lee Filters) were
used to simulate the near in situ light intensity; bottles were incubated in an on-deck, surface seawater
circulating system. Daily integrated PAR flux was computed from 1 min interval measurements of incident
light using a deckboard PAR sensor during the period of incubations. For dark incubations, bottles were
wrapped with aluminum foil and placed in dark plastic bags to avoid light contamination. Light and dark
incubations were conducted in parallel to examine the potential influences of light on rates and for the sub-
sequent derivation of daily rate estimates. For NO,~ reduction to N,, only dark incubations were conducted.

For NH,* and urea oxidation rates, 30 nmol N L™* (final concentration) of ’N-NH,* or *N-urea (98% of 1*N
atom, Sigma-Aldrich) and 0.5 umol N L~ (final concentration) of 1*N-NO, carrier were added to each 250-
mL incubation bottle containing seawater. For NO,~ oxidation rates, 30 nmol N L™* (final concentration) of
15N- NO,™ (98% of N atom, Sigma-Aldrich) was added to incubation bottles. For rates of NO,~ reduction
to NO,~, seawater incubation bottles were amended with either 30 nmol N L™ (mixed layer samples) or
200 nmol N L™! (for depths deeper than the mixed layer) *N-NO," (98% of 15N atom, Sigma-Aldrich), and
0.5 umol N L~* of ¥N- NO,™ carrier. For NO,~ uptake rates, 30 nmol N L~* (final concentration) of **N-
NO, tracer (98% of >N atom, Sigma-Aldrich) was added to each bottle. For NO,~ reduction to N, 0.2 mL
of ’N-NO, (98% of *N atom, Sigma-Aldrich) was injected into each bottle for a final tracer concentration
of 300 nmol N L1,

For NH,*, urea, and NO,~ oxidation and NO,~ reduction measurements, approximately 40 mL of seawater
was filtered through a 0.2-um syringe filter immediately after the addition of N tracers; these samples
served as time zero controls. The remaining water was incubated under simulated near in situ light and dark
conditions for 12 h (07:00 -19:00). Incubations were terminated by syringe filtering 40 mL of water through
the 25-mm diameter, 0.2-um polyethersulfone filters. For NO,~ uptake, triplicate bottles were filtered (with
a pressure of ~200 mm Hg) onto pre-combusted (450°C, 4 h) 25-mm glass fiber filters (GF/F, Whatman)
immediately after the addition of °N tracers to represent the initial conditions. The remaining bottles were
incubated for 3 h (07:00 - 10:00) on board under simulated near in situ light and dark conditions, with incu-
bations terminated by gentle filtration. For NO,~ reduction to N,, immediately after ’NO, tracer injection
triplicate bottles were preserved with 0.1 mL saturated HgCl,, and the remaining bottles incubated in the
dark for 24-48 h. Incubations were terminated by the addition of 0.1 mL saturated HgCl,. Samples for sub-
sequent N, determinations were stored at 4°C, while all other seawater and membrane samples were stored
at —20°C.

2.2. Chemical Measurements

NH,* concentrations were measured aboard the research vessel immediately after collection using a fluoro-
metric method (Zhu et al., 2013) with a detection limit of 1.2 nmol N L~! and a precision of +3.5%. Seawater
samples for quantifying concentrations of other nutrients were stored at —20°C until measurements in the
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shore-based lab. Urea concentrations were measured using a 1 m length liquid waveguide capillary cell
based on the colorimetric reaction with diacetyl monoxime with a detection limit of 1 nmol N L! (Chen
et al., 2015). NO,~ and NO,~ below the nitracline were measured using a four-channel Continuous Flow
Technicon AA3 Auto-Analyzer (Bran-Lube, GmbH), with detection limits of 40 nmol N L~! and 70 nmol N
L1, respectively, and precision better than 1% (Wan et al., 2018). Samples with concentrations of NO,~ and
NO," that were near or below the detection limit of the AA3 were analyzed using standard colorimetric
methods coupled to a Flow Injection Analysis-Liquid Waveguide Capillary Cell system (World Precision
Instruments; Zhang, 2000), with a lower detection limit of 5 nmol N L' and precision of better than 3%.
PN concentrations were determined based on the oxidation of sample filters using purified persulfate as an
oxidizing reagent (Knapp et al., 2005), with NO,~ concentrations subsequently measured by chemilumi-
nescence (Braman & Hendrix, 1989) with a precision of +5% at the range of measured PN concentrations.

2.3. Isotopic Analyses

81°N of NO,~ was measured by chemical conversion (sodium azide, Sigma-Aldrich) of NO,~ to N,O (Mcllvin
& Altabet, 2005). To determine NO,~ oxidation rates, the NO,~ was initially removed from samples by add-
ing sulfamic acid (=99% sulfamic acid, Sigma-Aldrich) (Granger & Sigman, 2009) and the §**N of NO,~ was
determined using the bacterial denitrifier method (Casciotti et al., 2002; Sigman et al., 2001) with minor
modifications. Briefly, NO,~ was quantitatively converted to N,O using the bacterial strain Pseudomonas
aureofaciens (ATCC No. 13985), and N,O was quantified using a Thermo Finnigan Gasbench system (in-
cluding cryogenic extraction and purification) interfaced to a Delta VP'US jsotopic ratio mass spectrometer.
815N of NO,™ values were calibrated against three in-house NO,~ standards (8"°N of the three in-house NO,~
standards were determined using the bacterial method, with values of 0.52 + 0.35%o, 22.06 + 0.46%. and
96.27 * 0.57%o, respectively). Standard curves were run at the beginning and end of sample analysis and at
10 sample intervals. Accuracy (pooled standard deviation) based on analyses of standards at 10 nmol N was
+0.4%o. "N of NO,™ values were calibrated against NO,~ isotope standards USGS 34, IAEA N3, and USGS
32, which were run before, after, and at 10 sample intervals. Accuracy (pooled standard deviation) was bet-
ter than =+ 0.2%. according to analyses of these standards at an injection level of 20 nmol N. Quality control
was also conducted by analyzing laboratory working reference material (3,000 m deep sea water from the
South China Sea). For samples with NO,~ concentrations lower than 0.5 umol N L™, 1 mL of 5 umol N L™!
of in-house NO,~ standard was added as a carrier to 9 mL of sample seawater, and the isotopic composition
of the sample was then calculated from the measured composition of the mixture and the known in-house
standard via mass conservation. For '*N-N, measurement, 5 mL of seawater was transferred into 20-mL
helium pre-purged glass vials to avoid air contamination; 8"°N-N, was quantified using a Thermo Finnigan
Delta V?'"s JTRMS equipped with Gasbench (including cryogenic extraction and dilution system). The preci-
sion of 8"*N-N, was better than 0.3%o.

