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Abstract

Nitrification, the oxidation of ammonium to nitrite and then nitrate, is often discounted as a
source of nitrate in euphotic zone waters due to photoinhibition of nitrifying microorganisms
and/or competition for ammonium with phytoplankton. However, there have also been
counterarguments that nitrification represents a significant “regenerated” nitrate source to
phytoplankton, augmenting the “new” nitrate supplied via physical processes. If nitrification
is an appreciable nitrate source in the euphotic zone, then the assumption of a balance
between nitrate uptake and organic matter export will overestimate export production. We
investigated the relative importance of nitrification and nitrate uptake in the subarctic North
Atlantic in late spring and late summer. The rates and vertical distributions of primary
production, nitrogen uptake, and ammonium and nitrite oxidation were determined through
isotope-tracer experiments and the distributions of the nitrogen and oxygen isotopes of nitrate.
In surface waters, ammonium and nitrite oxidation rates were low, representing an average of
5.2% and 2.5% of total euphotic zone nitrate uptake, respectively. The nitrogen and oxygen
isotopes of nitrate confirmed that nitrification was not significant within the euphotic zone.
Comparison of the rates of nitrogen uptake and primary production showed that while
springtime phytoplankton growth could be fully supported by new nitrate and recycled
ammonium, up to 50% of summertime productivity was likely fueled by dissolved organic
nitrogen (DON). Uptake of DON implies that the fraction of primary production exported
from surface waters in the late summer was significantly lower than the measured nitrate and

ammonium uptake rates suggest.
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Introduction

The ocean’s biological carbon (C) pump plays an important role in controlling the
atmospheric concentration of carbon dioxide (CO;) by exporting a portion of the organic
matter produced in surface waters (i.e., primary production) into the thermocline and deep
ocean. Over large enough regions and timescales, it is expected that this “export production”
isrequivalent to the rate of “new production”, defined as the quantity of primary production
fueled by allochthonous nutrients supplied to the euphotic zone (Dugdale and Goering 1967).
Two._major sources of nitrogen (N) that support new production are N deriving from
dinitrogen (N) fixation and subsurface nitrate (NO3") supplied from below the euphotic zone
via physical processes. The fraction of total primary production that is not “new” is termed
“regenerated production” and is characterized as phytoplankton growth fueled by
autochthonous nutrients produced by the remineralization of organic matter and/or
zooplankton metabolism within the euphotic zone. Regenerated N is generally in the form of
ammonium (NH;") and dissolved organic N (DON) compounds such as urea (Bronk and
Steinberg 2008). At an ecosystem level, the ratio of new production to total primary
production (i.e., the “f-ratio”, shorthand for “flux ratio”; Eppley and Peterson 1979) provides
a measure of the strength of the biological pump, with a higher f-ratio indicating a greater
proportion of carbon export relative to total carbon fixation. Since Dugdale and Goering
(1967) first defined new production as the rate of NO;™ uptake by phytoplankton in the
euphotic zone, the f-ratio has been approximated by the ratio of NO;3™ uptake relative to NO3
plus NH;" uptake (Eppley and Peterson 1979; Eqn. 1).

New Production __ NO3 Uptake
New+Regenerated Production NO3 +NH] Uptake

f-ratio = [Eqn. 1]

The approach described above for evaluating the strength of the biological pump rests on the
assumption that nitrification, the chemoautotrophic oxidation of NH;" to nitrite (NO,") and
subsequently to NOs’, does not occur within the euphotic zone where it could represent a
source of regenerated N. Historically, nitrification was largely neglected as a potential source
of euphotic zone NOj3™ given the evidence for light inhibition of nitrifying microorganisms
(Schon-and Engel 1962; Hooper and Terry 1974; Horrigan et al. 1981; Olson 1981) and the
fact that nitrifiers appear to be outcompeted by phytoplankton for NH;" (Ward 1985, 2005;
Smith-et al. 2014). However, since the late 1980s, studies have shown that nitrification can
sometimes constitute a significant source of NO3™ in euphotic zone waters (Ward et al. 1989;
Dore and Karl 1996; Martin and Pondaven 2006; Peng et al. 2016). If NO3™ produced from

nitrification (i.e., regenerated NO3') is not accounted for in measurements of NOj3™ uptake,
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both the f-ratio and the organic matter export flux will be overestimated. One modeling study
has even argued that half of the NO;3™ consumed globally by phytoplankton is produced by
euphotic zone nitrification, suggesting that NO;™ uptake in surface waters is substantially
higher than the amount of N exported from the euphotic zone (Yool et al. 2007). The authors
compiled nitrification rate measurements from the open ocean, of which 64% derived from a
location in the northeast Atlantic (Fernandez 2003) where the average specific nitrification
rates were about four times greater than all others in the dataset (Yool et al. 2007). In order to
better uinderstand the extent to which both regional f-ratios and the global ocean f-ratio may
havebeen overestimated previously, it is necessary to evaluate the contribution of
nitrification to NOj; uptake in the euphotic zone of oceanic regions that are poorly

represented in the study by Yool et al. (2007).

The subarctic North Atlantic is one of the regions where direct rate measurements of
nitrification are scarce, even though other major biogeochemical processes including primary,
new, and regenerated production have been extensively investigated (e.g., Joint et al. 1993;
Boyd et al. 1997; Bury et al. 2001; Bagniewski et al. 2011; Alkire et al. 2014; Van Oostende
et al. 2017). As in other parts of the North Atlantic, productivity in most of the subarctic
North Atlantic is limited by the availability of fixed N (Moore et al. 2013), and vertical
mixing is considered the primary source of NOs3  to euphotic zone waters. The region is
characterized by some of the largest phytoplankton blooms on Earth, which begin in the
spring as the mixed layer shoals and light levels rise. Rapidly growing diatoms typically
dominate the spring bloom phytoplankton community, driving high rates of NO3™ uptake and
export production (Rynearson et al. 2013; Alkire et al. 2014; Cetini¢ et al. 2015). As silicate
concentrations become limiting, diatom growth slows and smaller phytoplankton such as
dinoflagellates and coccolithophores become dominant under the nutrient-deplete conditions
characteristic of the late summer (Tarran et al. 2001; Dandonneau et al. 2004; Barton et al.
2013). ;Unsurprisingly, the f-ratio in the subarctic North Atlantic tends to be higher in the
spring and early summer than later in the growing season (Bury et al., 2001 and references
therein), although the potentially confounding effect of nitrification is not considered in the

existing estimates.
Potentially overlapping N cycle processes, such as NOs;™ uptake and nitrification, can be

tracked via natural variations in the N and oxygen (O) isotopes of NOs". During NO5 uptake,
the N and O isotopes are closely coupled, with phytoplankton preferentially consuming '*N-
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and 16O-bearing NOs™ such that the ambient NO;™ pool becomes enriched in 5N and "0 as
consumption proceeds (Granger et al. 2004, 2010; Rohde et al. 2015). In the upper water
column, NO;™ uptake by phytoplankton manifests as an equal rise in the 3"°N and 8'°0 of
NO;™ (Trull et al. 2008; DiFiore et al. 2009; Rafter and Sigman 2016), concurrent with a
decline in its concentration (815N, in %o vs. Ny in air, = {[(ISN/ 14N)Sample/(lsN/ 14N)air] -1} x
1000; 8180, in %o vs. Vienna Standard Mean Ocean Water (VSMOW), =
{1("*OF°O)sampie/("*O/ O)ysmow] — 1} x 1000). By contrast, the production of NO;™ via
nitrification decouples the N and O isotopes of NO; because the source of the N atoms
incorporated into newly-nitrified NO3” is different from the source of the O atoms. The 5'°N
of newly nitrified NO3™ is controlled by the 8'°N of NH," being oxidized, which is set by the
8"°Nof organic N undergoing remineralization (Sigman et al. 2005). Thus, from the
perspective of the N atom in NOs', nitrification and NOs™ uptake are part of an internal cycle
of fixed N that should cause no net change in NOj 8N over time. On the other hand,
nitrification is an absolute source of O atoms to NO; and NOj;™ uptake is an absolute sink.
Because >5/6 of the O atoms in NO5~ originate from water, the '°O of newly-nitrified NO3~
is largely set by the 8'%0 of water (Sigman et al. 2009a; Buchwald et al. 2012) and does not
depend on the source of the NH," being remineralized. The 80 of newly-nitrified NO;™ has
been estimated as 1.15%o higher than ambient seawater based on ocean data (Sigman et al.
2009a), which appears consistent with the culture work to date (Buchwald et al. 2012). The
difference between the N and O isotopes of NO;™ with regard to remineralization/nitrification
allows coupled N and O isotope measurements to separate processes that overprint one
another (such as NO;™ uptake and nitrification) when only NO3 8"°N or 8'*0 is considered

(Sigman et al. 2005, 2009a,b; Wankel et al. 2007; Fawcett et al. 2015).

In order to understand the contribution of nitrification to new production in the subarctic
North Atlantic Ocean, we conducted a series of onboard incubation experiments designed to
yield rates of both N uptake (NO;" and NH4") and nitrification, as well as C fixation (i.e.,
primary production), during late spring and late summer. Because these short-term
incubations only provide snapshots of the N cycle processes that are active at the time of
sampling, we also investigated the integrated signal of NOs  uptake and nitrification by

measuring the N and O isotopes of NO;".
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Methods

Site description and physicochemical data collection

Samples for the incubation experiments and NOs” isotope measurements were collected in the
subarctic North Atlantic during early autumn (September 2013; EN532) and late spring (May
2014; EN538) on board the R/V Endeavor. The locations of four process stations (PS) were
selected (two in each season; Figure 1) to capture phytoplankton blooms based on sea surface
chlorophyll data from satellite (NASA GSFC). Multiple conductivity, temperature, and depth
(CTD) casts were deployed at each station to sample seawater for physicochemical
measurements and incubation experiments. Nutrient samples were collected every 5-10 m
over the upper 100 m and every 20-50 m between 100-1000 m. The depths from which
seawater was collected for the incubation experiments were selected based on the physical
structure of the water column (Table 1), which varied from day to day. Thus, even at the
“same” station, features such as the mixed layer depth (MLD) and deep chlorophyll

maximum depth varied over the time of our sampling.

At each station, light data from the daytime CTD casts were used to calculate the euphotic
zone depth, which was defined as the depth at which photosynthetically active radiation
(PAR) fell to 1% of its surface value (Kirk 1994). MLD was determined from vertical
profiles of sigma-theta (og) calculated from temperature and salinity measured in situ during
the CTD casts. The MLD criterion used was a threshold value of Acg = 0.03 kg m™ from the
value at 10 m (de Boyer Montégut et al. 2004).

