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The availability of nitrogen (N) in ocean surface waters affects rates of photosynthesis and marine ecosystem structure.
In spite of low dissolved inorganic N concentrations, export production in oligotrophic waters is comparable to more
nutrient replete regions. Prior observations raise the possibility that di-nitrogen (N2) fixation supplies a significant
fraction of N supporting export production in the Gulf of Mexico. In this study, geochemical tools were used
to quantify the relative and absolute importance of both subsurface nitrate and N2 fixation as sources of new N
fueling export production in the oligotrophic Gulf of Mexico in May 2017 and May 2018. Comparing the isotopic
composition (“δ15N”) of nitrate with the δ15N of sinking particulate N collected during five sediment trap deployments
each lasting two to four days indicates that N2 fixation is typically not detected and that the majority (≥80%) of
export production is supported by subsurface nitrate. Moreover, no gradients in upper ocean dissolved organic N and
suspended particulate N concentration and/or δ15N were found that would indicate significant N2 fixation fluxes
accumulated in these pools, consistent with low Trichodesmium spp. abundance. Finally, comparing the δ15N of sinking
particulate N captured within vs. below the euphotic zone indicates that during late spring regenerated N is low in
δ15N compared to sinking N.
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INTRODUCTION

Primary productivity in the ocean accounts for roughly
half of annual global carbon (C) fixation. Despite low
concentrations of inorganic forms of nitrogen (N), such
as nitrate (NO3

−) and ammonium (NH4
+), in many parts

of the low-latitude surface ocean, significant rates of C
fixation occur in these seemingly nutrient impoverished
regions (Emerson, 2014). Phytoplankton carrying out this
photosynthesis not only play a crucial role in the global C
cycle, and thus impact climate, but create the foundation
of the marine food web. Two sources of N that fuel “new”
primary production are NO3

−, the dominant bioavailable
form of N in the global ocean, and biologically mediated
di-nitrogen (N2) fixation (Dugdale &Goering, 1967). New
production fueled by subsurface NO3

− in mid- to high-
latitude waters is supported by vertical mixing as thermo-
cline stability erodes seasonally, with N2 fixation thought
to be more important in thermally stratified low-latitude
surface waters. This “new” production is contrasted with
photosynthesis supported by NH4

+, known as “regener-
ated” production, that largely cycles in the surface ocean
and does not contribute to export (Dugdale & Goering,
1967, Eppley & Peterson, 1979). While the distribution
and rates of N2 fixation in the ocean play a central role
in regulating the fertility and community structure of
marine ecosystems, these first-order properties of marine
N2 fixation remain poorly constrained. The highest short-
term rates of N2 fixation have been documented in the
tropical North Atlantic (Mahaffey et al., 2005, Sohm et al.,
2011) as well as the western tropical South Pacific (Caffin
et al., 2018, Knapp et al., 2018b). The spatial distribution
of elevated 15N2 incubation-based N2 fixation rates (Luo
et al., 2012) are consistent with both the preference of
diazotrophs for warm waters (Breitbarth et al., 2007, Stal,
2009) as well as the high atmospheric dust flux to the
North Atlantic (Mahowald et al., 2009, Prospero, 1996)
that helps fulfill the significant iron requirement of the
enzyme, nitrogenase, that catalyzes N2 fixation (Berman-
Frank et al., 2001, Kustka et al., 2003). However, field
observations are spatially limited, leavingmodeling efforts
to identify the regions of the global ocean supporting the
largest N2 fixation fluxes underconstrained.
Both N2 fixation rates and fluxes of subsurface NO3

−

to surface waters are expected to respond to global change
(Capotondi et al., 2012, Luo et al., 2019, Shi et al., 2012),
underscoring the importance of accurately character-
izing their roles in supporting low-latitude C fixation.
Although incubation-based estimates of NO3

− uptake
and N2 fixation rates are commonly used to evaluate their
respective roles in surface waters (Shiozaki et al., 2018),

these measurements have limitations, including poten-
tial bottle effects (Westberry et al., 2012), the inherent
short-term nature of the measurements, and challenges
in consistently implementing methodological protocols
(White et al., 2020). While incubation-based approaches
are valuable, geochemical methods to evaluate NO3

− vs.
N2 fixation fueled export complement our understanding
of this process. One geochemical tool to quantify relative
and absolute contributions of subsurface NO3

− and N2
fixation to export production relies on the distinct isotopic
compositions (“δ15N”) of these two N sources (“δ15N”,
where δ15N= {[(15N/14N)sample/(15N/14N)reference]—1}×1
000, with atmospheric N2 as the reference). N2 fixation
introduces newN to the ocean with a δ15N of ∼ −2 to 0�
(Carpenter et al., 1997, Hoering & Ford, 1960, Minagawa
& Wada, 1986). In contrast, the δ15N of NO3

− mixed
up from the subsurface in the western North Atlantic
can range from 2 to 4� (Knapp et al., 2008, Knapp
et al., 2005, Marconi et al., 2015). Assuming these are the
dominant inputs of new N to the euphotic zone, in steady
state, the δ15N of N fluxes out of the euphotic zone should
reflect the relative importance of these N inputs. This
“δ15N budget” approach assumes that sinking particulate
N (PNsink) is the major flux of N out of the euphotic
zone, and compares the δ15N of subsurface NO3

− and N2
fixation with that of PNsink.
Given these assumptions, the relative importance of

each source of new N for supporting export produc-
tion can be estimated using the two end-member mixing
model described in Eqn. 1, where the fractional impor-
tance of N2 fixation for supporting export production (x)
is defined as:

PNsinkδ
15N = x

(−1�) + (1 − x)
(
NO−

3 + NO−
2 δ15N

)

(1)
Rearranging and solving for x yields:

x = (
NO−

3 + NO−
2 δ15N − PNsinkδ

15N
)
/

(
1 + NO−

3 + NO−
2 δ15N

)
(2)

Multiplying “x” by the PNsink mass flux provides a time-
integrated N2 fixation rate that can be compared with
15N2 incubation-based N2 fixation rate measurements
(Knapp et al., 2016a).
Prior δ15N budgets have been applied in oligotrophic

waters like the Gulf of Mexico (GoM) where euphotic
zone NO3

− concentrations are low and N2 fixation is
thought to potentially support a significant (i.e. >10%)
fraction of export production. Although N2 fixation has
recently been found to support the majority of export