The isotopic composition of PN from incubation experiments was determined using the bacterial denitrifier
method following persulfate digestion. In brief, the PN filters were placed in 12-mL pre-combusted borosil-
icate vials with 1 mL of purified persulfate reagent (POR; final concentration of ~200 mmol L~!). The POR
(ACS-grade, Merck, German) was recrystallized at least three times prior to use and residual NO,™ in the
initial POR was quantified and ensured to be sufficiently low (<2 umol N L~ in digested solution). Samples
were autoclaved for 1 h at 120°C. At least five tubes containing only the POR were used to quantify the
post-digestion 815N blanks. Unused, pre-combusted filters were used to quantify N concentrations and §'*N
values associated with filters (i.e., filter blanks). The "N values of the PN-derived NO,~ were determined
using the bacterial method as described above. Calculation of the concentration and 8N of the PN includ-
ed separate corrections for both the blank of the POR procedure and the filters. The PN blank in each tube
was typically less than 1% of the total N and the blank of the filter was less than 5 nmol N (3.99 + 1.49 nmol
N), equivalent to <3% of the N content measured in our samples.

2.4. Rate Calibrations

The reaction rates were determined based on the accumulation of >N in the product pool relative to the
initial (time zero) conditions. To minimize the potential enhancement of the in-situ rates due to enrich-
ment by tracer concentrations, the final concentrations of *N-NH,*, 1’N-urea, and *N-NO,” were limited
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to 30 nmol L~%; the corresponding mean in situ concentrations of these pools was 83 =+ 59, 132 + 38 and
114 + 103 nmol L1, with the tracers accounting for 36 + 26%, 23 + 6%, 26 + 24% of the in-situ substrate con-
centrations, respectively. The final concentrations of NH,*, urea, and NO, in our incubations were close
to or lower than the half-saturation constant of the reported NH,* (Wan et al., 2018; Zhang et al., 2020),
urea (Xu et al., 2019) and NO,~ oxidation rates (Sun et al., 2017; Zhang et al., 2020), suggesting an overall
substrate limiting condition in our incubations. Therefore, we applied a linear regression approach using
Equations 1 and 2, with the following assumptions, to obtain the estimates of the in-situ reaction rates (Wan
et al., 2018).

C xn, —Cyn,
Ry = ——"—52 1
Pt &)
Ci
Rin- it R n X —— 2
sit bulk Ci+Cr, @)
R, is the bulk reaction rate for all substrates after tracer enrichment (nmol N L' h™'); Ct and C, is the

product concentration at the ending and beginning of the incubation (nmol N L1); f1° is at% N of the
substrate pool at the beginning of the incubation; n, and n are the at% *N of the product pool at the ending
and beginning of the incubation (%), respectively; ¢ is the duration of the incubation (h); R, . is the in-situ
reaction rate calibrated by linear interpolation; and Ci_ and Ct, are the initial substrate concentration and
final tracer concentration, respectively. For NH,*, urea, and NO,~ oxidation, NO,™ reduction, and NO,~ up-
take, the measured rates from light and dark incubations were converted to the daily rates assuming dark
incubations approximated nighttime rates and assuming equal photoperiods, that is, the sum of the dark
and light hourly rates multiplied by 12 (R, ,, of light incubation X 12 + R, of dark incubation x 12). For

N, production rates, the daily rates were derived using Equation 1.

We quantified the effect of light on NO,~ transformations based on Equations 3 and 4. Photoinhibition of
NH,* oxidation, urea oxidation, and NO,~ oxidation rates were computed using Equation 3, and reductions
in NO,~ release and NO,~ uptake in the dark were computed using Equation 4.

R ark — Ri'
Inhibition% = Mx 100% (3)

dark

(Rlighr - Rdark)

Reduction% = x 100% 4)

R[ighl

R, and Rijghe denote the in-situ conversion rates derived from Equations 1 and 2 under the paired dark and

light incubation under near in situ light intensity for each depth, respectively.

2.5. Detection Limits of Rate Measurements

The detection limits depend on the concentration of the product pool and the fraction of the N in the
substrate pool during the incubation. The accuracy of 8"°N-NO,  and §"*N-NO, was better than +0.2%o and
+0.4%o, respectively, and we here use three times the standard deviation as a reliable enrichment of >N in
each product pool. Therefore, we calculated detection limits of 0.01-0.04 nmol N L=! d~!, 0.01-0.10 nmol N
L~'d™, 0.01-0.49 nmol N L~! d™!, 0.01-0.21 nmol N L~ d~* and 0.01-0.11 nmol N L~* d~* for NH,* oxida-
tion, urea oxidation, NO,~ oxidation, NO,™ reduction and NO,~ uptake rates, respectively. For N, produc-
tion, the corresponding detection limit was 1.12-3.36 nmol N L~1 d-.