Nutrient concentrations were measured onboard according to the methods described in Van
Qostende et al. (2017) and available at BCO-DMO #651816. In brief, seawater transferred
from-Niskin bottles into acid-washed HDPE bottles was handled using clean techniques to
avoid contamination, following the international nutrient GO-SHIP manual (Hydes et al.
2010). -For samples collected in September 2013, NH;" was analyzed with an adapted
fluorometric method, which uses a pH gradient to diffuse ammonia across a Teflon
membrane prior to detection (Jones 1991). NOs™ and NO, were assayed using standard
analytical methods adapted for low-concentration samples (Woodward and Rees 2001). The
detection limit for NH," was 5 nmol 1'1, for NO3; was 1 nmol 1'1, and for NO,” was 0.5 nmol I’
“For samples collected in May 2014, NH;~ was analyzed according to the fluorometric
method of Holmes et al. (1999), with a detection limit of 15 nmol I NO;+NO, was

determined by reduction to nitric oxide in a 95°C acidic vanadium (V(III)) solution followed
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by nitric oxide analysis using a chemiluminescent detector (Teledyne model #200 EU)
(Garside 1982; Braman and Hendrix 1989) in a configuration with a detection limit of 10
nmol 17 NO;" was measured according to the colorimetric method of Strickland and Parsons
(1972) with a detection limit of 10 nmol I, after which NOs™-only concentrations were

determined by subtraction from the chemiluminescence analyses of NO;+NO;".

Nitrogen and oxygen isotopes of nitrate and nitrite

Seawater samples for the analysis of the natural abundance N and oxygen (O) isotopes of
NO3;+NO, and NO;s-only (see below) were collected unfiltered in acid-washed HDPE
bottles and frozen at -20°C until analysis using the denitrifier method (Sigman et al. 2001;
Casciotti et al. 2002; Mcllvin and Casciotti 2011; Weigand et al. 2016). Briefly, sample NOs3
+NO, or NOj-only was quantitatively converted to nitrous oxide (N,O) gas by
Pseudomonas aureofaciens, a strain of denitrifying bacteria that lacks an N,O reductase
enzyme. The isotopic composition of the N,O was then measured using a Thermo MAT 253
mass spectrometer with purpose-built on-line N,O extraction and purification system. For
quality control and calibration, seawater solutions of international NO;™ reference materials,
IAEA-N3 and USGS34, and an in-house N,O standard were run in parallel with the samples.
Using the configuration described above and the analysis approach outlined in Weigand et al.
(2016), the standard deviation for repeat measurements is regularly better than 0.04-0.06%o
for 3"°N and 0.1-0.2%. for §'°O.

If NO; " is present in seawater, even at very low concentrations, it can noticeably alter the N
and O isotopic composition of NO3;+NO,  (Granger and Sigman 2009; Fawcett et al. 2015;
Smart et al. 2015; Marconi et al. 2015). Calibrating measured O isotope ratios in seawater
samples containing NO,™ to NO;™-only reference materials results in an underestimation of the
8'%0 of the combined NO3+NO, pool (Casciotti and Mcllvin 2007). We corrected the 5'°0
of NO3+NO;" for this methodological bias using the measured concentrations of NO, and
NO;+NO, and assuming a 25%o difference between the 80 of N,O produced by P.
aureofaciens during the reduction of NO3™ versus NO;" (Casciotti and Mcllvin 2007; Fawcett
et al. 2015). All NO3+NO;y 580 data reported here have been corrected for this

methodological bias.

To evaluate and remove the effect of ambient water column NO;™ on the N and O isotopes of

NO3;+NO;’, NO;" was removed from all samples collected above 500 m by adding 10 pl of
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sulfamic acid solution (5% w/v in 10% hydrochloric acid) per ml of sample (Granger and
Sigman 2009). The pH of the samples was restored to ~7-9 by the addition of 5.5 pul of 2M
NaOH per ml of sample prior to analysis by the denitrifier method. For both NO3;+NO," and
NOs™-only samples, the pooled standard deviation (n > 3) for 8"°N was 0.04%o and for 5'*0
was 0.14%o for sample concentrations > 0.5 pmol 1", and 0.11%o and 0.25%o for sample

concentrations < 0.5 pmol 1.

The 8'°N of NO, was calculated via isotope mass balance (Eqn. 2) using a Monte Carlo
approach. The measured concentrations of NO3+NO;, and NO,, and the SN of NO5;+NOy”
and NOs™-only were adjusted using random, normally distributed values and the measured
standard deviations (n > 3) for each sample. NO;’ 8'°N was then calculated 100,000 times
using Eqn. 2. Here, we take the arithmetic mean and standard deviation of the 100,000
computations to be the best estimate of NO,” 8'°N and its associated uncertainty. Samples
with NO,™ concentrations less than 0.1 pmol I were excluded from this analysis.
8""Nno2 = ((8""Nno3sn02*[NO3 + NO, T - 8" Nyos*([INO5 + NO, ]~ [NO, 1))/[NO; ]

[Eqn. 2]
NOsz =in the deep ocean is produced by nitrification, which uses ambient water as the
dominant source of O atoms (Casciotti et al., 2002; 2010; Buchwald et al., 2012). Changes in
the 8'°0 of water will thus be reflected in the 8'°0 of the produced NO3". There exists a well-
defined relationship between the 8'%0 of seawater and its salinity (Craig and Gordon 1965),
such that salinity-driven changes in ambient water 8'°O can drive changes in the "0 of NO5~
(Knapp et al., 2008). To address this, we corrected NOs™ §'*O for the salinity-driven depth
variations in seawater &'*O:

8" Ono3(salinity com) = 8 "On03 — (0.55 x (sal — salj00)) [Eqn. 3]
where, 8180N03 is the measured 80 of sample NOj3, ‘sal’ is the salinity of that sample as
measured by the CTD, and ‘sal;g’ is the mean salinity at 1000 m at each station. The factor
of 0.55 is the approximate slope of the relationship between seawater 5'°O and salinity in the
upper North Atlantic Ocean (LeGrande and Schmidt 2006). Correcting for changes in salinity
decreased the 3'°0 of NOs™ in individual samples by a maximum of 0.23%o in September
(average of 0.15%o at PS 1 and 0.11%o at PS 2) and 0.15%o in May (average of 0.11%o at PS1
and 0.12%o at PS2). All the NO3 (and NO3;+NO,) 80 data presented here have been

corrected this way.
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Nitrogen isotopes of suspended particulate organic N (PON)

Suspended PON was collected from the surface to 100 m by gentle vacuum filtration (<135
mbar) of 4-8 L of seawater through a GF-75 filter (nominal pore size of 0.3 pum). In the
laboratory, the PON filters were dried in a desiccating oven at 40°C. Three subsamples were
cored from each filter and transferred to combusted 4 mL glass Wheaton vials. PON was
oxidized to NOs™ using the persulfate oxidation method of Knapp et al. (2005), as modified
for samples on GF filters by Van Oostende et al. (2017); this reaction was conducted in a
laminar flow hood equipped with an ammonia/amine filter to minimize contamination. The
8'°N-of the oxidized NO;” was measured using the denitrifier method and corrected for the
reagent+ilter blank. The pooled standard deviation for corrected PON 8°N (n > 3) was
0.16%o.

Nitrogen uptake and carbon fixation experiments and laboratory analyses

NH," and NO; uptake and bicarbonate (HCO;") fixation experiments were performed using
seawater collected from three depths at each station (Table 1), with each depth being sampled
on a separate day. The depths chosen correspond to light penetration levels of 30%, 2%, and
1% of surface PAR. At PS2 in May, experiments were also performed at a depth
corresponding to 0.1% of surface PAR.

Seawater from the Niskin bottles was transferred into 4 L clear polycarbonate bottles and
duplicate bottles were amended with 99 at-% "NH,Cl, Na'’NOs, or NaH"*COs to reach a
Nsubstrate addition of ~10% and a '>C-substrate addition of ~5%. Prior to incubation,
seawater from the same Niskin bottles was measured for NH;" and NOs™ concentrations in
order-to determine the appropriate level of tracer addition. Ambient dissolved inorganic
carbon (DIC) concentrations were assumed to be 2100 pmol I (Zunino et al., 2015). The
polycarbonate bottles were incubated for six hours in running surface seawater incubators,
and in situ light conditions were simulated using mesh screens. After incubation, the seawater
in each bottle was filtered through a 47 mm diameter GF-75 filter that was stored frozen at -

80°C until analysis.
In"the laboratory, thawed filters were exposed to the fumes of concentrated hydrochloric acid

for-approximately 4 hours to remove inorganic carbon and then dried overnight in an oven at

60°C. After the excess rims of the filters were trimmed, they were sliced in half to produce
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technical replicates, each of which was packaged into a tin capsule. Pelletized capsules were
analysed using a Europa 20/20 elemental analyser-triple collector mass spectrometer for N
and C content and isotopic composition. Sample measurements were corrected for the N and
C blank, which consisted of a tin capsule containing a blank pre-combusted GF-75 section.
Daily standard curves bracketing anticipated sample masses were run prior to the samples
using urea as a laboratory standard; from these calibration curves, sample N and C content
was calculated. The measured N and C isotopic composition was calibrated using peach leaf
(NIST=1547) and L-glutamic acid (USGS-40; Qi et al. 2003) standards run in parallel with
the samples. The standard errors of laboratory standards were 0.05 pmol N and 0.34%o at
3.33 umol N, and 0.14 umol C and 0.07%o at 6.66 pmol C.

The rates of NH;  and NO; uptake (pnus and pnos, respectively) were calculated as in
Dugdale and Goering (1967) and Legendre and Gosselin (1997) with slight modifications
(Supplementary Information S2). The initial ratio of N/MN in the dissolved inorganic
nitrogen (DIN) pool was calculated from the measured ambient concentration of NH;' or
NO;3’, the 8N of NH," or NOj", and the concentration and BN/MN (0.99) of the tracer
addition. The 8"°N of ambient NH," was assumed to be 3%o lower than the measured 8"°N of
ambient PON (Altabet and Small 1990; Fawcett et al. 2011; Md&bius 2013), while the 5N of
ambient NO;” was measured using the denitrifier method (Sigman et al. 2001). pnus and pros
were converted to per day rates (i.e., nmol It dh assuming 12 hours of daylight. Finally, at
each depth, the f-ratio was calculated according to Eppley and Peterson (1979) as:
f = pnos/(pno3 TPNm4) [Eqn. 4]

Below, we report and discuss only the euphotic zone average f-ratios for each station,
caleulated by trapezoidally integrating the f-ratios measured at each depth and then dividing

by the depth of the euphotic zone (i.e., a weighted average).