2

D
ow

nloaded from
 https://academ

ic.oup.com
/plankt/advance-article/doi/10.1093/plankt/fbab049/6354028 by guest on 20 August 2021



A. N. KNAPP ET AL. CONSTRAINING THE SOURCES OF NITROGEN FUELING EXPORT PRODUCTION

production at one location in the southwest Pacific Ocean
(Knapp et al., 2018b), and in the eastern North Atlantic
N2 fixation has been found to support up to 40% of
export (Bourbonnais et al., 2009), even in regions where
N2 fixation rates are relatively high, δ15N budgets indi-
cate that subsurface NO3

− fuels the majority of export
production in the oligotrophic Atlantic and Pacific gyres
(e.g. (Altabet, 1988, Casciotti et al., 2008, Knapp et al.,
2016a, Knapp et al., 2005)). Indeed, when δ15N budgets
do indicate N2 fixation is a significant N source (Knapp
et al., 2018b), 15N2 uptake rates (Caffin et al., 2018) and
diazotroph abundance (Stenegren et al., 2018) are notably
elevated and consistent with diazotroph “bloom” con-
ditions that fall outside typical 15N2 uptake observations
(Luo et al., 2012), thus leaving a clear signature when N2
fixation is a quantitatively important source of new N
supporting export production.
Typical δ15N budget results appear consistent with

related work indicating that not only is NO3
− the

dominant new N input to low-latitude surface waters,
but that its distinct isotopic composition propagates
through geochemical N pools as well as the food web of
oligotrophic gyres. At the base of the food web, this has
been shown near Bermuda where, even during stratified
summer conditions, eukaryotes consuming NO3

− are
responsible for new production (Fawcett et al., 2011). The
importance of NO3

− as a N source to the low-latitude
ocean is also evident in the isotopic composition of
dissolved organic nitrogen (DON). Phytoplankton release
a fraction of new production as DON (Bronk & Ward,
1999, Bronk & Ward, 2000, Bronk & Ward, 2005, Ward
& Bronk, 2001). The distinct δ15N of surface ocean DON
in the subtropical North Pacific versus the subtropical
North Atlantic reflects the difference in δ15N of subsurface
NO3

− of the two basins (Knapp et al., 2011), again
emphasizing the primary role of NO3

− in supporting
low-latitude production. Similarly, the δ15N of suspended
particulate N (PNsusp) in the surface ocean, a fraction
of which includes living phytoplankton, also exhibits
variations that track regional differences in the δ15N of
subsurface NO3

−. For example, surface ocean PNsusp
δ15N ranges from 5 to 15� in regions with relatively high
subsurface NO3

− δ15N such as in oxygen deficient zones
(Knapp et al., 2016a, White et al., 2013). In contrast, the
relatively low δ15N of PNsusp in surface waters of the
Sargasso Sea typically ranges from −1 to 0� (Altabet,
1988) and subsurface NO3

− δ15N is particularly low, 2 to
4� (Knapp et al., 2008, Marconi et al., 2017). Regional
variations in subsurface NO3

− δ15N are also evident
further up the food web in the δ15N of zooplankton
biomass, which is higher in the North Pacific (Hannides
et al., 2009) than North Atlantic (McClelland et al., 2003).

While results from prior δ15N budgets might lead to the
expectation that subsurface NO3

− is the dominant source
of newN toGoM surface waters, the same environmental
conditions that are thought to support significant rates
of N2 fixation in the tropical North Atlantic are also
commonly found in the GoM. Modest N2 fixation rates,
up to 2.3 nmol N L−1 d−1, have been measured on the
West Florida Shelf (Mulholland et al., 2006, Mulhol-
land et al., 2014) and off of the northern GoM shelf,
85 μmol N m−2 d−1 (Holl et al., 2007), but the contri-
bution of N2 fixation to export production in the open
waters of the GoM has not been quantified. Here we
apply δ15N budgets to evaluate the relative importance of
subsurface NO3

− and N2 fixation for supporting export
production in the oligotrophic GoM, as well as to esti-
mate geochemically derived rates of N2 fixation. A novel
addition to these δ15N budgets is the inclusion of esti-
mates of zooplankton NH4

+ and/or urea excretion as
a secondary mechanism of N export from the euphotic
zone.

METHODS

Sample collection

Samples were collected for inorganic nutrient concentra-
tion and isotopic analysis on the NOAA Ship Nancy Foster

from 11 May to 29 May 2017 (“NF1704”) and 30 April
to 19 May 2018 (“NF1802”) in the deep waters of the
northern and central GoM (Fig. 1). Samples were also
collected for DON concentration and isotopic analysis on
the NF1802 cruise. Details of the cruises can be found in
(Gerard et al., In Review). Briefly, samples were collected
during five Lagrangian experiments of 2–4-day duration
(i.e. “cycles”), each initiated with the deployment of free-
drifting, mixed-layer-drogued sediment traps and con-
cludedwith their recovery. The length of trap deployment
was chosen to accommodate multiple cycles per cruise,
with longer cycles conducted where patches of bluefin
tuna larvae were observed. Cycles over the course of the
two cruises were sequentially numbered, with the first
three cycles on the 2017 cruise referenced as NF1704-
C1 (C1), NF1704-C2 (C2) and NF1704-C3 (C3), and
the two cycles on the 2018 cruise referenced as NF1802-
C4 (C4) and NF1802-C5 (C5). During the Lagrangian
experiments, water-column samples were collected from
Niskin bottles deployed on a CTD-rosette close to the
drifting sediment trap array at∼0200 local time each day.
Nutrient samples were collected in the dark to accom-
modate predawn sampling for light incubation experi-
ments (Yingling et al., 2021). Nutrient samples passed an
acid-cleaned 0.2-μm membrane filter and were stored
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Fig. 1. Map of sampling locations for the 2017 (C1, pink, C2, light
blue and C3, green) and 2018 (C4, red and C5, dark blue) cruises.

frozen at −20◦C in acid-washed HDPE bottles for anal-
ysis on land, per GEOTRACES protocols (Cutter et al.,
2014). The depth of the mixed layer, defined as the depth
at which density increased by 0.125 kg m−3 (Monterey &
Levitus, 1997), ranged from 21 to 36 m during NF1704
(C1-C3) and 11–27 m during NF1802 (C4-C5).