3. Results
3.1. Hydrographic and Nutrient Distributions

Vertical patterns in potential temperature, density, and fluorescence showed strong south-north gradients
along the transect from NPSG to the SAF (Figures 1b-1d). Elevated near-surface water temperatures and
strong stratification were observed in the NPSG stations (K2-B9), where the upper mixed layer depth (MLD)
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Figure 2. Vertical distributions of NH,*, urea, PN concentrations and PAR at the four stations where rate incubations were conducted. (a) Station K2. (b)
Station B9. (c) Station A4. (d) Station B1. The red triangle on the right y-axis denotes the depth of upper mixed layer.

ranged from 16-25 m based on a temperature threshold criterion with a difference of 0.8°C from the surface
value (Kara et al., 2000). By contrast, the upper ocean was well mixed in stations at the boundary of NPSG
(stations B6, A4) where the MLD varied from 50-200 m; with stratification weaker along the northern por-
tion of the transect (stations B4 - B1) than in the NPSG. The deep chlorophyll maximum (DCM), as indicat-
ed by fluorescence, and the depth of the euphotic zone (defined as 0.1% of surface PAR), shoaled upward
toward the north. Daily integrated incident PAR fluxes during the incubation periods were 70.9, 61.3, 43.0,
and 69.9 mol m~2 d~! at K2, B9, A4, and B1, respectively.

In the subtropical gyre stations (from stations K2 to B6), NO,~ concentrations displayed the expected PNM
structure, with peak concentrations occurring near the base of the euphotic zone. In contrast, at the north-
ern end of the transect (from stations B4 to B1), although NO,~ concentrations continued to demonstrate
subsurface maxima, concentrations were elevated throughout the euphotic zone (Figure 1e). NO,™ concen-
trations remained low in the upper mixed layer in the NPSG stations, and the depth of the nitracline (de-
fined as the mid-point (average) of the depth range with the steepest gradient (Aksnes et al., 2007) shoaled
upward along the south to north transect, resulting in increased NO,~ concentrations throughout the eu-
photic zone in the SAF (Figure 1f).

NH,* concentrations were persistently low at the oligotrophic sites and increased up to ~200 nmol L~* in
the well-lit upper ocean at the SAF station B1, although there was no coherent vertical pattern observed at
each site (Figure 2; Figure S3 in Supporting Information S1). Upper-ocean concentrations of NH,* tended
to increase from south to north, and depth-integrated (0-150 m) NH,* stocks positively correlated with con-
centrations of PN (R? = 0.96, p < 0.05), suggesting an intensification of remineralization as organic matter
stocks increased. Similar to NH,*, concentrations of urea demonstrated no consistent vertical patterns,
with depth-integrated (0-200 m) stocks of urea 1.3 to 3.7 times larger than NH,* (Table S1 in Supporting
Information S1). PN concentrations in the upper 200 m increased into the mid-latitude stations (Figure 2).

3.2. Rates of NO,~ Conversion in the Light and Dark
3.2.1. NO,” Production Rates

The paired light and dark incubations demonstrated light inhibition of ammonia oxidization. The inhi-
bition effect was most prominent in the near-surface waters, decreasing as light attenuated with depth
(Figures 3a, 3f, 3k and 3p). Daily NH,* oxidation rates (sum of rates measured in the light and dark) were
low to undetectable in the well-lit waters above the nitracline in the oligotrophic stations. In contrast, active
NH,* oxidation was observed at the surface layer of the SAF station where concentrations of NO,~ were
elevated. Peak rates of NH,* oxidation were measured in the PNM layer, with rates decreasing with depth
below the PNM at all study sites. Urea oxidation rate exhibited a similar vertical distribution pattern to that
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Figure 3. Paired light, dark and daily rates of NO,~ production and consumption processes. (a)-(e), (f)-(j), (k-0),
and (p-t) depict rates measured at stations B1, A4, B9, and K2, respectively. (a, f, k, p) NH,* oxidation rates. (b, g, 1, q)
urea oxidation rates. (c, h, m, r) NO,~ oxidation rates. (d, i, h, s) NO,~ production from NO," reduction and (e, j, 0, t)
NO,™ uptake rates. Open and solid gray circles depict rates measured in paired light and dark incubations (nmol N L™
h™1), respectively; red squares are the hourly gross conversion rates (nmol N L=! h~1); gray bars depict the differences
between light and dark conversion rates. All error bars depict one standard deviation of triplicate rate measurements; in
some cases, the error bars are smaller than the symbols.
of NH 4+ oxidation in both light and dark conditions (Figures 3b, 3g, 31 and 3q), and the two rates were well
correlated (R? = 0.49, p < 0.01). However, urea oxidation rates were 2-50 times lower than NH ,} oxidation,
despite a much larger inventory of urea (Table S1 in Supporting Information S1).
Rates of NO,~ reduction to NO,~ were detectable throughout the euphotic zone (Figures 3d, 3i, 3n and 3s).
In contrast to NH,* and urea oxidation processes, the rates of the NO,~ production via NO,™ reduction were
greatest in the upper euphotic zone, decreasing with depth. Peak NO,~ production rates from NO,™ reduc-
tion were comparable to the highest rates of urea oxidation but lower than NH,* oxidation; however, the
depth of the NO,™ reduction maximum was sometimes shallower than that of the oxidation rates.
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Figure 4. Gross NO,™ production and consumption rates. (a-d) Rates of the NPSG stations K2, B9, A4 and the high-nitrate SAF station B1, respectively.
Horizontal light gray and dark gray bars depict the gross production rates and gross consumption rates (nmol N L~ d-!), respectively; open red diamonds depict
the net rates (nmol N L~ d™*), the gray shading depicts distributions of NO,~ concentrations (nmol N L™"). All error bars are the propagated standard deviation
of the rates derived from triplicate incubations. The consumption rates are presented as negative values. Note the scale of X-axis for station B1 differs from the
remaining stations.