The hourly rate of photosynthetic carbon fixation was determined by normalizing the rate of
DIC incorporation into POC to the length of the incubation, calculated following Legendre
and Gosselin (1997). The duration of the carbon fixation incubations (~7-9 hours, beginning
at dawn) means that the resultant rates best approximate net primary production (NPP)
(Cullen, 2001). Carbon fixation rates were converted to per day rates (i.e., nmol I d™)

assuming uptake occurred during the 12 hours of daylight.
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Nitrification incubation experiments and laboratory analyses

Incubation experiments to measure NH;" and NO,™ oxidation rates were performed onboard
with seawater collected from the depths indicated in Table 1. Approximately 450 ml of
seawater was transferred directly from the Niskin bottles into tri-laminate opaque bags, and
"N-labeled substrates were injected as the seawater was flowing into the bags to ensure
complete mixing. 15NH4+ + 14N02' were added to the NH,  oxidation incubations, and
'>NOs was added to the NO, oxidation incubations. The exact volume in each bag was
measured using a 500-ml graduated cylinder at the end of incubation. The final
congentrations of the "NH;" and '*NO, additions were ~0.02 pmol 1", and the final
concentration of °NO, was ~0.05 pmol I, After 12 hours of incubation at near in situ
temperatures, 45 ml of sample were collected in a 50 ml centrifuge tube and immediately

frozen at -80°C.

The isotopic composition of NO,™ in the samples from the NH,;" oxidation incubations was
measured following the azide method of Mcllvin and Altabet (2005), which converts NO,
into N,O, with amendments as detailed in Peng et al. (2015). Briefly, helium-purged samples
were incubated with azide reagents (1 mol 1" sodium azide in 10% acetic acid) for 15 min in
gas-tight vials, followed by the addition of 10 mol I sodium hydroxide to raise the sample
pH to > 12. The isotopic composition of N,O was determined using a Delta V isotope ratio
mass spectrometer coupled to a purge-and-trap front end. The detection limit was 0.2 nmol N,

and the precision for 8"°N was 0.2%o (n > 3).

The rate of NH," oxidation (Vyys) was calculated from the equation:

y _ALNO ]

NH 15 T
Sy > [Eqn. 5]
where A['°NO,7 is the change in concentration of N0, between the start and the end of the

incubation due to NH," oxidation (nmol 1'1), fl\}PSII is the fraction of NH, " labeled with 5N at

the start of the incubation, and T is the length of incubation (days). For the September 2013
cruise, the concentration of '’NO,™ at the start of the incubation ([°NO,7o) was calculated
using the SN of NO;" computed from measurements of the 8N of NO;+NO;, and NO;'-

only samples (see above). For the May 2014 cruise, ['’NO, 7]y was measured from samples
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collected at the start of the incubation. The detection limit for the NH, oxidation
experiments was determined foreach incubation following Santoro et al. (2013), and depends
on the fraction of substrate labeled with '’N at the beginning of the incubation and the
concentration of the product pool. It ranged from 0.01 to 0.50 nmol I at, except at 100 m at
PST in September (detection limit = 1.11 nmol I d') where the NH4" concentration (2.64

umol 1) was anomalously high.

The isotopic composition of NOs™ in the samples from the NO, oxidation incubations was
measured using the denitrifier method (Sigman et al. 2001; Mcllvin and Casciotti 2011).
Since this method converts both NO3;™ and NO;™ to N»O, samples were first treated with 15
mmol "' sulfamic acid (final concentration) to remove any remaining NO,, after which the
pH was restored to ~7 with 2 mol 1" NaOH (Granger and Sigman 2009). The efficiency of
NO," removal was >97.5%, and the trace amount of remaining contaminant 15N02- was
accounted for as in Peng et al. (2015). Three international NOs™ reference materials (IAEA-

N3, USGS 34, and USGS 32) were used to calibrate the 85N of NO;".

The rate of NO;™ oxidation (VNo2) was calculated from the equation:
_A["NO;]

NO; f;; xT (Eqn. 6]
where A[15N03'] is the change in concentration of 15N03- between the start and the end of the
incubation (nmol 1'1) due to NO,™ oxidation, f,\}gz— is the fraction of NO, labeled with 5N at
the start of the incubation, and T is the length of incubation (days). For the September 2013
cruise, the concentration of "NOj; at the start of the incubation ([’NOs7o) was calculated
from the measured 5'°N of NO;™ for samples collected at the same station. For the May 2014
cruise, [°’NO5]y was measured from samples collected at the start of the incubation. The
detection limit (Santoro et al. 2013) for the NO;™ oxidation experiments was 0.05-0.67 nmol I’
L. d"'=We did not account for possible isotope dilution due to regeneration of the '’N-labeled

N substrate, so the calculated NH, " and NO,™ oxidation rates may be underestimates.

The euphotic zone integrated rates of NH," and NO5y uptake (PnH4 integ aNd PNO3 integ) and
NH;  and NO, oxidation (VN4 ineg and Vo2 ineg) Were calculated by trapezoidally

integrating the incubation rates measured between the surface and the base of the euphotic
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zone. Where no measurements were available for the base of the euphotic zone, rates were

estimated by linear interpolation prior to integration.

Results

Hydrography

Surface NO;~ concentrations ([NOs']) in September 2013 were nearly zero, whereas in May
2014 surface [NOs] ranged from 5-8 pmol I (Figure 1). Mixed layer depth (MLD)
fluctuated considerably (by 15 m to 40 m) during the five to six days of process station
occupation in both seasons (Figure 2). The depth of 1% PAR was deeper than the MLD on
most days at all stations, with the exception of a few short episodes of MLD deepening at
PS1 in September 2013 and PS2 in May 2014. In September 2013, the nitracline (determined
after Van Oostende et al. (2017)) was deeper than the MLD, while in May 2014, the
nitracline was not as pronounced and overlapped with the MLD (Figures 2 to 4). A
subsurface maximum concentration of NH;" (up to ~1 pmol I'') and NO,™ (0.3-0.6 pmol 17)
was observed at all stations except PS1 in May 2014. N uptake experiments were performed
within the mixed layer, except for two experiments from depths below the MLD in May 2014
(Figure 2C, D). Nitrification incubation experiments were performed both within and below

the:mixed layer.

Nitrogen uptake and carbon fixation rates

In September, the NH," uptake rate (pnms) increased from the surface to the base of the
euphotic zone at both stations, while the rate of NO; uptake (pno3) decreased with depth
(Figure 3). In May, the N uptake patterns were slightly different, with pyps and pnos showing
similar changes with depth. At PS1, both pxms and pnos decreased from 25 m to 45 m, and
thenincreased again at the base of the euphotic zone (Figure 4). The uptake rate
measurements at 45 m coincided with a deepening of the MLD. At PS2, pyus and pros
decreased with depth, and were still detectable as deep as 82 m, well below the base of the

euphotic zone (57 m), which was just below the MLD at this station (Figure 2D).

The rates of carbon fixation (i.e., NPP) decreased with depth in the water column, with the
exception of PS1 in May where NPP was highest at the deepest sample depth (50 m; Figures
3vand 4). In addition, euphotic zone integrated rates of NPP were generally higher in

September than in May (Table 2). While the highest rate of NO; uptake occurred at the
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station -also characterized by the highest NPP (September PS 1), we observed no clear
relationship between NPP and NO;5™ uptake.

The daily rates of NH,;" and NO5 uptake, integrated over the euphotic zone (pNH4 integ and
PNO3 ineg)s are listed in Table 1. The combined rates of NH; " and NOs™ uptake were positively
correlated with the euphotic zone integrated total particulate organic nitrogen (PONjpg;
Pearson’s correlation coefficient = 0.91, Figure S1). The average euphotic zone f-ratio
coincided with euphotic zone integrated pnos in the sense that it was highest at PS1 (0.62)
and lowest at PS2 (0.20) in September (Table 1). In May, the average euphotic zone f-ratio
was similar for both stations, 0.39 and 0.40 for PS1 and PS2, respectively, and did not change
(0.39) with a deeper integration depth at PS2 (i.e., 82 m rather than 57 m).

Nitrification Rates

Both the NH;"  and NO, oxidation rates showed a subsurface maximum just below the
euphotic zone in September and May (Figures 3 and 4). At three out of the four stations, the
subsurface maximum NO, oxidation rates occurred slightly deeper than their coincident
NH," oxidation rate maxima. With a few exceptions in late summer, NO,  oxidation rates
were generally lower than NH, " oxidation rates. The depth of the subsurface maximum NH,"
oxidation rates was either the same or slightly greater (by 5-20 m) than the observed depth of
the subsurface maxima in NH4 ' concentration. The subsurface maximum in NO,™ oxidation

rates overlapped in depth with the NO," concentration maximum (Figures 3 and 4).

Where measured at the same depths, NH, " uptake rates were generally one to two orders of
magnitude higher than NH," oxidation rates, except at 82 m (0.1% PAR) at PS2 in May 2014,
where-the NH," oxidation rate was roughly double the NH, uptake rate (Figure 4).
Integrated over the euphotic zone, NH," oxidation constituted 1.04% (PS2 in May) to 10.9%
(PS2 in September) of pno3 ineg and NO,™ oxidation constituted 0.36% (PS1 in September) to
5.14% (PS2 in September) of pno3 integ- EXcept at PS2 in May, VNn4 ineg Was always greater
than Vo2 inweg (by @ factor of 2.1 to 5.1; Table 1); however, if the integration depth at PS2 in
May is taken to be 82 m rather than 57 m, Vu4 ineg Was 2.7 times greater than Vno2 ineg-
Given the possibility of phytoplankton-nitrifier competition for NH, " substrate (Ward 1985,
2005; Smith et al. 2014), we also calculated the euphotic zone integrated ratio of NH," uptake
and NH4" oxidation (PNH4 integ/ VNH4 integ), Which illustrates the capacity of autotrophs relative

to NH4 " oxidizers to leverage the available NH," pool. This exercise shows that pnm4 ineg Was
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23 to 146 times greater than euphotic zone Vnms ineg; this became 9.5 to 36 times if the

integration depth for PS2 in May is increased to 82 m.

The N and O isotopes of nitrate and nitrite

The 8"°N of NO;+NO,” below 200 m was very similar at all four stations (average of 4.80 +
0.02%o; Figure 5A, C). Above 200 m in September and 150 m in May, NOy+NO, 8"°N
increased into the surface layer. After NO, removal, the SN of NOs™-only in the surface
layer-for all samples with [NO,] >0.1 umol I increased by 0.50%o to 2.18%o (average of
1.50'+ 0.64%o0) in September and 0.18%o to 0.97%o (average of 0.46 + 0.21%o) in May (Figure
5A, C). The more pronounced rise in September is due to NO, constituting a greater fraction
of the NO3;+NO; pool at this time (average of 5.6 + 6.6% vs. 1.4 + 0.7% in May; Figures 3,
4, and 6).