NO3
−+ NO2

−, ammonium, phosphate
and DON concentrations

The concentrations of NO3
− + nitrite (NO3

−+NO2
−)

in water-column samples were measured using a chemi-
luminescent method with a lower quantification limit
of 0.1 μM and mean standard deviation of ±0.1 μM
(Braman & Hendrix, 1989). Concentrations of NH4

+

were quantified using the fluorescent OPA method with
a lower limit of 25 nM and mean standard deviation
of ±20 nM (Holmes et al., 1999). Soluble reactive phos-
phorus (PO4

3−) concentration measurements were made
using colorimetric methods with a lower quantification
limit of 50 nM (Koroleff, 1983). Concentrations of total
dissolved nitrogen (TDN) were measured using persul-
fate oxidation of TDN to NO3

− according to (Knapp
et al., 2005), and the resulting NO3

− concentration was
measured using chemiluminescence as described above.
The concentration of DONwas calculated by subtracting
the concentrations of NO3

−+NO2
− and NH4

+ from
the TDN concentration. In samples with undetectable
levels of NO3

−+NO2
− (i.e. most samples in the upper

100 m), the average standard deviation of DON concen-
tration was ±0.3 μM, with a propagated error for DON
concentration with detectable levels of NO3

−+NO2
− of

±0.32 μM.

NO3
−+ NO2

− δ15N, δ18O and DON δ15N
measurements

The δ15N of NO3
−+NO2

− in samples was mea-
sured using the denitrifier method (Casciotti et al.,
2002, Sigman et al., 2001, Weigand et al., 2016) and
calibrated using standard bracketing techniques with
IAEA N3 (δ15N= 4.7�, δ18O= 25.6�), and USGS
34 (δ15N= −1.8�, δ18O= −27.9�), and for δ18O,
additionally with USGS 35 (δ18O= 57.5�) as described
by (Mcilvin & Casciotti, 2011). The mean standard
deviation of replicate NO3

−+NO2
− δ15N and δ18O

analyses was <0.2�. The δ15N of TDN was determined
using persulfate oxidation according to (Knapp et al.,
2005), with the resulting NO3

− δ15N determined with the
denitrifier method after adjusting the sample to pH= 4.
The δ15N of DON was calculated by mass balance by
subtracting the concentration and δ15N of NO3

− +NO2
−

from the TDN concentration and δ15N. When the
concentration of NO3

−+NO2
− was below detection,

the average standard deviation of duplicate analyses of
DON δ15N was ±0.3�. When the concentration of
NO3

−+NO2
− was proportionate to the concentration

of DON in the sample the propagated error for replicate
analyses of DON δ15N was ±0.6�, determined using a
Monte Carlo approach (Press et al., 1992).

Chlorophyll a concentration,
Trichodesmium spp. abundance,
and suspended particulate N concentration
and δ15N measurements
The concentration of chlorophyll a was determined by
calibrating the CTD fluorescence sensor with Niskin-
bottle based HPLC pigments as described in Selph
et al. (2021). Additionally, trichomes of the diazotroph
Trichodesmium spp. were enumerated digitally using an
OMAX A355OU camera and ToupLite software as
described in (Selph et al., 2021). Suspended particulate
organic nitrogen (PNsusp) was collected by filtering 2.2 L
of water onto a precombusted (450◦C for 4 h) Whatman
glass fiber filter and its mass and isotopic composition
was determined by an elemental analyzer interfaced to
an isotope ratiomass spectrometer at theUCDavis Stable
Isotope Facility with a lower detection limit of 2.2 μg N
and precision of ±0.3� for 80 μg N samples.

Sinking particulate N flux and δ15N
measurements

Surface-tethered, VERTEX-style particle-interceptor
traps (PIT) were deployed at three depths: a “shallow”
trap deployed at 60 m, below the mixed layer; a “mid-
depth” trap deployed just below the base of the euphotic
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zone (i.e. 117 m on C5, 140 m on C1-C3, and 151 m
on C4); and a “deep” trap deployed at 231 m. PIT
tubes (8:1 aspect ratio, baffle on top constructed of
smaller tubes with 8:1 aspect ratio) were deployed with
a formalin-brine for 2.2–4.5 days. After recovery, they
were filtered through a 100-μm filter and swimmers
were removed during inspection at 25× magnification
(Zeiss stereomicroscope). Triplicate brine tubes were then
filtered through precombustedWhatman glass fiber filters
and the Nmass flux (“PNsink flux”) and δ15N of the PNsink
flux were determined as described above for suspended
particles. A complete description of the sediment trap
deployment and sample collection is given in (Stukel et al.,
2021).

Zooplankton excretion flux and its isotopic
composition

Estimates of N loss from the euphotic zone due to excre-
tion of diel migrant zooplankton at their mesopelagic
daytime depths were calculated from the size-fractioned
biomass measurements of (Landry & Swalethorp, 2021)
and the empirical allometric relationship of Ikeda
(1985) for ammonium and/or urea excretion (E: μg N
organism−1 h−1):

lnE = −2.176 + 0.829 ln Ci + 0.0648T

where Ci is the average C content of individual zoo-
plankters in size fraction i and T (◦C) is the environmen-
tal temperature at 300–500 m. Mesozooplankton were
collected daily during experimental cycles at mid-day
and mid-night with a 1-m diameter ring net (0.2-mm
Nitex mesh) towed obliquely through the euphotic zone.
The collected organisms were wet sieved through nested
Nitex screens of 5, 2, 1, 0.5 and 0.2 mm Nitex mesh
to produce five size classes of 0.2–0.5, 0.5–1, 1–2, 2–
5 and >5 mm. Size fractions were oven dried (60◦C)
for total dry weight, ground to a powder, and analyzed
for C and N content and isotopes (δ13C and δ15N) by
an elemental analyzer coupled to an isotope ratio mass
spectrometer (EA-IRMS) (Owens and Rees, 1989). For
each pair of day–night samples, migrant biomass was
determined as the difference between night–day C for
each size fraction. For individual C contents, Ci, in the
Ikeda (1985) equation, we used mean values of 2.4, 7.4,
41, 140 and 2 782 μg C ind−1 for the 0.2–0.5 to >5 mm
size fractions, respectively (Landry et al., 2001). Migrant
abundances in each size fraction were calculated from
measured C biomass and the individual Ci estimates, and
migrants were assumed to spend 12 h d−1 at mesopelagic
depths (300–500 m).