3.3. NO,” Consumption Rates

For all of the investigated sites and depths, rates of NO,~ reduction to N, were consistently below the detec-
tion limit (<1.1-3.4 nmol N L' d~! in our incubations), suggesting a negligible role for denitrification and
anammox on NO,~ concentrations and spatial distributions in these well-oxygenated waters.

Similar to rates of NH,* and urea oxidation, rates of NO,~ oxidation were also influenced by light, with rates
depressed at greater light intensities, increasing along the vertical gradient in attenuation (Figures 3c, 3h,
3m and 3r). Light inhibited rates of NO,~ oxidation to a greater extent than rates of NH,* oxidation, with
NO,~ oxidation rates increasing with depth, peaking below the PNM, before decreasing with increasing
depth. The magnitude of the peak NO, ™~ oxidation was comparable to the peak NH,* oxidation, but rates of
NO, oxidation were often elevated at depths where both NH,* and urea oxidation decreased.

NO,™ uptake was detectable throughout the euphotic zone with greater rates in the light than in dark (Fig-
ures 3e, 3j, 30 and 3t). Peak rates of NO,~ uptake were observed above the nitracline where the light was
replete and NO,~ concentrations were depleted. Notably, in contrast to rates of other NO,~ cycling pro-
cesses, NO,~ uptake was lowest at station B1 where NO,~ concentrations were greatest. In profiles where
coincident rate measurements were conducted, maximum NO,™~ uptake rates were lower than maximal
NO,~ oxidation (0.1-0.9 fold), suggesting NOB played an important role in consuming NO,~ in the oxygen-
ated upper ocean.

3.4. Gross and Net NO,~ Cycling Rates

The suite of rate measurements conducted as part of this study permits us to evaluate coupling among
NO, production and consumption rate processes across biogeochemical and physical gradients along the
long transect of the North Pacific. The gross NO,~ production rate (sum of NH,* oxidation, urea oxidation,
and NO,™ reduction to NO,~) was low at depths above the nitracline, increasing with depth until reaching
a maximum in the PNM layer, and then decreasing at greater depths (Figure 4). The depth of maximal
NO,~ consumption (sum of NO,~ oxidation, and NO,~ uptake) varied among stations. Peak rates of NO,~
consumption occurred in the PNM at station B9, but at greater depths at stations K2 and B1. As a result, the
daily integrated rate of NO,~ production was nearly equivalent to rates of consumption above or below the
PNM, with net NO,~ production consistently observed at depths where NO,~ concentrations accumulated.
Net NO,™ production rates (the difference between the gross production and gross consumption rate) were
spatially correlated with NO,~ concentrations (R* = 0.69, p < 0.01), while rates of NO,~ production and
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Figure 5. Comparison of NH,* and urea oxidation rates. (a) Least squares linear regression of rates of NH,* oxidation and urea oxidation. (b) Regression of
photoinhibition of NH,* oxidation and urea oxidation under paired light-dark incubations; note that one measurement (shown in open dot) was excluded from
the regression. (c) Spatially averaged, depth-integrated (0-150 m) rates of gross NO,~ production (Gross), NH,* oxidation (NH,* oxid.), urea oxidation (urea
oxid.), and NO," reduction to NO,~ (NO,™ redu.) at study sites.

consumption appeared less significantly correlated with NO,~ concentrations (Table S1 in Supporting Infor-
mation S1). These results suggest both production and consumption control NO,~ distribution and reinforce
the necessity of measuring both sources and sinks to understand processes underlying NO,~ accumulation.

Rates of all the measured processes, except NO,~ uptake, were greater in the nutrient-replete regions sam-
pled than in the oligotrophic gyres (Figures 3 and 4). Accordingly, both the depth-integrated (0-150 m)
production and consumption rates increased from south to north, indicative of simultaneous enhancement
of multiple N transformations in the nutrient-replete waters (Table S3 in Supporting Information S1). At
station B1 in the SAF region, NO,~ production (1.8-2.4 times) and consumption (1.7-2.7 times) rates were
greater than observed at other sites, with net production rates greatest in the PNM layer.

4. Discussion
4.1. Urea Oxidation is a Significant NO,~ Source in the Upper Ocean

Urea has been proposed as an alternative substrate for AOO in the marine environment (Alonso-Saez
etal., 2012) and oxidation of urea by AOO has been confirmed in cultures (Bayer et al., 2016; Qin et al., 2014)
and detected in coastal waters of the Gulf of Mexico (Kitzinger et al., 2019). Our results revealed that at
basin scales across the Pacific Ocean, rates of urea oxidation appear substantial contributors to NO,~ pro-
duction. The ratios of rates of NH,* oxidation to urea oxidation were generally restricted to a narrow range
(the interquartile range of the ratios was from 2.6 to 4.5), and the two rates were highly correlated (average
ratio of 3.0; R? = 0.49, p < 0.01, Figure 5a). Moreover, urea oxidation demonstrated vertical patterns similar
to those of NH,* oxidation, and the magnitude of light inhibition on both NH,* and urea oxidation appears
similar and co-varied with depth (Figure 5b), consistent with a recent field-based light manipulation experi-
ment (Xu et al., 2019). These findings suggest that urea may be directly utilized by the marine AOO, and that
urea oxidation by these microorganisms appears subject to photoinhibition similar to that for NH,* oxida-
tion. Based on a recent assessment of urea decomposition rates measured in the Gulf of Mexico (Kitzinger
etal,, 2019), we calculate that urea decomposition would contribute only ~0.2% of N in the substrate NH,*
pool, an amount two orders of magnitude lower than the tracer enrichment used in our parallel ’N-NH,*
incubations (with >N% of NH,* pool of 31.3 + 10.0%). This low level of '*’N-NH,* from '*N-urea decompo-
sition could contribute to a NO,~ production rate of 0.1 + 0.1 nmol L™ d~!, which is one to two orders of
magnitude lower than the measured ’N-urea oxidation rates. Such results suggested that a large fraction of
the measured urea oxidation rate was likely catalyzed by AOO.