The average 5'°0 of NO3+NO,™ between 1000 m and 600 m at all stations was 1.82 = 0.13%o,
increasing gradually upward to 4.32 + 0.26%o at 100-200 m just below the euphotic zone
(Figure 5B, D). Within the euphotic zone, variability among the profiles increased, but in all
cases, 8'°0 of NO3+NO;" increased considerably due to NO;™ uptake by phytoplankton. The
variability among profiles is more pronounced after NO, removal, which increased NOj3
8"0 by an average of 2.05 = 0.44%o (range of 1.14%o to 2.40%o) in September and 0.29 +
0.23%o (range of 0.02%o to 0.86%0) in May.

The calculated NO,” 8'°N in the upper 200 m ranged from -11.1 + 3.3%o to -0.9 = 1.2%0 in
September and -36.9 + 12.9%0 to -9.0 £ 5.2%0 in May (Figure 6B). The mass-weighted
average NO,™ 3'"°N for all samples with NO,™ concentrations > 0.1 pmol 1" was -8.0 £ 3.3%o
and -2.7 = 1.1%o for September PS1 and PS2, respectively, and -19.7 + 8.6%o and -31.6 +
12:0%o for May PS1 and PS2, respectively.

Discussion

The subarctic North Atlantic has been studied extensively for its high primary productivity
and characteristic massive seasonal phytoplankton blooms (e.g., Joint et al. 1993; Boyd et al.
1997; Bury et al. 2001; Bagniewski et al. 2011; Alkire et al. 2014; Van Oostende et al. 2017).
The high rates of export production directly measured in this region indicate a strong

biological pump, high dependence on NOj’, and high f-ratios (Buesseler et al. 1992; Honjo
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and Manganini 1993). However, f-ratios could be overestimated by neglecting the possibility
of nitrification as a source of regenerated NO;~ within the euphotic zone, as highlighted by a
global meta-data study (Yool et al. 2007). We used a multi-faceted approach to evaluate the
contribution of nitrification to the euphotic zone NO;™ supply in the subarctic North Atlantic

during the late summer (September 2013) and late spring (May 2014).

In September, the depleted surface NOs™ concentrations (0.03-1.9 pmol 1) were typical for
late summer in this region (World Ocean Atlas 2013, September; Garcia et al. (2013)) when
the ~phytoplankton community was dominated by regenerated N specialists (i.e.,
picocyanobacteria and picoeukaryotes) (Van Oostende et al. 2017). In May, the relatively
depressed euphotic zone chlorophyll concentrations (0.5-1.5 pg I''; Van Oostende et al.,
unpublished) indicate that we did not capture a phytoplankton bloom, and the high surface
NOs~ concentrations at this time (5-8 pmol 1'1) suggest that factors such as silicate or
micronutrient availability combined with low light levels were limiting primary productivity
(Martin-Jézéquel et al. 2000; Nielsdottir et al. 2009). Below, we first discuss the N uptake
and nitrification rates separately, and then evaluate the potential role of nitrification in
supplying NOs3" to phytoplankton in the euphotic zone of the subarctic North Atlantic. Finally,
weraddress other potential biogeochemical processes that may complicate estimates of new,
regenerated, and export production based on NOs™ and NH," uptake. Our analysis suggests
that uptake of dissolved organic nitrogen (DON) contributed significantly to regenerated

production in late summer but not in late spring.

Uptake of nitrate and ammonium in the subarctic North Atlantic

Broadly, the euphotic zone integrated rates of NOs™ and NH, " uptake differed little between
September and May; indeed, inter-station variability during the same season was generally
greater than the seasonal differences (Table 1). This is consistent with the observation that
total euphotic zone chlorophyll was similar in both seasons (39-48 mg m™), albeit slightly
lower at PS2 in September, which, based on the nutrient concentration data, was the most
oligotrophic station sampled (Van Oostende et al., 2017; Ward et al. 2016 dataset).
Collectively, the rate data indicate that the May sampling did not capture a phytoplankton
bloom as might have been expected in the spring. Integrated NO;3™ uptake rates of 18 mmol m
2:d' have been measured during the North Atlantic spring bloom in the vicinity of our study

(Bury et al. 2001), while our rates were 0.8-3.6 mmol m?d" (Table 1).
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There were, however, differences in the vertical distribution of NO; and NHy4" uptake
between seasons. In September, NOs™ uptake rates were highest in the surface and decreased
with depth, whereas NH,  uptake increased with depth (Figure 3). Given that it is less
energetically expensive to assimilate NH; than NO;™ (Dortch 1990), this pattern may be
explained by the vertical gradient in light availability through the upper water column. Near
the surface where light levels are high, phytoplankton can easily acquire the reducing power
needed to assimilate NOs;". However, under the low light conditions of the lower euphotic
zone, this is more difficult, and phytoplankton increase their dependence on NH4" despite the
increase in NO;™ concentration. It is also possible that the high NH," concentrations measured
at the base of the euphotic zone in September rendered the uptake of this N source more

favorable than it might otherwise have been.

In May, the vertical distribution of NH," and NO;™ uptake at PS1 was variable (Figure 4),
possibly due to the rapidly changing MLD (Figure 2C) driving variability in the light field
experienced by phytoplankton. At PS2 by contrast, MLD was fairly constant over the
experimental period (Figure 2D), and both NO;™ and NH," uptake decreased with depth in the
presence of non-limiting NO3” and NH4" concentrations. This can also be attributed to light,
as'the deepest experiment at PS2 was conducted at the 0.1% light depth (82 m) where light
availability likely limited both NO3 and NH," uptake (Thompson et al. 1989).

At the height of the North Atlantic spring bloom, f-ratios of 0.45-0.76 (48-50°N, 20°W; Bury
et al.,; 2001) and 0.62-0.93 (62°N, 20°W; Boyd et al. 1997) have been measured in the
Northeast Atlantic, indicating high dependence on NOj3". At the time of our September and
May sampling, however, the upper ocean ecosystem was predominantly supported by
recyeled N, as evidenced by integrated euphotic zone f-ratios of <0.5 (Table 1). The one
exception appears to be PS1 in September, where the '’NOs™ and '"NH; —based f-ratio was
0.62; however, as detailed below, the “true” f-ratio at this station was likely <0.5, indicating a
recycled N-supported system. Given the low to undetectable euphotic zone NOj3°
concentrations in September, a low f-ratio at both stations is to be expected, and is consistent
with the observation that the September phytoplankton community was dominated by pico-
and nanophytoplankton (<20 pm), including Syrechococcus (Van Oostende et al. 2017),
which tend to thrive under conditions of intense recycling (Dortch 1990; Chisholm 1992).
The low f-ratios reconstructed for the May stations are arguably more surprising, as euphotic

- . e e + . . .
zone NOj;™ concentrations were non-limiting. However, NHs " concentrations were fairly high,
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and light may have been limiting, potentially explaining the apparent preference for NH,"
over NOj" at this time. The high ambient DIN levels and potential for light limitation suggest
conditions generally found prior to the North Atlantic spring bloom. In any case, in both the
late summer and the spring, our data suggest a subarctic North Atlantic ecosystem dominated

by regenerated production.

Primary production in the subarctic North Atlantic

The absence of a clear relationship between NPP and NOj;™ uptake is perhaps not surprising
giventthat C fixation and N uptake have been shown to be temporally decoupled in this
region (Bury et al., 2001). The highest *C-based rate of euphotic zone integrated NPP was
measured in late summer (September PS1), yet was more similar to (albeit on the low end of)
rates measured at the North Atlantic Bloom Experiment (NABE) site (47°N, 20°W) during
the spring (range of 79—-164 mmol C m? d'; Bender et al., 1992; Buesseler et al., 1992; Joint
et al., 1993; Martin et al., 1993; Bury et al., 2001) than the summer (range of 36-54 mmol C
m” d'l; Frazel and Berberian, 1990; Joint et al., 1993). By contrast, our springtime rates of
NPP are low compared to previous measurements at the NABE site, and more similar to

previously determined summer values.

Even though the rates of NPP varied with season, the POC concentrations were very similar
at all stations (Figures 3 and 4), and when integrated over the euphotic zone, were slightly
higher in May than September (Table 1). This suggests that the specific rates of carbon
fixation (which approximate community growth rates) were lower in spring than in summer.
Indeed, dividing the euphotic zone integrated rates of NPP by the POC concentrations yields
specific carbon fixation rates of 0.11-0.16 d”' in September and 0.06-0.08 d' in May. It is
possible that the May biomass pool included a significant component of inactive detrital
material, which would contribute to high POC concentrations but not to NPP, and would
mean that we had underestimated the growth rates. However, detritus is usually carbon-rich,
yet the measured biomass C:N ratios were similar to those expected for typical marine
biomass (i.e., the “Redfield ratio”) at all stations in both months (Table 2), strongly
suggesting that a carbon-rich detrital pool cannot explain the seasonal differences in specific
carbon fixation rates. Moreover, the community growth rates suggested by total N uptake
rates normalized to PON concentrations in May (0.05-0.08 d) are very similar to those
calculated from the carbon data, verifying the carbon-based rates. We conclude that the

community growth rates really were lower in May than in September, likely because the
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water column had only recently become sufficiently stratified for phytoplankton growth to
commence, the surface water temperature was ~4°C colder, and surface light levels were ~40%

lower.

Nitrification in the upper subarctic North Atlantic

Measurements of NH;  and NO,™ oxidation are scarce in high latitude regions of the world
oceantand have not previously been reported for the subarctic North Atlantic. The subsurface
maxima in NH;  and NO, oxidation rates fell into the typical range of open ocean
measurements (e.g., Ward and Zafiriou 1988; Raimbault et al. 1999; Sutka et al. 2004;
Newell et al. 2013; Peng et al. 2016) and were observed just below the depth of 1% PAR at
all stations during both seasons. Overall, NH;" and NO,™ oxidation rates in the euphotic zone
were one to two orders of magnitude lower than the NO;™ uptake rates (Figures 3 and 4; Table
1), suggesting that nitrification within the euphotic zone did not contribute significantly to the

NO3™ consumed by phytoplankton.

Low euphotic zone rates of NH," and NO, oxidation have traditionally been attributed to
photoinhibition (Horrigan et al. 1981; Olson 1981). The physiological basis for light
sensitivity of ammonia-oxidizing bacteria (AOB) was assumed to be cytochrome damage
(Ward 2011). However, cytochrome is not part of the electron transport system of ammonia-
oxidizing archaea (AOA) (Walker et al. 2010; Santoro et al. 2015), which are now considered
primarily responsible for NH,  oxidation in marine environments (Beman et al. 2008;
Santoro et al. 2010; Horak et al. 2013; Martens-Habbena et al. 2015; Peng et al. 2015). Two
recent studies have demonstrated that AOA are inhibited by low levels of light (Merbt et al.
2012;Qin et al. 2014) and field-based studies have shown that reactive oxygen species
commeonly generated in the euphotic zone can inhibit the metabolic activity of AOA (Tolar et
al. 2016; Kim et al. 2016; Horak et al. 2017). The mechanism inhibiting NH;" oxidation by

AOA, however, remains unresolved.