Since few have measured it directly, we consider the
δ15N of zooplankton excretion to be relatively uncer-
tain. Consequently, we used lower and upper bound esti-
mates, 3� and 5�, respectively, for the magnitude of
the isotope effect associated with zooplankton N excre-
tion. The 3� estimate reflects the difference between
the δ15N of copepod and doliolid biomass and excreted
N in the northwest Pacific Ocean (Checkley & Miller,
1989). This estimate is also consistent with prior stud-
ies of N isotopic enrichment in food webs (Checkley &
Entzeroth, 1985, Deniro & Epstein, 1981, Minagawa &
Wada, 1984, Wada et al., 1987). The 5� estimate comes
from organismal N mass and isotopic observational and
modeling constraints (Stukel et al., 2018). Uncertainties
in the day–night biomass of each size class were prop-
agated through all measurements using Monte Carlo
approaches.

RESULTS

NO3
−+ NO2

− concentration, δ15N, δ18O

The concentration of NO3
−+NO2

− in the upper 100 m
was <0.1 μM and increased with depth (Figs. 2 and
3). Water-column profiles of thermocline NO3

− +NO2
−

δ15N and δ18O show similar trends among the cycles
and little variation on potential density surfaces, with
a NO3

−+NO2
− δ15N maximum of ∼5� at 650 m,

which decreases up through the shallower thermocline
to a minimum of 2.0 to 3.0� at 231 m (Figs. 2 and
3). The δ18O of NO3

−+NO2
− throughout the water

column was largely 1.5± 0.5� (Fig. 3), with the δ18O of
NO3

−+NO2
− in samples shallower than 150 m> 3.0�

in the same samples with elevated NO3
−+NO2

− δ15N
(Fig. 3).

DON and PNsusp concentration and δ15N

DON concentration in the NF1802 samples was largely
consistent among stations (Fig. 4). Profile concentrations
averaged between 4 and 5 μM in the upper 100 m.
The mean δ15N of DON varied between 3.0 and 3.5�,
but showed more variability among stations than DON
concentration (Figs. 4 and 5). Exceptions to these mean
values include a station from C5 near the shelf/slope
break where higher DON concentration (7.3 μM) was
found in surface waters with a relatively elevated δ15N
of 4.5� (Fig. 4). This surface water sample also had
a relatively low salinity (35.28) compared with the
underlying 40 m sample (36.45). However, other samples
further offshore with a similar salinity, 35.0–36.0, had
a δ15N between 3.0 and 4.0� (Fig. 4). Other samples
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Fig. 2. Measurements supporting δ15N budget calculations, including the concentration (open circles) and δ15N (filled circles) of NO3
− +NO2

−
as well as PNsink δ15N (filled triangles) from the 2017 (a) and 2018 (b) cruises, with “C1” represented by solid pink lines, “C2” represented by dashed
light blue lines, “C3” represented by dotted green lines, “C4” represented by solid red lines, and “C5” represented by dashed dark blue lines. Error
bars represent ±1 S.D. and are smaller than the symbol size for NO3

− +NO2
− concentration and often the NO3

− +NO2
− δ15N measurements.

near the shelf/slope break collected from 75 and 100 m
with relatively high DON δ15N, from 4.0 to 6.0�, had
salinities >36. Additionally, two stations further offshore
had δ15NDON<3� at several depths in the upper 100m
(Fig. 4). All samples at these stations had salinity >36.
No significant changes in DON concentration or δ15N
were found over the course of the Lagrangian cycles
(Figs. 4 and 5).
The mean PNsusp concentration in the upper 100 m

on the NF1704 cruise was ∼1.0 μM, and ranged from
0.7 to 2.0 μM and was higher than the mean PNsusp
concentration on the NF1802 cruise (mean∼ 0.6 μM,
ranging from 0.3 to 1.3 μM) (Fig. 5) (Table III). The
mean δ15N of PNsusp on NF1704, 1.0–2.0�, was not
significantly different from that on NF1802, 1.0–2.5�.
Finally, like DON, we found no significant gradients with
depth or over the course of the Lagrangian cycles for
either PNsusp concentration or δ15N in the upper 100 m
(Fig. 5) (Table III).

The flux and isotopic composition of PNsink
and zooplankton excretion
The largest flux of N out of the euphotic zone was
the PNsink flux. The range and mean PNsink mass flux
(±1 SD) and mean, mass-weighted δ15N of the PNsink
flux (±1 S.D.) for each cycle, determined by averaging
the PNsink collected in three brine tubes per floating
sediment trap deployment, is reported in Table I (Fig. 2).
The mean PNsink mass flux into the 60 m traps, rep-
resenting upper euphotic zone export from the mixed
layer, ranged from 0.59± 0.04 (C4) to 1.53± 0.6 (C1)
mmol N m−2 d−1 (Table I). Mean PNsink fluxes out of the
euphotic zone, as recorded by the mid-depth trap, ranged
from 0.46± 0.02 (C1) to 1.1± 0.18 (C3) mmol N m−2

d−1 (Table I). The mean PNsink mass flux decreased with
depth except for C3, when the PNsink flux in the 140 m
trap was larger than (although not significantly different
from) that captured in the 60 m trap, 1.1± 0.18 vs.
0.98± 0.26 mmol N m−2 d−1, respectively (Table I). The
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Fig. 3. The concentration, δ15N, and δ18O of NO3
− +NO2

− from the NF1704 (filled squares) and NF1802 (filled circles) cruises plotted vs. depth
(a, b, and c, respectively) and on sigma theta surfaces (d, e, and f, respectively). Error bars represent ±1 S.D. and are smaller than the symbol size
for NO3

− +NO2
− concentration. Colors follow from Fig. 2.

Fig. 4. Location of sampling during the 2018 cruise (a) with concentration (b) and δ15N (c) of DON in the upper 150 m. Cross-section begins at
southwest end and finishes at northeast end of transect. Salinity contours overlay DON concentration and δ15N color contours in panels (b) and
(c), respectively.