In our study, rates of urea oxidation were responsible for as much as 33% of the NO,~ produced via NH,* ox-
idation, which is nearly 10 times higher than reported contributions in more eutrophic coastal zones (aver-
age of ~3.5% on the coast of Georgia and the Gulf of Mexico) (Damashek et al., 2019; Kitzinger et al., 2019;
Tolar et al., 2017). On average, the depth-integrated (0-150 m) urea oxidation rate (0.74 + 0.28 mmol
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m~2 d™') accounted for 20% of gross NO,~ production (Figure 5c), demonstrating a substantial contribution
of urea oxidation to NO,~ production, findings consistent with recent observations in the Southern Cali-
fornia Bight (Laperriere et al., 2021). Additionally, we find NO,~ oxidation rates exceeded NH,* oxidation
rates below the euphotic zone, as was recently reported in the South China Sea (Zhang et al., 2020) and the
offshore ETSP (Santoro et al., 2020). The apparent uncoupling between NH,* and NO,~ oxidation high-
lights an unaccounted for source of NO,™ required to maintain the homeostasis between the two steps of
nitrification. Including NO,~ production deriving from urea oxidation may partially explain the observed
uncoupling between NO,~ production and consumption in the dark ocean. Together, these results suggest
that urea oxidation is an important and previously overlooked source of NO,™ for the formation of the PNM
and for balancing NO,~ production and consumption in the oxygenated ocean.

4.2. Impact of Light on NO,~ Cycling

Paired light-dark incubations confirmed that light was a key determinant on NO,~ cycling in the sunlit
ocean (Dore & Karl, 1996a; Kiefer et al., 1976; Olson, 1981; Vaccaro & Ryther, 1960; Wada & Hattori, 1971;
Ward et al., 1982). Specifically, light inhibited rates of NH,*, urea, and NO,~ oxidation, while light stimu-
lated NO,~ uptake, and NO,~ production through NO,™ reduction. Such observations are not unexpected
given the role of light in fueling phytoplankton growth (and hence nutrient assimilation) and the known
photosensitivities of nitrifying microorganism growth.

While light inhibited both steps of nitrification, the inhibition on NO,~ oxidizers by light was significantly
greater than on NH,* oxidizers (p = 0.020) (Figure 3). The integrated daily rates of light and dark of NH,*
oxidation exhibited a unimodal structure peaking at the base of the euphotic zone where NO,~ accumulat-
ed. By contrast, peak rates of NO,~ oxidation occurred below the peak in NH,* oxidation, consistent with
stronger light inhibition of NOB than AOO. Moreover, the finding that rates of NO,~ oxidation tended to
be low in the PNM layer is consistent with studies demonstrating low concentrations of the nitrite oxidore-
ductase enzyme in the euphotic zone of the central Pacific Ocean (Saito et al., 2020). Although the growth
of both NOB and AOO are inhibited by light, these organisms demonstrate different photosensitivities
(Guerrero & Jones, 19962, 1996b) that appear both species-specific and wavelength-/dose-dependent (Mer-
bt et al., 2012; Qin et al., 2014). Our results provide additional evidence that rates of NO,~ oxidation appear
to be more sensitive to light than NH,* oxidation, consistent with observations in the central NPSG (Dore &
Karl, 1996b; Olson, 1981). Such results highlight that sunlight may be a key factor vertically decoupling the
two steps of nitrification in the ocean, with rates of NH,* oxidation greater in the sunlit waters, with relative
increases in NO,~ oxidation rates below the euphotic zone. Moreover, measured rates of NH,* and NO,~
oxidation were generally greater in incubations conducted in the dark relative to the light, with daily rates
peaking near the bottom of the euphotic zone and decreasing with depth, suggesting these rates may be
under control by sunlight in the well-lit waters, switching to substrate-supply control in the dimly-lit waters.

Both NO,™ uptake and NO,~ release rates by assimilative NO,™ reduction were greater in the light than in
the dark, and the rate difference for NO,™ release from NO, reduction was higher than for NO,~ uptake
(Figure 3), suggesting intracellular NO,™ reduction was more dependent on light energy than intracellular
NO,~ reduction. Phytoplankton assimilation of both NO,™ and NO,~ are energy-dependent processes, but
the assimilative reduction of NO,~ to NH,* requires more energy than the reduction of NO,™ to NO,™ (Lo-
mas & Glibert, 2000; Sciandra & Amara, 1994). Hence, decoupling of these two reductive processes due to
excess intracellular NO,~ reduction could result in accumulation and subsequent release of NO,™. This is in
line with the higher NO,™ release rate through assimilatory NO,™ reduction under light conditions in our
incubations and previous lab cultures (Olson et al., 1980; Wada & Hattori, 1971).

In near-surface waters where phytoplankton dominate NO,™ cycling, gross production and consumption
rates in the light incubations exceeded the corresponding rates in the dark incubations by 1.1-2.4-fold,
while the rates were slightly lower (0.8 + 0.2-fold) in the light in the lower euphotic zone (Figure 6). The
most significant difference between rates measured in the light and dark was generally observed in the
lower euphotic zone where NO,~ accumulates. In this dimly-lit layer, net NO,~ production was greater in
the light than in the dark, suggesting NO,~ production by this process might result in daytime accumulation
of NO,".
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Figure 6. Gross NO,~ production and consumption rates under paired light and dark incubations. (a-d) Rates of NO,~ production in the oligotrophic stations
K2, B9, A4 and at the subpolar station B1, respectively. The white bars depict gross production rates and gross consumption rates in the light, while dark gray
bars show the corresponding gross production rates and gross consumption rates in the dark. The red open and solid diamonds denote net production rates

in the light and dark, respectively. All error bars are the propagated standard deviation of the rates derived from triplicate incubations. Note negative value
represents consumption. Significant differences between light and dark treatments are denoted by asterisks (p < 0.05, student ¢ test).