In addition to inhibition based on abiotic factors, substrate competition with phytoplankton
has been suggested as an explanation for low or zero nitrification rates in the euphotic zone
(Ward 1985, 2005; Smith et al. 2014). In both September and May, the rates of NH,"
oxidation were always lower than NH," uptake in the euphotic zone (Figure 3 and 4; Table 1).
However, at the only depth below the euphotic zone where both NH," oxidation and uptake

were measured (82 m at PS2 in May), the rate of NH4" oxidation was twice that of uptake.
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This is-consistent with the hypothesis that phytoplankton exert a strong control on NH,"
oxidation by competing for substrate with NH," oxidizers in the euphotic zone but not below

it where photosynthetic activity is low.

Although nitrification activity was generally low in the subarctic North Atlantic euphotic
zone, there is evidence that regenerated NOs™ could fuel a substantial portion of total primary
production in oligotrophic ocean regions such as the subtropical gyres (Raimbault and Garcia
2008;-Shiozaki et al. 2016). For example, in the North Pacific subtropical gyre, nitrification
has been shown to contribute more than half of the NOs™ assimilated on average (Shiozaki et
al.2016). Primary productivity in subtropical gyres is usually limited by fixed N, in particular
due to the low supply of subsurface NO;™ resulting from weak mixing and strong seasonal
stratification. As a result, regenerated NOs3™ from nitrification within the mixed layer may
play a relatively important role in total NOj3™ supply. Conversely, in highly productive regions
of the ocean, strong vertical mixing in the water column replenishes the euphotic zone NOj',
dwarfing the contribution of regenerated NOj3™ from nitrification. Therefore, the contribution
of nitrification to the euphotic zone NOs™ supply may be expected to inversely correlate with
primary productivity. Indeed, a compilation of field measurements confirms this trend
(Figure 7), showing that when primary productivity is greater than 100 mmol C m? d’,
nitrification generally contributes less than a quarter of the NO;™ taken up by phytoplankton.
On the other hand, when primary productivity is less than 100 mmol C m? d’, the
contribution of nitrification to NO;™ uptake is often greater than 10% but highly variable,
suggesting that it also depends on other factors such as sampling season and location. A
transect study from the North to South Atlantic also indicated a greater relative contribution
of nitrification to NOs™ supply under conditions of lower primary productivity in the gyres
(Clark-et al. 2008). However, recent work from the oligotrophic North Atlantic showed that
NO;™ uptake is always the dominant N cycle process in the euphotic zone, regardless of
season; with nitrification becoming important only in the dark waters below it (Fawcett et al.
2015). The authors attribute this finding to the high affinity of N-limited phytoplankton for
NH,'. Taken together, the above studies suggest that euphotic zone nitrification can only
become proportionally significant as a NOs source to phytoplankton when hydrographically-
supplied NO;™ has been essentially completely exhausted.

The variability of the MLD could constitute a physical process affecting the contribution of
nitrification to NO;3™ uptake. At station PS1 in September and station PS2 in May, the mixed
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layer occasionally penetrated below the depth of the euphotic zone (Figure 2) where NH,"
and NO;" oxidation rates were high (Figure 2). Such a fluctuation in MLD may transport
recently regenerated NOj’ into the euphotic zone, further complicating the accounting of new
production on timescales of days to weeks. However, at least during our sampling period,
these events of mixed layer deepening were short-lived. Given the relatively low rates of
NH4"and NO,™ oxidation measured near the base of the euphotic zone, this would allow for
only a.small quantity of regenerated NO;™ supply relative to the new NO;™ entrained from
below the mixed layer and the existing concentration within the mixed layer. Following the
approach of Fawcett et al. (2015) for the Sargasso Sea, we turn to the dual isotopes of NO;™ to
gain insight into the longer-term importance of nitrification relative to subsurface NOs3

supply to the euphotic zone.

The observed distribution of the N and O isotopes of NOj™ is consistent with the vertical
separation of NO;™ uptake (in the euphotic zone) and nitrification (in the twilight zone waters
below the euphotic zone) over the upper 500 m of the water column. Above 150-200 m, NO5
8'°N and 5'®0 rise in unison (along a 1:1 line) from the average 8"°N and 80 of the
subsurface NOj source (Figure 8). This trend is indicative of NO3™ uptake by phytoplankton,
which has been shown in culture to fractionate the N and O isotopes of NOj3™ in a ratio of
0.96-1.09 (Granger et al. 2004, 2010; Karsh et al. 2012). Below 150-250 m, there is a clear
upward rise in the 5'*0 of NO5™ (by as much as 2.2%o) that is not accompanied by an increase
in NO;™ 8"°N. This pattern is indicative of the co-occurrence of partial NOs™ uptake and
nitrification in the waters below the euphotic zone (Wankel et al. 2007; Sigman et al. 2009;
Fawcett et al. 2015). As outlined in the introduction, the cycling of N between NO;3™ uptake
and-nitrification has little net effect on the 8'°N of NOj". However, because the 8'%0 of NO5~
being consumed is initially lower than that produced by nitrification (-3.5%o0 to -1.7%o,
assuming an isotope effect estimated from the NO3 isotope data of 3.5%o to 5.3%0), versus 1%o
to 2%o, the internal cycle of NO;3 uptake and nitrification will cause NO3 80 to drift
upwards (Sigman et al. 2009; Buchwald and Casciotti 2013). The 8"°N and 8'°0 of NO;” in
the subarctic North Atlantic thus indicate that NO;s™ uptake is the dominant biological N
transformation process in the euphotic zone, with nitrification becoming significant only in
the dark waters below the euphotic zone. Our NO;3™ dual isotope data provide an integrated
view of the late summer and spring N cycle in the North Atlantic that complements the in situ

rate measurements. These data suggest that the results of the incubation experiments apply
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beyond. the short time period sampled here and confirm that in the spring through late
summer, upper ocean nitrification in the subarctic North Atlantic is far slower than the

upward rate of subsurface NO;3™ supply.

Even though euphotic zone nitrification was slow during our sampling period, it was
detectable at times, and we can use the euphotic zone integrated measurements of NH;" and
NO, oxidation to correct the "N-based rates of new production for regenerated NO3” uptake.
NO,_oxidation is the step in the nitrification pathway that produces NOj;’; this process
accounts for a maximum of 5.1% of the assimilated euphotic zone NOs" at our stations (Table
1). Re-allocating 5.1% of new production to regenerated production decreases the average
euphotic zone f-ratios by 0.01 to 0.03 (Eqn. 1) (i.e., a decrease in the fraction of export
production of 1% to 3%). Repeating the same exercise for NH, " oxidation yields an f-ratio
decrease of 0.02 to 0.07. NH," oxidation is equivalent to a maximum of 10.9% of the NO5
uptake rate, although this increases to 16.4% if the integration depth at PS2 in May is
extended to 82 m, and yields an f-ratio decrease of 0.03 to 0.10. This last calculation places
an upper limit on the fraction of regenerated NOjs™ that could have been supplied to the
euphotic zone at the time of our sampling because (1) the mixed layer never penetrated as
deep.as 82 m, and (2) NO,™ rather than NH,4" oxidation is the N cycle process that actually
produces regenerated NOj. Regardless, despite arguments that NO;  uptake in oceanic
surface waters is significantly higher than the flux of organic N out of the euphotic zone
(Yool et al. 2007), both our in situ rate measurements and NOj isotope data indicate that this

is not the case in the late summer or springtime subarctic North Atlantic.

The vertical distribution of ammonium and nitrite oxidation

The-observed pattern of subsurface maxima in NH,;" and NO,™ oxidation rates is consistent
with field measurements from other parts of the open ocean, including the eastern equatorial
Pacific; the North Pacific, and the subtropical North Atlantic (e.g. Ward and Zafiriou 1988;
Dore and Karl 1996; Beman et al. 2013; Newell et al. 2013). A common finding of all these
studies|is that the measured NO, oxidation rates are typically lower than the coincident NH,"
oxidation rates, suggesting that the second step in the nitrification pathway is rate-limiting.

This is contrary to the classical perception, based on the observation that NO, does not

usually accumulate in oxygenated waters, that NH," oxidation is rate-limiting (Kendall 1998).

In the subarctic North Atlantic, euphotic zone integrated NH," oxidation rates were at 2.1 to

5.5 times the NO," oxidation rates and a NO;™ concentration maximum (as high as 0.6 pmol I
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') was evident at all stations (except PS1 in May, where NO,™ concentrations were relatively

high throughout the upper 200 m) (Figure 6A).

Differential light sensitivity of NH," and NO,™ oxidizers is one possible reason for the higher
rates of NH4" versus NO,™ oxidation. An early study showed that an isolated strain of NO; -
oxidizing bacteria (NOB), Nitrobacter winogradskyi, was more light-sensitive than the AOB,
Nitrosomonas europaea (Bock 1965). In seawater collected from the coastal waters of San
Diego; CA, NO, oxidation was completely inhibited even at low light levels (16.7 pE m™s™;
equivalent to ~1% of typical surface PAR), whereas at the same light level, NH;" oxidation
declined to 70% of the dark rate (Olson 1981). There are no studies directly comparing the
light sensitivity of marine AOA and NOB, but a recent physiological study of three marine
AOA strains demonstrated that the degree of photoinhibition at 15 pE m™ s™ was less than 20%
(Qin et al. 2014). Since AOA are probably responsible for most NH4" oxidation in seawater
(Beman et al. 2008; Santoro et al. 2010; Horak et al. 2013; Martens-Habbena et al. 2015;
Peng et al. 2015), their lower sensitivity to light compared to NOB is likely a major reason

for the observed higher rates of NH,4" oxidation than NO, oxidation.

The. peak in NO;,  concentration observed at the base of the euphotic zone is termed the
primary NO,” maximum (PNM) (Figure 6A), a feature that is ubiquitous in stratified aerobic
water columns. While the depth of the PNM often overlaps with the NH," and NO,™ oxidation
maxima, an imbalance in the rates of these two processes is not the only possible mechanism
that could sustain it (Lomas and Lipschultz 2006, and references therein). It has been
hypothesized that phytoplankton (and even some bacteria) may release NO, deriving from
the incomplete assimilatory reduction of NO3™ under conditions of light limitation (Kiefer et
al:+1976; Wada and Hattori 1978; Collos 1998). This hypothesis garners support from the
vertical distribution of NO;™ in the water column, since the highest concentrations tend to
occur at depths with light levels <1% PAR. Of course, NH;" oxidation occurring at a rate
unmatched by NO, oxidation, perhaps due to differential light inhibition of AOA/AOB
versus NOB (Olson 1981), is also consistent with the vertical distribution of NO,".