PNsink flux in the 231 m trap was 35–50% of the PNsink
flux at the base of the euphotic zone (Table I). The mean
δ15N of the PNsink flux at 60 m, ranging from 1.6± 0.3�
(C3) to 3.8± 0.2� (C5), was lower than the δ15N of
PNsink flux in the deeper traps (Fig. 2, Table I). The δ15N
of the PNsink flux in the deepest two traps were typically
more similar to each other than the δ15N of the PNsink
flux in the euphotic zone, and the mean δ15N for both of
the deeper traps ranged from 2.9± 0.1� (C2, 120 m) to
5.0± 0.2� (C5, 231m) (Table I). Finally, we note that the
δ15N of the PNsink flux was always higher than the δ15N
of PNsusp.

Since we observed no gradients either with depth or
over the course of Lagrangian sampling in either PNsusp
or DON concentration in the euphotic zone (Table III,
Figs. 4 and 5), the only other quantifiable pathway
for N loss from the euphotic zone is via excretion or
defecation of nitrogenous waste from vertically migrating
zooplankton at depth or mortality of these organisms
at their daytime resting depths. The estimated rates
of zooplankton N excretion, in the form of NH4

+

(Checkley & Miller, 1989) and urea (Bidigare, 1983),
below the euphotic zone are reported in Table II.
The mean excretion rates of all vertically migrating
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Fig. 5. Cycle-mean (±1 S.D., with cycle colors following from previous figures) upper water column Trichodesmium spp. trichome abundance (bow
tie symbol) (a); chlorophyll a concentration (filled diamonds) (b), PNsusp concentration (open circles) and DON concentration (filled circles) (c), and
PNsusp δ15N (open circles) and DON δ15N (filled circles) (d).

zooplankton size classes were summed for each cycle,
and range from 19.6± 49.1 (C1) to 171.7± 103.3 (C5)
μmol N m−2 d−1 (Table II), with detailed descriptions
of these fluxes in (Landry & Swalethorp, 2021). These
zooplankton excretion fluxes are roughly an order of
magnitude smaller than the PNsink fluxes below the
euphotic zone (Tables I and II). Although we could
not quantify zooplankton mortality or defecation at

depth, we believe these fluxes are also small relative to
PNsink and hence neglect them in further calculations.
Estimates of the δ15N of zooplankton excretion assuming
a 3� isotope effect range from 0.6 to 3.1� and are
similar to or lower than the δ15N of both subsurface
NO3

− +NO2
− and the PNsink flux (Table I), which

range from −0.8 to 1.7� using the 5� isotope effect
(Table II).
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Table I: The mass and isotopic composition of the sinking particulate nitrogen flux captured in drifting
sediment traps, and results of δ15N budgets for traps deployed below the base of the euphotic zone for 2017
and 2018 cruises, including the range in NO3

−+ NO2
− δ15N end-member, fraction of export supported

by N2 fixation (“FN2fix”) and N2 fixation rate determined by multiplying PNsink flux by FN2fix. The
fractional importance of N2 fixation and geochemical N2 fixation rate estimates include contributions from
zooplankton excretion at depth (Table II), see text for details.

Year Cycle Trap depth

(m)

Mass flux

range

(mmol N m−2

d−1)

Mean mass

flux (±
1 SD)

(mmol N m−2

d−1)

PNsink δ15N

range

(� vs. N2

in air)

Mean

PNsink δ15N

(± 1 SD)

(� vs. N2

in air)

NO3
−+ NO2

−
δ15N (� vs.

N2 in air)

FN2fix (%) N2 fix rate

(μmol N m−2

d−1)

2017 1 60 1.01–2.10 1.53 ± 0.6 2.7–3.2 2.9 ± 0.3

140 0.44–0.49 0.46 ± 0.02 4.5–5.1 4.9 ± 0.3 3.2–3.8� 0 0

231 0.17–0.20 0.19 ± 0.02 4.1–4.5 4.2 ± 0.3

2 60 0.79–0.88 0.82 ± 0.05 1.9–2.9 2.5 ± 0.6

140 0.38–0.72 0.52 ± 0.18 2.8–2.9 2.9 ± 0.1 3.1–3.7� 18 ± 8 90 ± 40

231 0.19–0.25 0.22 ± 0.03 3.3–3.9 3.6 ± 0.3

3 60 0.83–1.28 0.98 ± 0.26 1.4–1.8 1.6 ± 0.3

140 1.01–1.34 1.1 ± 0.18 1.0–1.3 3.9 ± 1.5 2.8–3.8� 0 ± 30 0 ± 336

231 0.32–0.55 0.4 ± 0.13 3.5–3.9 3.6 ± 0.2

2018 4 60 0.45–0.62 0.59 ± 0.04 2.4–2.7 2.5 ± 0.2

151 0.38–0.57 0.47 ± 0.10 3.4–3.7 3.8 ± 0.4 2.0–2.2� 0 0

231 0.23–0.25 0.25 ± 0.01 4.5–4.9 4.7 ± 0.2

5 60 1.00–1.13 1.08 ± 0.07 3.6–4.0 3.8 ± 0.2

117 0.67–1.03 0.87 ± 0.18 4.5–4.7 4.6 ± 0.1 2.9–3.8� 0 0

231 0.30–0.34 0.32 ± 0.02 4.8–5.1 5.0 ± 0.2

Table II: The ammonia+urea excretion flux by diel vertically migrating zooplankton and its estimated
isotopic composition. All zooplankton size fractions were summed and the bulk zooplankton isotopic
composition represents the mass-weighted mean δ15N of all zooplankton size fractions in each cycle. The
estimated δ15N of the excrection flux is calculated by: 1) assuming a difference of 3� between the δ15N
of the bulk zooplankton biomass and the δ15N of the excretion (next to last column) (Checkley and Miller,
1989), and, 2) modeling zooplankton size and fraction of biomass below the euphotic zone, and assuming
an isotope effect of 5� for zooplankton excretion (last column) (Stukel et al., 2018). See text for details.

Year Cycle Export

depth (m)

Net tows

(n)

Mass flux

range

(μmol N m−2

d−1)

Mean mass

Flux (± 1 SD)

(μmol N m−2

d−1)

ZP δ15N

(± 1 SD) (� vs.

N2 in air)

Excreted δ15N∗
(±1 SD) (� vs.