The urea oxidation and NO,~ oxidation rates decreased exponentially with the integrated light flux dur-
ing the incubation periods, while the phytoplankton-associated processes showed weak correlations with
light flux, suggesting that light intensity regulated the activities of nitrifiers but was insufficient to explain
the phytoplankton mediated rates (Figures S4a-S4e in Supporting Information S1). The difference in rates
measured under paired light-dark conditions appeared more tightly correlated with the integrated light
flux, suggesting that the light effect on both NO,~ production and consumption depends on the flux of
light experienced by both phytoplankton and nitrifiers in the sunlit ocean, and the NO,~ oxidation and
assimilative NO,~ reduction processes were more sensitive to light than NH,* oxidation and NO,~ uptake
(Figures S4f-S4j in Supporting Information S1). Together, these results indicate the inclusion of the light
effect on NO,™ cycling via phytoplankton and nitrifiers would be a valuable addition to biogeochemical
models simulating the turnover and vertical distributions of NO,". Our findings also point out that seasonal
variability in light intensity, daylength, and mixing could be a key factor in determining NO, cycling and
PNM distribution. However, the quantitative role of irradiance in NO,~ dynamics and the potential diel and
seasonal variations in NO,™ cycling remain unexplored in our study and warrants future study.

4.3. Role of Ambient NO,™ in Determining NO,~ Cycling and Distributions

In addition to the light effect on NO,~ producers, and consumers, we suspect other factors may also regu-
late NO,™ cycling in the sunlit ocean. For example, rates of NH,* and NO,~ oxidation were undetectable
in the upper euphotic layer in the NPSG, but rates were detectable in the NO, -replete SAF despite similar
light intensities. In addition, NO,~ uptake by phytoplankton covaried with NO,~ release via assimilative
NO," reduction in the NPSG, yet the vertical coupling between these processes was not observed in the SAF
(Figure 3). Previous studies have shown that phytoplankton has a greater competitive affinity than AOO
for NH4Jr in nutrient-depleted waters (Wan et al., 2018; Zakem et al., 2018). Hence, greater competitive
success by phytoplankton for NH,* may depress NH,* oxidation rates in the well-lit surface waters of the
oligotrophic NPSG, while in the SAF, where NO,~ concentrations are elevated in the near-surface waters,
competition for NH,* may lessen allowing AOO to maintain appreciable rates of NH,* oxidation. The pres-
ence of NO,~ phytoplankton may reduce nutrient utilization affinity as the mean cell size of communities
increases (Irwin et al., 2006; Marafion, 2015). In addition, reduced light exposure due to the deepening of
the mixed layer in the SAF would also alleviate the photoinhibition of the AOO (Zakem et al., 2018). A
parallel survey of the plankton community and N utilization gene expression in our study area revealed
differences in community structure and N utilization strategies with spatial changes in NO,~ concentra-
tions; this study found NH,* and urea were main sources of N supporting phytoplankton in the NPSG,
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while NO,~ was increasingly more important in the SAF (Li et al., 2018). Indeed, the dominance of NO,™ as
the N source for phytoplankton has been widely observed in nutrient-replete oceans such as the Southern
Ocean and the Subarctic North Atlantic (Cavagna et al., 2015; Van Oostende et al., 2017). These results are
consistent with NO,~ concentrations as an important factor regulating NH,* flow through assimilation or
oxidation pathways.

To date, few studies have considered potential competition between phytoplankton and NOB for NO,~ and
its impact on NO,™ distribution. In the nutrient depleted layers of the oligotrophic gyres, phytoplankton
biomass is dominated by cyanobacteria, specifically members of Prochlorococcus (Campbell et al., 1994;
Flombaum et al., 2013; Partensky et al., 1999), including ecotypes capable of utilizing NO,™ as a potential
nitrogen source (Martiny et al., 2009). Our results suggest these cyanobacteria may be superior competitors
for NO," relative to NOB in a well-lit oligotrophic ocean. In contrast, phytoplankton and NOB appear to
contribute approximately equally to NO,~ consumption in the near-surface waters of the SAF, suggesting
alleviation of NO,~ competition between NOB and phytoplankton in this region. Moreover, in contrast to
other NO,~ metabolism pathways, NO,~ uptake rates were significantly lower in the SAF than in the NPSG,
suggesting reduced NO,~ utilization in the more NO,™ replete waters, potentially reflecting preferential
assimilation of NO,™ rather than NO,~ by phytoplankton (Mackey et al., 2011; Middelburg & Nieuwenhu-
ize, 2000). Such results could also reflect reduced photoinhibition of NO,~ oxidation due to deeper mixing
in the SAF. Rates of NO,~ oxidation in the near-surface waters increased along a gradient of increasing
NO,~ concentrations, coincident with decreasing rates of assimilatory NO,™ uptake (Figure 3), with NOB
becoming increasingly dominant in NO,~ consumption in NO,™ replete waters. The shoaling of the nitr-
acline thus not only elevated the niche depth of nitrifiers from the subsurface into the well-lit portion of
the euphotic zone, but it also supplied NO,™ to these waters, which may be an important factor controlling
microbial NO,™ metabolism and hence the geographic distribution of NO,™ in the ocean.

Together, these results underscore a potentially significant and largely overlooked role of NO,~ in shaping
spatial patterns underlying NO,~ cycling. To further elucidate the potential control of NO,™ on the NO,~ dis-
tribution in the global surface ocean, we reanalyzed the NO,~ concentration from the Arctic to the Antarctic
ocean in the Western Pacific (Olsen et al., 2016). At the basin scale, the PNM typically occurs near the base
of the euphotic zone in the subtropical gyres, shoaling upward in the equatorial and mid-latitudes, resulting
in a characteristic “W’-shaped latitudinal distribution pattern (Figure 7a). Strikingly, the spatial variation
of the PNM co-varies with the depth of the 1 umol L~ NO,~ (Figure 7b), indicating a tight spatial linkage
between NO,~ supply and NO,~ accumulation in the sunlit ocean. Moreover, there is a significant correla-
tion between the depth of the NO,~ maximum and the depth of the nitracline at the basin scale (Figure 7c),
suggesting NO,™~ supply may partly influence the geographic distribution of the PNM.