The 8N of NO, may help to elucidate the origin of the PNM. In September, NO,” 8'°N
calculated via mass balance ranged from -8.0 + 3.3%o to -2.7 + 1.1%o, while in May, NO,

8'°N was significantly lower at -31.6 = 12.0%o to -19.7 + 8.6%o (Figure 6B). Assuming an
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isotope-effect of 5.2%o, as implied by the NOjs™ isotope data, NO,™ efflux by phytoplankton
taking up NO;™ with an initial 8"°N of 4.8%o (Figure 5A, C) would yield NO, with a mean
8'°N of -1.6%o in both September and May (Supplementary Information). By contrast, the
combined isotope effects of NH," and NO,™ oxidation would generate NO, with a 8N of -
30.5%0 to 2.7%0 in September and -34.0%o0 to -2.0%0 in May (Casciotti 2009). While the
results of this exercise are less conclusive for September than for May, they nonetheless
suggest that the PNM derives mainly from NH," oxidation since this process can drive NO,’

8" Nto the very low values estimated for subarctic North Atlantic waters (Figure 6B).

Implications of other N cycle processes for estimates of new and regenerated production

In"addition to nitrification, there are other N cycle processes that may complicate equating
NO;s and NH;" uptake with new and regenerated production (Dugdale and Goering 1967;
Bronk et al. 1994). For example, new N is also supplied to oceanic surface waters through N,
fixation and atmospheric N deposition (Owens et al. 1992; Capone et al. 2005), and dissolved
organic N (DON) can be a significant source of regenerated N to phytoplankton (see review
by Bronk 2002). In theory, if NPP measured using BC tracer experiments is supported mainly
by NO;3; and NH,', then the total rate of N uptake (i.e., pnosz+pnus) multiplied by an
appropriate biomass C:N ratio should approximate the C-based rate of NPP.

Multiplying the euphotic zone integrated rates of total N uptake at each station by the
corresponding average biomass C:N ratio (Table 2) reveals that NPP in May is well
represented by the sum of NO;- and NH, -based production, while in September, ~50% of
the total carbon production is unaccounted for by NO;  and NH;" uptake (Figure 9). One
consideration is that previous work at the NABE site (47°N; 20°W) has shown a decoupling
of NPP'and N uptake, with the maximum rate of N uptake preceding that of carbon fixation
by three days (Bury et al. 2001). We cannot rule out the possibility that such a decoupling is
at least partly responsible for the discrepancies we observe, although the Redfield-like
composition of the biomass suggests that the growth of the phytoplankton community was
roughly balanced at the time of our experiments. The calculation above implies that the f-
ratios calculated for May provide a reasonable estimate of the potentially exportable fraction
of NPP (which, by multiplying pno3 integ by the measured biomass C:N ratio at each station
amounts to an export flux of roughly 22 mmol C m? d at PS1 and 37 mmol C m™ d” at

PS2). By contrast, we have no way of evaluating the accuracy of the f-ratios calculated for
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September. If all of the summertime NPP that is unaccounted for by our measurements of
NO; and NH," uptake were supported by a new N source, the f-ratio would increase to 0.83
at PS1 and 0.71 at PS2. If, on the other hand, the “missing” N source were entirely
regenerated, the f-ratio would decline to 0.29 at PS1 and 0.10 at PS2.

The Atlantic Ocean is thought to be responsible for 10-25% (GroBkopf et al. 2012; Luo et al.
2012;:Benavides and Voss 2015) of the 100-200 Tg N supplied to the ocean annually by
marine N, fixation (Deutsch et al. 2007; Gruber and Galloway 2008). Modeling and
geochemical studies suggest that almost all of this N, fixation occurs in the equatorial and
subtropical North Atlantic, with very little N fixation north of 40°N (Coles and Hood 2006;
Deutsch et al. 2007; Marconi et al. 2017). The only incubation-based measurements of N,
fixation conducted near our study region, albeit significantly further south (42.55°N;
19.84°W), suggest a maximum euphotic zone integrated N, fixation rate of 3.4-8.0 umol N
m? d"' (Rees et al. unpublished, included in Luo et al., 2012). Assuming parallel cycling of N
and C, this could support the fixation of 21-50 pmol C m™ d”, which is <0.25% of the NPP
that is apparently unsupported by NO;™ and NH," uptake (~23-41 mmol C m? d'l). It is thus
very unlikely that N, fixation fueled a significant fraction of the “excess” NPP measured in

September.

Atmospheric N deposition is another potential new N source to surface waters (Duce et al.
2008). The upper bound on total atmospheric N deposition (i.e., the sum of wet and dry
organic and inorganic N) in the vicinity of our stations has been estimated at 47 pmol N m™
d"(Spokes et al. 2000; Baker et al. 2006, 2010). This amounts to a carbon fixation rate of
~300.pmol C m™ d”', which, like N, fixation, is insignificant (<1.5%) relative to the quantity
of NPP,unaccounted for by our N budget. We thus do not appear to be missing a source of
new N to the late summer subarctic North Atlantic, and instead turn to the possible

regenerated N forms.

NH,' regeneration during the uptake experiments can potentially result in the production of
unlabeled NH,4" in the incubation bottles, effectively diluting the PN/"N of the NH," pool
being assimilated and leading to an underestimate of the NH, uptake rates (Glibert et al.
1982, 1992; Kanda et al. 1987; Lipschultz 2008). While our short incubation period was
designed to minimize this effect (Glibert et al. 1982; Kanda et al. 1987), we cannot rule out

the possibility that the '’NH4" uptake rates measured in September underestimate the true
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NH," uptake rates, potentially accounting for some fraction of the “missing” N supporting
NPP at this time. However, in order to fully account for the excess NPP, NH," uptake would

need to be underestimated by 110-300%.

Dissolved organic N (DON) can constitute the largest fixed N pool in oceanic surface waters,
although much of it remains uncharacterized (Bronk 2002). While historically considered
mostly recalcitrant, work over the last two decades has shown that the fluxes into and out of
the DON pool are significant, and that phytoplankton may fuel a substantial portion of their
growth. through various forms of DON (Bronk et al. 2007). These include highly labile
compounds such as urea and dissolved free amino acids (DFAAs), which have a turnover
time of minutes to days (Fuhrman 1987; Jergensen et al. 1993; Bronk et al. 1998), and less
labile compounds such as proteins and amino polysaccharides that turn over on a timescale of
months to years (Bronk 2002; Bronk et al. 2007). Because of the chemical complexity of the
DON pool, direct measurements of its consumption are difficult. Nonetheless, coastal
phytoplankton have been shown to rely on urea and DFAAs for up to 80% of their N
(Harrison et al. 1985; Glibert et al. 1991; Berg et al. 2001) and DON has been estimated to
support 30-50% of the daily N requirements of phytoplankton in the equatorial Pacific
(Benner et al. 1997). Uptake rates of urea of 45 nmol I d! (specific uptake (Vyrea) of 0.05 d'l)
have been measured in the North Atlantic (Varela et al. 2005), while rates as high as 88 nmol
1" d! and 165 nmol 1! d! (Vurea 0£0.12 d!t00.14 d'l) have been measured in the North Sea
(Riegman and Noordeloos 1998) and subarctic Pacific (Wheeler and Kokkinakis 1990),
respectively. If urea were consumed at these specific rates in the subarctic North Atlantic in
September, it could account for 48-194% of the “missing” N at PS1 and 52-210% at PS2 (i.e.,
Varea (d™) X [PONTintegratea (mmol m™) x C:N = mmol C m™ d™).

Given that urea is just one component of the DON pool, the simple calculation above
illustrates that DON could easily fuel 50% of NPP in September. Moreover, there is some
evidence that phytoplankton rely more heavily on DON during the summer and fall when
ambient NO;™ concentrations reach a minimum (Paerl 1991; Berg et al. 2003). This is
consistent with our observations of very low euphotic zone NO3 in September, particularly at
PS2. In addition, most of the chlorophyll at the late summer stations was measured in the <2
um, (60-75%) and 2-20 pm (20-35%) phytoplankton size fractions, indicating a community
dominated by cyanobacteria and pico- and nanoeukaryotes (Van Oostende et al. 2017). These

phytoplankton groups tend to dominate the autotrophic assemblage later in the growing
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season (Lochte et al. 1993; Dandonneau et al. 2004; Barton et al. 2013) and are often
associated with increased DON (e.g., urea) uptake (Berg et al. 1997). This is in contrast to
larger diatoms that bloom earlier in the season in response to high NO;™ and silicate inputs

(Lochte et al. 1993; Alkire et al. 2014; Cetinic¢ et al. 2015).

The-concentration and 8'°N of DON show remarkable stability in the subtropical North
Atlantic (Hansell and Carlson 2001; Knapp et al. 2005, 2011) and elsewhere (e.g., Letscher et
al: 2013), which might be taken as contrary to the evidence for significant DON uptake
presented here. One potential explanation is that the DON compounds that are rapidly
assimilated in the North Atlantic euphotic zone are also being produced rapidly in the same
waters. If so, these rapidly recycled compounds would be important for phytoplankton
nutrition without ever representing a substantial portion of the standing DON pool. In this
scenario, the bulk of the measurable DON pool is not involved in the rapid cycling, perhaps

because it is biochemically refractory.

A potential complication to the argument for DON uptake supporting 50% of late summer
production is that phytoplankton have been observed to release upwards of 25% of the NO;3
and:NH, " they assimilate as DON (Bronk et al. 1994; Bronk 1999; Bronk and Ward 2000). In
N tracer experiments, this means that *N-labeled DON deriving from "NH;" or "NOy
uptake that is released into the extracellular DON pool will be excluded from '"N-based rate
calculations (Bronk et al. 1994), assuming that none of the DO'"N is re-assimilated by the
incubating phytoplankton. To address this, we calculated the total concentration of "°N at the
beginning and end of each ’NO;™ or "’NH," experiment (after Bronk and Glibert 1994). We
recovered an average of 99 + 12% of the '°N that was added, which suggests that N loss to

the:DON pool during our experiments was minimal.

In sumyj the most likely explanation for measured rates of NPP in late summer that far exceed
those implied by concurrent NO;™ and NH4  uptake experiments is that a phytoplankton
community dominated by small cells grew partly on a regenerated N form (e.g., urea and/or
other forms of DON) that we did not track. One implication is that regenerated production at
PS1 and PS2 in late summer was significantly higher than that suggested by measurements of

>NIH," uptake, and that the f-ratios at these stations are more likely to be on the order of
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0.10-0.29 (see above) than the higher values that we initially calculated on the basis of PNO;
and "NH," uptake alone (Table 1).