N2 in air)

Excreted δ15N#

(± error) (�
vs. N2 in air)

2017 1 100 7 −37.0 to 49.2 19.6 ± 49.5 6.0 ± 1.3 3.0 ± 1.3 1.7 ± 0.7

2 100 4 49.0–119.8 84.4 ± 50.1 4.1 ± 1.2 1.1 ± 1.2 −1.8 ± 0.4

3 100 8 −52.0 to 126.8 41.9 ± 85.5 4.1 ± 1.2 1.1 ± 1.2 −1.1 ± 0.4

2018 4 100 9 −69.5 to 138.5 37.7 ± 87.2 3.6 ± 1.4 0.6 ± 1.4 −1.1 ± 0.2

5 100 9 81.9–309.0 171.7 ± 103.3 6.1 ± 1.0 3.1 ± 1.0 0.2 ± 0.3

aEstimated according to Checkley and Miller (1989), where δ15N of excretion flux is 3� lower than the δ15N of zooplankton.
bEstimated using a 5% isotope effect for zooplankton excretion as outlined in Stukel et al. (2018).

DISCUSSION

Comparison with prior regional
observations

Water-column profiles of NO3
−+NO2

− concentration
and isotopic composition from these cruises were
consistent with prior regional observations (Howe et al.,
2020). In particular, the decreasing NO3

−+NO2
− δ15N

up through the thermocline (Fig. 3) has been observed

previously in the GoM and North Atlantic and is
consistent with prior characterizations of the isotopic
composition of NO3

− +NO2
− in regional water masses

including the GoM (Howe et al., 2020), the Florida Straits
(Leichter et al., 2007), and the North Atlantic (Knapp
et al., 2008, Marconi et al., 2015, Marconi et al., 2019).
The increasing δ15N and δ18O of NO3

− +NO2
− in the

upper 150 m is consistent with NO3
− assimilation at

the base of the euphotic zone as has been observed
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previously in the region (Howe et al., 2020, Knapp et al.,
2005). The similarities of GoM samples toNO3

−+NO2
−

concentration, δ15N, and δ18O from the North Atlantic are
consistent with the Loop Current importing thermocline
water from the tropical and subtropical North Atlantic
into the GoM (Hernandez-Guerra & Joyce, 2000,
Hofmann & Worley, 1986, Morrison et al., 1983, Wilson
& Johns, 1997), as well as the relatively short residence
time of water in the GoM (Amon et al., 2020). The latter
prevents N inputs from the Mississippi River, submarine
groundwater discharge, andN2 fixation from significantly
modifying the concentration and isotopic composition
of NO3

− +NO2
− before leaving the GoM (Howe et al.,

2020).
To the best of our knowledge, these measurements of

DON δ15N are the first reported from the GoM. As was
found for the concentration and isotopic composition of
NO3

− +NO2
−, these DON observations are consistent

with regional observations from the Sargasso Sea,
between 3.0 and 4.0� (Figs. 4 and 5) (Knapp et al.,
2005, Knapp et al., 2011). The sample from C5 near
the shelf/slope break with elevated DON concentration
and δ15N and slightly lower salinity was collected near
DeSoto Canyon, and it is possible that the surface
sample included freshwater DON, possibly from the
Mississippi-Atchafalaya River System, other riverine (e.g.
Apalachicola) inputs, benthic DON, and/or submarine
groundwater discharge (Morey et al., 2003). Alternatively,
the elevated concentration and isotopic composition
may reflect production of DON near the shelf/slope
break (Kelly et al., 2021) that underwent subsequent
consumption with isotopic fractionation (Knapp et al.,
2018a, Zhang et al., 2020). Other samples collected
near the shelf/slope break with elevated DON δ15N
values deeper in the water column are not associated
with a decrease in DON concentration between the
surface and subsurface, indicating a different DON
source and not remineralization with depth as a likely
explanation with benthic sources potentially including
submarine groundwater discharge (Sanial et al., 2021).
A distinct DON source, such as benthic organic matter
and/or submarine groundwater discharge, may also be
responsible for the low-δ15N DON (1.7�) observed near
De Soto Canyon (Fig. 4).
While 100 m samples collected offshore with relatively

low DON δ15N (<3�) and salinity >36 were not asso-
ciated with elevated Trichodesmium spp. trichome abun-
dance, they may reflect recent low-δ15N inputs not cap-
tured by Trichodesmium spp. abundance at the time of
sampling. It is also notable that although Trichodesmium

spp. were most abundant in the upper 20 m (Fig. 5)
(Selph et al., 2021), consistent with prior observations of
their depth distribution (Capone et al., 2005), the δ15N

of DON was not significantly lower in the upper 20 m
than throughout the upper 100 m (Figs. 4 and 5). Thus,
if DON was released by Trichodesmium spp., it did not
accumulate to detectable levels in this pool (Knapp et al.,
2011), but instead may have been assimilated by other
phytoplankton that could then contribute to the sinking
flux (e.g. (Bonnet et al., 2016, Knapp et al., 2016b)). We
note that Trichodesmium spp. trichome abundance was low
compared to prior work in the Atlantic, where an average
of >2000 trichomes L−1 was observed (Carpenter et al.,
2004). No significant trends in DON concentration or
δ15N with depth were observed, which is also consistent
with losses of DON not typically observed in the upper
100m in oligotrophic regions, but instead seen at or below
150 m (Knapp et al., 2011). Finally, there is no evidence
for differences in DON concentration in the upper 50 m
vs. the 50–100 m depth horizon (Figs. 4 and 5), as would
be consistent withDON consumption within the euphotic
zone observed in regions transitional between productive
and oligotrophic regions (Knapp et al., 2018a, Zhang et al.,
2020).
The mean PNsusp concentration on these cruises, in

particular on the NF1704 cruise, was higher than is
typically found in oligotrophic environments such as
Bermuda and Hawaii. The concentrations of PNsusp
on NF1802 were closer to those typically observed in
oligotrophic euphotic zones such as near Hawaii and
Bermuda, where PNsusp concentrations are typically 0.3–
0.4 μM (Altabet, 1988, Fujiki et al., 2011). It is not clear
why the PNsusp was twice as high on NF1704 compared
to NF1802, as chlorophyll a concentrations in the upper
50 m were not meaningfully different between the 2 years
(Fig. 5), nor were other productivity metrics (Yingling
et al., 2021). The similarity of the mean δ15N of PNsusp
on both cruises suggests similar N supply and cycling
mechanisms were at work during both cruises. Regardless,
the δ15N of this PNsusp was higher than that typically
observed in the Sargasso Sea, −1 to 0� (Altabet, 1988,
Fawcett et al., 2011), or in other tropical Atlantic regions
where diazotrophs are abundant (Montoya et al., 2002).
The PNsink mass fluxes captured in the subeuphotic

zone traps are somewhat lower than observations closer to
the northern GoM shelf/slope break region (Hung et al.,
2004; Hung et al., 2010), but similar to other observations
from the Gulf from deeper waters (Maiti et al., 2016).
Additionally, these PNsink fluxes are similar to results from
the Sargasso Sea (Altabet, 1988) and are somewhat higher
than fluxes in the oligotrophicNorth (Casciotti et al., 2008,
Christian et al., 1997) and South Pacific (Knapp et al.,
2016a). Finally, the elevation of the δ15N of the PNsink
flux relative to the δ15N of PNsusp is consistent with prior
observations (Altabet, 1988, Altabet et al., 1991, White
et al., 2013).
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δ15N budget constraints on the sources of N
fueling export production in the GoM