4.4. Distinct NO,” Metabolism Processes Above, in, and Below the PNM

We find that in the well-stratified subtropical ocean, phytoplankton dominated both production (35%-100%,
average 78 + 38%) and consumption (93%-100%, average 98 + 4.2%) of NO,~ above the PNM (Figure 8). The
daily NO,~ production rate appeared to be slightly lower than the uptake rate, implying that tight coupling
of NO, release and re-uptake by phytoplankton prevents the accumulation of NO,™ in the nutrient limiting
environment. Below the nitracline, where light fluxes diminish and NO,~ concentrations increase, NH,*,
urea, and NO,™ oxidation rates increased. Together, these results point to an upper ocean where photoau-
totrophs regulate NO,~ cycling, transitioning to NO,~ cycling catalyzed by chemoautotrophic metabolisms
in the dimly-lit deeper waters (Figure 9a). In the dimly-lit and dark waters, NO,~ oxidation accounted for
(31%-92%, averaging 68 = 25%) of NO,~ consumption, and NH,* and urea oxidation contributed to (80%-
95%, averaging 85 + 6.0%) of NO,~ production. However, there was a vertical region where NH,* and NO,~
oxidation were decoupled, where peak NH,* oxidation was located in the PNM layer with peak NO,~ oxida-
tion occurring at deeper depths. Thus, we find that the PNM NH,* oxidation, together with urea oxidation
and NO,™ reduction, led to the highest gross rates of NO,~ production, where NO,~ production exceeded
consumption. Below the PNM layer, where phytoplankton production or consumption of NO,~ decreased,
NO,~ production decreased with depth, and NO,~ oxidation rates exceeded NH,* oxidation. Notably, we
found that the additional production of NO,~ through urea oxidation nearly balanced the disparity be-
tween NO,~ oxidation rate and NH,* oxidation rate at these depths. Urea oxidation contributed to 6%-34%,
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Figure 7. Distribution of NO,™ and NO, concentrations along a meridional transect in the Pacific. (a-b) Latitudinal NO,~ and NO,~ concentrations in the
Western Pacific (inserted figure in panel a). The dashed line in panel a indicates the depth of PNM; the dashed lines in panel b indicate the depth where

NO,™ are 1 umol N L™%; (c) Relationship between the depth of NO,~ maximum and the depth of nitracline (defined as the mid-point of the depth range

with the steepest gradient of NO,~ except the stations in the sub-Antarctic, where NO,™ in the upper water column was homogenous, for these stations, the
nitracline was set as the shallowest depth sampled during the cruise). The black line and red shadow show linear regressions and the 95% confidence intervals,
respectively. The open dots are results from GLODAPv2 database (Olsen et al., 2016); the red circles are results from this study.

(average 24 + 11%) of NO,~ production, resulting in near equilibria between rates of NO,~ production, and
consumption below the PNM.

In the SAF region, elevated concentrations of NO,~ together with deeper mixing (which would decrease
light availability) appear to have alleviated competition for both NH,* and NO,~ between phytoplankton
and nitrifiers (Figure 9b). Hence in this region, both photoautotrophic and chemoautotrophic metabolisms
contributed to the production and consumption of NO, in the upper euphotic zone. The contribution of
NH,* oxidation (averaging 53%) was slightly higher than NO,~ reduction (averaging 45%) in the upper
euphotic zone at B1, reinforcing the role of AOO in providing NO,™ in these more NO,~ enriched waters.
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Figure 8. Fractional contribution of NO,™ cycling processes on the rate of gross production or consumption. (a-d) NPSG stations K2, B9, A4, and the SAF
station B1, respectively. The gray shading represents distribution of NO,". Error bars represent propagated standard deviations of the mean rates. Consumption
depicted as negative rates.
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Figure 9. Schematic of the main NO,™ cycling pathways, turnover and distribution in NO,~ depleted (a) and NO, enriched ocean (b). Mechanisms controlling
the accumulation and turnover of NO,~ in the nutrient-replete surface ocean appear to differ from those processes controlling NO, cycling at the base of the
euphotic zone. T denotes the scale of NO,™ residence time. The green and yellow arrows show phytoplankton- and nitrifier-mediated NO,~ pathways, and the
solid and dashed arrows denote production and consumption, respectively. The numbers show the fractional contribution of the main processes (i.e., >30%) to
NO,~ cycling at each depth. Gray shading denotes the NO,~ concentration profiles.

Moreover, rates of NH,* oxidation were also greater than NO,~ oxidation rates in the upper ocean in the
SAF, with urea oxidation and assimilatory NO,~ reduction also producing NO,~, but NO,~ uptake was re-
duced under the elevated NO,™ concentrations. Thus, we suspect uncoupling between AOO and NOB and
additional contribution by incomplete phytoplankton reduction of NO,~ resulted in a net production of
NO,™ in the upper euphotic zone. In the lower euphotic zone, chemoautotrophic metabolisms appeared to
dominate NO,~ production and consumption, possibly due to the alleviation of light stress. In the PNM lay-
er, vertical decoupling of NH,* oxidation and NO,~ oxidation appears to permit the accumulation of NO,~,
while NO,~ production was nearly equal to or slightly lower than the consumption rate below the PNM,
thus maintaining the low concentration of NO,.