Conclusions

In the subarctic North Atlantic Ocean, we measured low but detectable rates of NH4" and
NO, oxidation in the euphotic zone in late summer and late spring. Nevertheless, nitrification
integrated over the euphotic zone accounted for only a small fraction (less than a maximum
of 11%) of the NOs™ taken up by phytoplankton, as indicated by both short-term rate
measurements and the natural abundance N and O isotopes of NO3", which integrate over a
longer time-period. We conclude that in the subarctic North Atlantic the strength of the
biological pump approximated by the ratio of NO;™ uptake relative to NOs+NH, " uptake (i.e.,
the f-ratio) does not significantly overestimate N export compared to the case where euphotic
zone nitrification is neglected. This finding is consistent with previous measurements in
productive subpolar regions of the ocean and is likely due to the high rate of subsurface NO5
supply,-high growth rates of phytoplankton under N-replete conditions, and superior affinity
of phytoplankton for NH," compared to nitrifying bacteria/archaea under irradiances typical
of the euphotic zone. However, other sources of regenerated N not measured in this study,
such._as various forms of DON, may have supported as much as half of the primary
production measured in the region in late summer. Therefore, the f-ratio approximated by
NH," and "NO; uptake should still be interpreted with caution despite the negligible
contribution of nitrification to the euphotic zone NO; pool. In addition, the vertical
distribution of and the consistently higher NH," oxidation rates compared to NO,™ oxidation
rates in our study suggest that NO,™ oxidation may be the rate-limiting step of nitrification in
the upper water column of the open ocean. Along with the N isotopes of NO;, this
uncoupling between NH; " and NO,™ oxidation indicates that nitrification probably contributes
to the formation of the primary NO,  maximum in the subarctic North Atlantic, at least in

spring and summer.
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Table 1: Euphotic zone integrated rates of NH," and NO5 uptake (PNH4 integ ANd PNO3 integ)s
NH;"and NO, oxidation (VNH4 integ and VNO2 integ), the percentage (%) of NH,;" and NO,
oxidation relative to NOj;  uptake (VNH4 integ/PNO3 intee ANd  VNO2 integ/PNO3 integ), and the
concentration of total particulate organic nitrogen (PONine,) and carbon (POCiyeg). Also
shown is the depth-weighted average euphotic zone f-ratio ( (pno3/(pno3 + pnma)), the
euphotic zone integrated rate of NH, oxidation relative to NO, oxidation
(VNH4 integ/ VNO2 integ), and  regenerated production relative  to NH," oxidation
(PNH4 integ/ VNH4 integ) (1-€., VNH4 intee/ VNO2_integ = 5.1 indicates that the euphotic zone integrated
rate of NH,' oxidation is 5.1 times that of NO, oxidation, and PNH4 integ/ VNH4 integ = 34
indicates that the euphotic zone integrated rate of NH, uptake is 34 times that of NH,"
oxidation). For EN538 PS2, the values in parentheses are those calculated assuming a
euphotic zone depth of 82 m (i.e.,, 0.1% PAR) since significant rates of NO;” and NHy4"
uptake were measured at this depth (Figure 4).

September May

EN532 PS1 EN532 PS2 EN538 PSI EN538 PS2
latitude °N; longitude °W 54.00; 20.00 50.00; 20.00 58.00; 20.00 59.50;21.35
Euphotic zone depth (m) 51 42 51 57 (82)
Mixed layer depth (m) 50 40 40 55
Sampling depths (m) for N 15,25, 50 15,23, 35 25,45, 50 20, 40, 82
uptake and NPP experiments
Sampling depths (m) for 20, 40, 50, 60, 20, 40, 50, 60, 25,37, 60,80, 50, 80, 90, 100,
nitrification experiments 100, 250, 500 100, 250, 500 100, 300, 1000 125,250, 1000
PON,;, (mmol m™) 81.9 71.5 81.8 103.0 (115.9)
POCjpe (mmol m?) 502.9 450.5 540.7 631.4 (710.5)
PNH4 integ (MOl M d™) 2225 3265 2549 4526 (5408)
Pro3inieg (mol m~ d™) 3614 837 1629 2993 (3482)
Vg ieg (Wmol m™ d™) 66.4 91.2 113.0 31.0 (570.0)
Vo2 integ (Mol m™ d™) 13.0 43.0 25.7 86.8 (213.3)
V4 inieg/PNO3.integ (%) 1.84 10.9 6.94 1.04 (16.4)
V02 integ/PNO3 integ (%0) 0.36 5.14 1.58 2.90 (6.13)
f-ratio 0.62 0.20 0.39 0.40 (0.39)
VNt4-intea VNO2_intes 5.1 2.1 4.4 0.36 (2.7)
PN inte/ VNH4.integ 34 36 23 146 (9.5)
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Table 2: Weighted average euphotic zone biomass C:N ratio (i.e., POCiyeg/PONjneeg), and
euphotic zone integrated rates of BC-based NPP, "’N-based NO;+NH," uptake (i.e., N
uptake), and NPP calculated from N uptake multiplied by the measured biomass C:N ratio.
Because only one incubation experiment could be performed each day (Figure 2), there were
likely fluctuations in water column density structure at the same station (see text); however,
each-set of NPP and N uptake incubations from a particular depth were performed

concomitantly.

Month and Average Integrated NPP  Integrated N uptake Integrated NPP (N

Station Biomass C:N (mmol m> d'l) (PNO3+PNH4) uptake x C:N)
(mmol m? d™) (mmol m? d™)
Sept. PS1 6.14 77.2 5.84 35.9
Sept. PS2 6.30 49.1 4.10 25.8
May PS1 6.61 27.4 4.18 27.6
May PS2 6.13 46.5 7.52 46.1
41
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Figure captions

Figure 1: Location of the process stations (PS) sampled in September 2013 (EN532, left
panel). and May 2014 (ENS538, right panel) in the subarctic North Atlantic. Monthly
climatological surface NOs™ concentrations (pmol I™") are shown with color contours (World

Ocean Atlas 2013, Garcia et al. 2013).

Figure 2: Mixed layer depth (MLD, red solid line) and euphotic zone depth defined by the
depth of 1% of surface photosynthetically active radiation (1% PAR, blue dashed line) over
the course of the four- to five-day occupation at each process station (PS). Depth profiles of
NOs™ concentration (pmol 1'1) are overlaid as colored circles, ranging from below detection
(blue) to 12 pmol 1" (yellow). The sampling depths and times are marked with gray crosses

forthe N uptake and NPP incubations and black crosses for nitrification incubations.

Figure 3: Depth profiles of NH;" concentration (umol I, NO,™ concentration (pmol ™),
NOsconcentration (umol 1), NH," and NO5™ uptake rates (nmol I d™"), NPP (nmol I"" d)
and POC concentration (umol 1), and NH," and NO5™ oxidation rates (nmol I"' d!) at process
stations: (PS) 1 and 2 in late summer (September 2013). For NH,;", NO,, and NOs
concentrations, the filled symbols indicate measurements made from the casts used to collect
seawater for the NH4" and NO, oxidation incubations, and the hollow symbols represent

measurements from all other casts at the same station.

Figure 4: Depth profiles of NH," concentration (umol 1), NO,™ concentration (umol 17),
NOj;™ concentration (umol 1), NH," and NO;™ uptake rates (nmol I d™"), NPP (nmol I"" d™)
and POC concentration (umol 1'1), and NH," and NO,” oxidation rates (nmol 1" d'l) at process
stations (PS) 1 and 2 in late spring (May 2014). For NH;", NO,’, and NOj; concentrations, the
filled symbols indicate measurements made from the casts used to collect seawater for the
NH," and NO, oxidation incubations, and the hollow symbols represent measurements from

all other casts at the same station.

Figure 5: Vertical profiles (0-1000 m) for September of A) NO;™ 8"°N and B) NO5™ §'°0 and
for May of C) NO3™ 8'°N and D) NO5™ §'*0 (0-1000 m) measured at the process stations, with
open symbols for PS1 and filled symbols for PS2. The black symbols show the isotopic

composition of NOs™-only (after NO;, removal) and the grey symbols show the isotopes of
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NO3;+NO;". Error bars indicate £ 1 S.D. (n > 3); where error bars are not present, they are

smaller than the data markers.

Figure 6: Upper ocean (0-200 m) profiles of A) NO, concentration (pmol 1'1) and B)
calculated NO, 8"°N for all samples with NO,™ concentrations >0.1 pmol 1", In panel B, the
color shading denotes the percentage of NO, measured in the samples relative to the NOs3
#NO;7" concentration (%NO;’). Error bars indicate the standard deviation of the 100,000

Monte Carlo iterations run for each sample.

Figure 7: A compilation of data showing the contribution of nitrification to NOs™ uptake by
phytoplankton, integrated over the euphotic zone or mixed layer, versus the concurrently-
measured rate of primary production. The cited studies include Raimb08 (Raimbault and
Garcia_2008), Santol0 (Santoro et al. 2010), Bemanl2 (Beman et al. 2012), Cavagl5
(Cavagna et al. 2015), Clark16 (Clark et al. 2016), Shioz16 (Shiozaki et al. 2016), and
Stukel6 (Stukel et al. 2016).

Figure 8: Cross plots of NO3 3'°0 vs. 8'"°N for samples collected between 500 m and the
surface in A) September at PS1, B) September at PS2, C) May at PS1, and D) May at PS2.
The NO3+NO;" samples are shown in grey and the NO3™-only samples are shown in color,
where the color indicates sample depth. The trend lines (dashed grey for NO3+NO;" and solid
black for NOs™-only) indicate the ratio of the change in 80 relative to 8'°N (A8 0:A8"°N)
for samples collected above 100 m in September and 150 m in May, with the value of the
slope indicated on the figure panels. For the NO;+NO,™ data from PS2 in September, there is
no-linear relationship between 8'°0 and 8'°N, likely because the concentration of NO,
relative to NO3+NO," was high in surface waters at this station (> 8%); this has been shown
to significantly alter the relationship between the N and O isotopes of the combined NOj3
+NO, pool (Fawcett et al., 2015). Note the differences in axis scale between panels A and C
and panels B and D.

Figure 9: Cross plot showing total euphotic zone integrated carbon fixation (i.e., net primary
production; NPP), as implied by the summed rate of NO3+NH," uptake multiplied by the

. . 13 .
measured biomass C:N ratio, versus ~C-based measurements of NPP, also integrated over
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the euphotic zone. The dashed line indicates a relationship of 1:1, which is expected if the

total rate of NPP can be accounted for by NO;  and NH," uptake only.
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Figure 1:
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Figure 7:
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Supplemental Information for:
Nitrogen uptake and nitrification in the subarctic North Atlantic Ocean
Xuefeng Pengl’z*, Sarah Fawcett3*, Nicolas van Oostendel, Martin Wolf4, Dario Marconil,

Daniel Sigmanl, and Bess Ward'

St Implications of the isotopic composition of nitrite for the origin of the primary nitrite

maximum (PNM)

The 5'°N of nitrite (NO,") may help to elucidate the origin of the PNM. In September, NO;’
5'’Nealculated via mass balance ranged from -8.0 + 3.3%o0 to -2.7 £ 1.1%0, while in May,
NO, "N was significantly lower (P <0.005) at -31.6 + 12.0%0 to -19.7 + 8.6%. Below, we
compare these values with the 8N expected for NO,™ deriving from phytoplankton efflux

versus that resulting from an imbalance between NH4" and NO;™ oxidation.