In spite of low inorganic nutrient concentrations, olig-
otrophic surface waters still support rates of export pro-
duction comparable to regions with higher surface nutri-
ent concentrations (Emerson, 2014). Older δ15N budgets
in a similarly stratified oligotrophic region near Hawaii
have suggested that N2 fixation provides as much as
50% of the N supporting export production (Karl et al.,
1997; Dore et al., 2002). However, more recent δ15N
budgets, employing sensitive methods tomeasure the δ15N
of NO3

− present at lower concentrations immediately
below the euphotic zone indicate that export production
is primarily fueled by NO3

− near Hawaii (Casciotti et al.,
2008), assuming that the PNsink flux is the primary N loss
pathway from the euphotic zone. Even though PNsink is
the largest flux of N out of the euphotic zone, zooplank-
ton vertical migration and mortality or N excretion at
depth and vertical mixing of DOM and/or POM can
also be an important vector for C and N loss from surface
waters (Emerson, 2014) (Fig. 6). In the Sargasso Sea near
Bermuda, previous δ15N budgets have considered the
potential importance of DON and PNsusp consumption
as a N source fueling export production (Knapp et al.,
2005). In this previous study, with DON concentration
and δ15N similar to those in the GoM, calculated DON
and PNsusp consumption did not play a quantitatively
important role supporting export (Knapp et al., 2005).
Since a stably stratified water column suggested weak
mixing and DON and PNsusp vertical gradients were
not pronounced (Table III, Figs. 4 and 5), and since no
significant gradients were observed over the duration of
the Lagrangian cycles either, we cannot include PNsusp
or DON in these δ15N budget calculations. However, we
note that consumption of either PNsusp or DON at rates
sufficient to support the magnitude of export production
observed in the mid-depth trap would be difficult to
resolve in these measurements. For instance, if the PNsink
flux in the subeuphotic trap of C1, 0.46 mmol N m−2

d−1 (Table I) was entirely supported by the consumption
of DON or PNsusp occurring equally throughout the
upper 100 m, it would correspond to a loss of 4.6 nM N
d−1 from the DON or PNsusp pool, not detectable in
these concentration measurements over the course of the
2–4-day cycles.
With the exception of a recent study (Stukel et al., 2018),

previous δ15N budgets have not quantified zooplankton
N excretion at depth as another N loss term. Here, we
include zooplankton excretion below the euphotic zone
with the PNsink flux in Eqn. 1 to estimate the δ15N of total
N loss from the euphotic zone and compare that with the
δ15N of the presumed largest source of N fueling export,

subsurface NO3
−; Fig. 6 illustrates this conceptually and

includes the δ15N of N pools and fluxes in this study. If
the δ15N of the combined, mass-weighted N loss terms is
lower than the δ15N of subsurface NO3

− it implies that
the δ15N budget is imbalanced and an additional source
of N to the euphotic zone with a lower δ15N is required
to balance the isotopic composition of N losses. Here, we
assume N2 fixation is the best candidate for that low-δ15N
N source, which introducesNwith a δ15N between−2 and
0� to the euphotic zone (Carpenter et al., 1997, Hoering
& Ford, 1960, Minagawa & Wada, 1986). However, we
note that atmospheric deposition of N has a similarly low
δ15N signature (Dillon & Chanton, 2005, Hastings et al.,
2003, Knapp et al., 2010).
First considering the δ15N of the source NO3

−, we
see that water-column samples collected shallower than
231 m show elevation in NO3

−+NO2
− δ15N and δ18O

as the NO3
−+NO2

− concentration decreases (Figs. 2
and 3). This increase in both the δ15N and δ18O of
NO3

−+NO2
− reflects NO3

− assimilation, as is com-
monly observed below the euphotic zone (Granger et al.,
2004, Knapp et al., 2008, Wankel et al., 2007), and thus
does not represent the δ15N of the source NO3

−. Given
the difficulty in identifying the precise NO3

−+NO2
−

source depth, we evaluate a range in NO3
−+NO2

− δ15N
end-members, including the shallow NO3

−+NO2
− δ15N

minima in each profile, as well as the NO3
−+NO2

−

δ15N in the sample collected immediately below the δ15N
minima, in the δ15N budget calculations (Eqn. 1) (Table I).
Using a range of NO3

−+NO2
− δ15N values for the end-

member when calculating the importance and rate of
N2 fixation allows for variability in the depth from which
NO3

−+NO2
− is being mixed into the euphotic zone via,

e.g. internal waves breaking near the continental shelf
(Sharples et al., 2009, Sharples et al., 2007) and/or eddy
pumping (Falkowski et al., 1991).
Next, we consider the mass flux and isotopic com-

position of N loss pathways from the euphotic zone.
The two loss terms included in the δ15N budget calcu-
lations are the PNsink flux and zooplankton excretion.
As described above, the PNsink flux is roughly an order
of magnitude larger than the zooplankton excretion flux
(Tables I and II, Fig. 6). Because the δ15N of zooplankton
excretion is lower than the δ15N of the PNsink flux, the
δ15N of the combined export fluxes is close to, but up to
0.3� lower than, the δ15N of the PNsink flux. Including
the mass-weighted δ15N of the zooplankton excretion
flux estimated according to Checkley and Miller (1989)
(Table II) together with the PNsink flux modifies the δ15N
of the combined flux most significantly for C2, where it
increases the importance of N2 fixation from supporting
∼10 to 18% of export production. When evaluating the
δ15N budgets, we include both the range in the δ15N of
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Fig. 6. Schematic of nitrogen pools and fluxes to, from, and within the euphotic zone in the oligotrophic Gulf of Mexico. Dashed lines represent
low-δ15N fluxes, with solid lines representing transfers of relatively high δ15N. The mean flux magnitudes for fluxes out of the euphotic zone
quantified in this study, PNsink and zooplankton excretion, are shown in bold, with units of μmol N m−2 d−1, as well as their representative isotopic
composition. The mean concentrations and δ15N of PNsusp and DON in the euphotic are reported with concentration in units of μM. The δ15N
budgets described in the text compare the δ15N of subsurface NO3

− with the δ15N of the PNsink flux and the estimate of zooplankton excretion
below the euphotic zone. Regenerated NH4

+ represents an important low-δ15N N source fueling phytoplankton in the euphotic zone.