The residence time of NO,~ can be estimated from the concentration divided by either the gross NO,~
production or consumption rate (Table 1). At the subtropical stations sampled as part of this study, the

Table 1
Residence Time of NO,~ Above, in and Below the Primary Nitrite Maximum at Study Stations
Turnover by Main production Turnover by consumption ~Main consumption
Station Depth production (d) process (d) process
K2 Above PNM 6.4+ 0.9 NO,™ reduction 4.8 £ 0.6 NO,™ uptake
PNM 8.7+ 0.5 NH,* oxidation 219+ 1.0 NO,~ oxidation
Below PNM 2.6 +£0.2 NH,* oxidation 22+0.3 NO,~ oxidation
B9 Above PNM 43+£22 NO,™ reduction 2.6 £0.9 NO,™ uptake
PNM 7.3£0.6 NH,* oxidation 9.7+ 14 NO,~ oxidation
Below PNM 2.1+0.1 NH,* oxidation 2.1+0.0 NO,™ oxidation
A4 Above DCM 113+ 6.2 NO,™ reduction 9.4 +5.7 NO,™ uptake
PNM missing 2.8+0.1 NH,* oxidation 44+0.6 NO,~ oxidation
Below DCM
B1 Above PNM 18.0 + 2.7 NH,* oxidation 394+11 NO, uptake
PNM 43+£04 NH,* oxidation 9.9+ 0.6 NO,~ oxidation
Below PNM 0.8 £0.2 NH,* oxidation 0903 NO,~ oxidation

2No typical PNM structure was observed at the A4 station.
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residence time of NO, in the PNM was on the order of weeks (7-22 days for K2 and B9), consistent with
observations at BATS (Lipschultz et al., 1996) and ALOHA (Dore & Karl, 1996b) in the oligotrophic Atlantic
and Pacific, respectively. Moreover, the residence time of NO,™ at our oligotrophic stations was greatest in
the PNM relative to depths above and below this feature, indicative of a relatively slow turnover of NO,".
The longest NO,™ residence time (18-39 days) was observed in the upper euphotic zone at the northernmost
station sampled (B1). Light inhibition of nitrifiers and preferential assimilation of NO,~ over NO,~ by phy-
toplankton might synergistically result in the accumulation and slow turnover of NO, ™ at the surface in this
more nutrient-enriched region. However, below the PNM, the activity of nitrifiers significantly enhanced
the turnover of NO,™ at all stations, reducing the residence time to 0.8-2.6 days. These results support the
previous finding of longer residence times of NO,~ in the PNM relative to the euphotic zone or deeper wa-
ters (Dore & Karl, 1996b; Santoro et al., 2013), and demonstrate the vertically dynamic processes mediating
NO,™ cycling above, in, and below the PNM, under changing light and nutrient conditions.

Interestingly, the apparent residence time of NO,~ at the PNM was significantly shorter when calculated
using the NO,~ production rate than when using the NO,~ consumption rate. This suggests a quasi-steady
state of NO,~ in the PNM, and indicates involvement of negative feedbacks on NO,~ accumulation such as
stimulation of NOB activities and enhanced physical dispersion of elevated NO,~ concentrations in order
to maintain the homeostasis of NO,~ distributions. Nevertheless, evidence of the accumulation of NO,~ at
the prominent PNM at K2, B9, and B1 stations, and the significant correlation between net NO,~ production
rate and NO,~ concentration (R* = 0.69, p < 0.01) strongly suggested the dominance of a biological role in
determining NO, distributions at these stations.

5. Conclusions

Our suite of measurements of standing stocks, production, and consumption pathways of NO,~ across a
wide swath of the North Pacific revealed several important dynamics associated with N biogeochemistry. In
particular, light appears key to regulating all the individual NO,~ production and consumption processes.
However, we also found that the location of the PNM was strongly correlated with the depth of the nitra-
cline at the basin scale, suggesting NO,~ concentrations may also influence NO,~ cycling through competi-
tive interactions between phytoplankton and nitrifiers.

We suggest that nitrate-dependent phytoplankton-nitrifier interactions shape the distinct sources, sinks,
and turnover of NO,~ in different ocean regions. In the nitrate-depleted surface layer of the oligotrophic
ocean, tight coupling between NO,~ release during assimilatory NO,™ reduction and NO, re-uptake by
phytoplankton appears to drive rapid turnover of NO,~. In contrast, in nitrate-enriched regions of the SAF,
we suggest that NO,~ may alleviate competition between phytoplankton and nitrifiers for NH,* and reduce
NO,™ uptake by phytoplankton, leading to slow accumulation of NO,". In the PNM, decoupling between
NH,* and NO,™ oxidation, likely due to the higher light sensitivities of NOB than AOA, appear to result in
the net production and accumulation of NO,". Below the PNM, rates of NH,* oxidation were outpaced by
NO," oxidation, preventing NO,~ accumulation.

We also provide evidence that urea oxidation represents a key source of NO,™ in the upper ocean and ap-
pears to play a role in forming the PNM and maintaining the balance of NO,~ production and consumption
in the NH,* limited oceans. Such results highlight the role of urea oxidation in the upper ocean and draw
attention to the need for additional studies on this pathway.

Finally, interactive control by light and nutrients on NO,~ cycling points to the importance of time-variable
processes such as mixing-stratification dynamics, plankton blooms, and variable food web processes as
potential key controls on NO,~ cycling and the PNM. Such processes would be expected to vary seasonally,
particularly in the high latitude region where variation in light intensity, daylength, mixing and nutrient
supply would all potentially impact NO,~ concentrations and distributions (Westberry et al., 2015). The
tightly coupled seasonal food web dynamics in the subpolar North Pacific (Miller et al., 1991) could also
directly influence NO,~ cycling through regulating urea production. Moreover, given the current and on-
going changes in light exposure and nutrient supplies in the surface ocean due to enhanced stratification
(Hutchins et al., 2019; Moore et al., 2018), our findings provide new information to inform models necessary
to predict N biogeochemistry and its feedbacks on the ocean carbon cycle.
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