We take the 8°N of NO; available to phytoplankton (615NNO3external) to be that of the
subsurface NO,  supply (4.8%¢ at 150-250 m at all four stations), allowing for no prior
uptake-driven 8'N rise in order to yield the lowest (i.e., most conservative) estimate for the
SN of effluxed NO,". The resultant 8N of NOs inside a phytoplankton cell (SlSNNo3imemal)
can'be calculated by:

15 15
*enr + R* “enosefilux [Eqn. S1]

8" NNOzinternal = 8 NNO3extemal — 158NO3uptake + (1-R)
where 158N03uptake (2.0%o), Benr (26.6%0), and B ENO3efflu (1.2%o0) are the N isotope effects for
NOj™ uptake into the cell, reduction within the cell at the site of the NOs™ reductase enzyme
(NR); and efflux out of the cell (as per Karsh et al. 2012, 2014). R is the ratio of NOj;™ efflux
relative to total NOs™ uptake (Francois et al. 1993; Granger et al. 2010), estimated as:

R = (1580rg - 158N03uptake)/(15‘gNR - 158NO3efﬂux) [Eqn SZ]

where !

Sgorg is the organism-level isotope effect (i.e., the net effect impart by an organism
taking up NOs™ on the 8N of seawater NO3"). From the NO3” isotope data, we estimate an
average €org Of 3.1%0 in September and 5.2%o in May (from the linear slope in NO3~ 8N vs.
In([NOs]) (i.e., “Rayleigh” space). Given that culture and field data suggest lssorg should be

on the order of ~5%o0 (Waser et al. 1998; Sigman et al. 1999; Needoba et al. 2003, 2004;
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Needoba and Harrison 2004; Granger et al. 2010; Fawcett et al. 2015) and that a lower
estimate is often indicative of upward mixing of subsurface NO; , which violates the
Rayleigh model (Sigman et al. 1999), we use the May estimate of 5.2%o in our calculations.
Substituting lsgorg into Eqn. S2 yields an estimate for R of 0.13, which in turn yields a
8" NNosintemar Of 26.2%o. At steady state, the "°N of intracellular NO, available for efflux

intorthe water column will thus be -0.4%o (i.e., 26.6%¢ lower than 8" NNO3internal)-

The N isotope effect associated with NO,™ efflux is unknown; if it is similar to 15 ENO3efflux
(1.2%0; Karsh et al. 2014), then the 8N of effluxed NO; could be as low as -1.6%0.. We note
that any isotopic fractionation associated with the intracellular reduction of NO, will raise
the 8'°N of the NO; available for efflux. However, this seems improbable given that NO,
reduction occurs in the chloroplast, an organelle surrounded by at least three membranes
acrossswhich NO," would have to efflux. Moreover, the inhibition of NO, transport into the
chloroplast appears to be the controlling step preventing wasteful NOs™ reduction to NHy"
(Rexach et al. 2000); this suggests that all NO, transported into the chloroplast will be
efficiently reduced, leaving no intra-chloroplast NO, pool available for efflux. In any case,
with-a8'°N >-1.6%0, NO, efflux by phytoplankton cannot account for the estimated 8'°N of
NO; in the upper 200 m in the subarctic North Atlantic (Figure 6). Moreover, if the lower
values of lsgorg suggested by the nitrate isotope data are used for September, the 8N of

effluxed NO, ™ could be as high as 1.1%e.

The concentration of NH4" in open ocean surface waters is typically low, such that its 8N
cannot be directly measured. We assume a 8"°N for NH," that is 3%o lower than the average
SN of bulk PON in the euphotic zone (Altabet and Small 1990; Fawcett et al. 2011; Mobius
2013); this yields an NH,* 8"°N of 1.3%o to 2.7%o in September and -2.2%o to -2.0%o in May
(using a PON 8"°N of 4.3%o to 5.7%o for September and 0.8%o to 1.0%. for May). The NH,*
has two possible fates: uptake into the PON pool or oxidation to NO,". If most of the NH," is
taken up (for which, given the low NH," concentrations characteristic of the upper water
column, we assume an isotope effect of 0%0; Hoch et al. 1992; Pennock et al. 1996; Vo et al.
2013; Liu et al. 2013) and only a small fraction is oxidized to NO,, then the NH4" oxidation
isotope effect (estimated as 14%0-19%0 for marine nitrifiers; Casciotti et al. 2003) will be
almost fully expressed, yielding NO,” with a 8"°N of -17.7%o to -11.3%o in September and -
21.2%0 to -16.0%0 in May. By contrast, if most of the NH," is oxidized to NO, and only a
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small fraction is taken up, the NH4" uptake isotope effect will be the primary driver of NO,’
5P N, yielding NO, with a SN very similar to the NH4" from which it derived (i.e., 1.3%o to
2.7%o in September and -2.2%o to -2.0%0 in May).

NO; produced by NH," oxidation also has two possible fates: further oxidation to NOj3™ (with
anrisotope effect of -12.8%o; Casciotti 2009) or uptake into organic N (for which we assume
an isotope effect of ~0%o, although very little information exists regarding this value; Waser
et.al.;1998). If most of the NO," is taken up and only a small fraction is oxidized, the 8N of
the NO, not taken up will be virtually unchanged (i.e., -17.7%o to -11.3%o0 or 1.3%o to 2.7%o
in-September, and -21.2%o to -16.0%0 or -2.2%0 to -2.0%0 in May). If, instead, most of the
NO;y -is: oxidized, the oxidation isotope effect will be almost fully expressed, lowering the
8"°N of NO, by as much as 12.8%o (i.e., to -30.5%o to -24.1%o for NO,” with a starting 8'°N
of ~17.7%o to -11.3%o or to -11.5%o to -10.1%0 for NO, with an starting 8"°N of 1.3%o to
2.7%¢ in September; to -34.0%o to -28.8%0 for NO,™ with a starting SN of -21.2%0 to -16.0%o
or-to=15.0%o to -14.8%. for NO,” with an starting 8'°N of -2.2%o to -2.0%0 in May).

It=should be noted that the partial oxidation of NO, deriving from phytoplankton efflux can
decrease the 8"°N of the remaining NO,™ pool by as much as -12.8%o (Casciotti 2009). This
means-that while phytoplankton efflux may be the ultimate source of the NO,, its isotopic
composition can be lower than that calculated above for efflux; the lowest 8N that can
achieved by this coupling is on the order of -14.4%o for both September and May (i.e., -1.6%o
+ (-12.8%0)).

While the results of this exercise are less conclusive for September than for May, they

nonetheless suggest that the PNM derives mainly from NH," oxidation since this process can

drive NO, 8N to the very low 8"°N values observed (Figure 6B).
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S2. Calculation of nitrogen and carbon uptake rates

The rates of NH4" and NOs™ uptake (pnus and pnos, respectively) were calculated as:

oy = Rron@w—Rron@ o [PON] ) [Eqn S3]

- (RpINn(0)—RPON(0)) XAt

where:

px is the N uptake rate (nmol 1" hr'!)

Rpong 1s the measured ratio of SN/"N in the particulate organic nitrogen (PON) pool at the
end of the incubation

115

Rpon() is the initia N/"N of the PON pool, calculated using the measured water column

8" N of PON at this site according to:

Rpono) = Rair X (1 + %) [Eqn S4]
Rpmv) is the initial ratio of N/MN in the dissolved inorganic nitrogen (DIN) pool, and is
calculated from the measured ambient concentration of NH," or NO3™ ([N]ambient), the SN of
NH;" or NO5 (SISNDlebiem, where the §"°N of NOj3" was measured using the denitrifier-
IRMS method (Sigman et al. 2001)) and the 8'°N of NH,* was assumed to be 3%o lower than
the measured 8"°N of PON (Altabet and Small 1990; Fawcett et al. 2011; Mobius 2013); and

the concentration ([N ]iacer) and BN/M“N (Riracer; 0.99) of the tracer addition according to:

N ientXRairx(1+8°N ient/1000)+[N XR
RDIN(O) — [ ]amblent airX( DINambient/ ) [ ]tracer tracer [Eqn SS]
[N]ambient‘l'[N]tracer

At is the duration of incubation (hr)

[PON]y is the measured PON concentration at the end of incubation (nmol ™.

pnmasa and pnos were converted to per day rates (i.e., nmol 1! d’l) assuming uptake occurred
during the 12 hours of daylight.

Finally, at each depth, the f-ratio was calculated according to Eppley and Peterson (1979) as:

f= Vnew/ (Vnew + Vregenemted) [Eqn S6]
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where V. is calculated as pno3/[PON]) and Vicgencrated 1S pnua/[PON](). Below, we report
and discuss only the euphotic zone average f-ratios for each station, calculated by
trapezoidally integrating the f-ratios measured at each depth and then dividing by the depth of
the euphotic zone (i.e., a weighted average).

The duration of the experiments (~7-9 hours, beginning at dawn) means that the resultant
carbon- fixation rates best approximate net primary production (NPP) (Cullen 2001). The
hourly. rate of photosynthetic carbon fixation by the phytoplankton community was
determined from duplicate incubation samples by normalising the rate of dissolved inorganic
carbon. (DIC) incorporation into POC to the length of the incubation, calculated following

(Legendre and Gosselin 1997).

which was calculated as:

_ Rpocy—Rpoc(o)
Pc= (Rprc(o)y—RpPoc(0)) XAt X [POC](t) [Eqn S7]

where:

pc is the rate of NPP (nmol 1! h'l);

Rpoge is the measured ratio of BC/™C in the particulate organic carbon (POC) pool at the
end of the incubation;

Rpoc) is the initial BC/C of the POC pool, assumed to be natural abundance (i.e., 0.011);
At is the duration of incubation (day);

[POC]y is the measured POC concentration at the end of incubation (nmol 1’1);

and Rpjc (o) is the initial ratio of BC/™C in the DIC pool, calculated as:

[DIC] ambient *Rambientt [DIC] tracerXRtracer [Eqn 88]
[ch]ambient+ [DIC] tracer

Rpico) =
where:
[DIC Jambient is taken to be 2.1 x 10° nmol I'' (Zunino et al. 2015);
Rambicnt 1S the B3C/'2C of the ambient DIC pool, taken to be natural abundance (i.e., 0.011);
[DIC]zacer 18 the concentration of NaH" COj3 added to the incubation bottles (nmol 1’1);
and Ricer is the °C/'”C of the added tracer (i.e., 0.85). pc was converted to per day rates (i.e.,

nmol 1" d™) assuming uptake occured during the 12 hours of daylight.
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Figure S1: The positive correlation between particular nitrogen (PONjyc,) and the sum of

NH," and NO; uptake rates integrated over the euphotic zone at the four stations sampled in

this study.
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