Table III: Mean concentration and nitrogen isotopic composition of suspended particulate organic nitrogen
(PNsusp) ± 1 SD

Cycle Depth PNsusp (μM) (±1 SD) PNsusp δ15N (±1 SD) n

1 5 1.25 ± 0.23 1.41 ± 0.75 4

1 20 0.95 ± 0.05 1.47 ± 0.87 4

1 30 0.89 ± 0.11 1.43 ± 0.72 4

1 50 1.10 ± 0.24 1.92 ± 0.50 4

1 70 0.93 ± 0.21 2.22 ± 1.44 4

1 100 1.02 ± 0.08 1.26 ± 0.91 4

2 5 1.13 ± 0.35 1.05 ± 1.37 3

2 20 0.90 ± 0.25 1.01 ± 1.18 3

2 40 0.88 ± 0.15 1.54 ± 0.97 3

2 60 0.90 ± 0.14 1.22 ± 0.75 3

2 80 1.09 ± 0.25 1.57 ± 1.59 3

2 115 0.85 ± 0.05 1.92 ± 1.26 3

3 5 1.26 ± 0.26 1.03 ± 0.49 4

3 20 1.10 ± 0.22 0.94 ± 1.27 4

3 40 1.21 ± 0.53 1.37 ± 0.31 4

3 60 1.17 ± 0.14 2.33 ± 0.75 4

3 80 1.02 ± 0.32 2.52 ± 1.75 4

3 115 1.04 ± 0.52 2.50 ± 0.72 4

4 5 0.56 ± 0.04 2.02 ± 2.33 5

4 20 0.52 ± 0.07 1.88 ± 1.90 5

4 40 0.48 ± 0.08 2.48 ± 2.45 5

4 55 0.42 ± 0.03 1.99 ± 1.40 5

4 80 0.48 ± 0.06 1.66 ± 1.95 5

4 114 0.52 ± 0.10 1.67 ± 2.41 5

5 5 0.78 ± 0.14 3.01 ± 0.88 5

5 12 0.67 ± 0.05 2.39 ± 0.58 4

5 24 0.73 ± 0.29 2.76 ± 1.37 5

5 42 0.74 ± 0.22 2.47 ± 1.65 5

5 60 0.55 ± 0.05 0.25 ± 0.37 3

5 70 0.72 ± 0.12 2.90 ± 0.14 2

5 80 0.98 ± 0.51 2.36 ± 1.57 2

5 90 0.49 ± 0.04 2.30 ± 1.0 2

5 100 0.45 −0.77 1
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the NO3
−+NO2

− end-member as well as the standard
deviation associated with the PNsink δ15N measurement
in our uncertainty estimates (Table I).
Using these constraints in Eqn. 2 indicates that N2

fixation was not detected as a N source supporting export
production in four of the five cycles (Table I). This is
qualitatively evident from comparing the δ15N of the
dominant N loss term, the PNsink flux, with the δ15N of
subsurface NO3

−+NO2
− (Fig. 2), and is consistent with

the low abundance of Trichodesmium spp. in this study,
<10 trichomes L−1 (Fig. 5) (Selph et al., 2021) compared
with prior work where >2000 trichomes L−1 have been
observed in the tropical North Atlantic, e.g. (Capone et al.,
1998, Capone et al., 1997, Carpenter et al., 2004). We
see that the δ15N of the PNsink + zooplankton excretion
fluxes is nearly always higher than the δ15N of subsurface
NO3

−+NO2
− (Fig. 2, Tables I and II). Only inC2 during

the 2017 cruise was the δ15N of the combined export
fluxes lower than the δ15N of subsurface NO3

−+NO2
−

(i.e. 2.6� vs. 3.1–3.7�, respectively) (Fig. 2; Table I),
allowing for an input from a low-δ15N N source to balance
the δ15N of N inputs to and loss from the euphotic zone.
N2 fixation is estimated to have supported 18± 8% of
export production during C2 (Table I). Multiplying this
fractional importance of N2 fixation by the combined
PNsink and zooplankton excretion fluxes yields an esti-
mated N2 fixation rate of 90± 40 μmol N m−2 d−1 dur-
ing C2 (Table I). Additionally, the range in the δ15N of
subsurface NO3

−+NO2
−, the large standard deviation

associated with the PNsink δ15N measurement, and the
high PNsink flux indicates that N2 fixation during C3
supported 0± 30% of export production, corresponding
to N2 fixation rates of 0± 336 μmol N m−2 d−1 (Table I).
The detection of N2 fixation during the 2017 and not
2018 cycles is consistent with the higher, albeit still very
low, abundance of Trichodesmium spp. in 2017 vs. 2018
(Fig. 5; Selph et al., 2021). These geochemically derived
N2 fixation rates are also consistent with the range of
previously reported 15N2 uptake rates from the northern
GoM (Redalje et al., 2019) and references therein. In
particular, (Weber et al., 2016) reported low rates of 0.07–
0.37 nmol N L−1 d−1 in July 2013 near the northern GoM
shelf break, while (Holl et al., 2007) reported July 2000
rates of 85± 18 μmol N m−2 d−1 from sites near to this
study area. This range in previously reported 15N2 uptake
rates largely brackets the geochemical estimates of N2
fixation rates from this study (Table I). The N2 fixation
rates estimated from these δ15N budgets are relatively low
compared with those found throughout the global ocean
(Luo et al., 2012), and are consistent with previous work
that found a minor role for N2 fixation supporting export
production in the nearby Sargasso Sea (Altabet, 1988,
Fawcett et al., 2011, Knapp et al., 2005).

We note that low rates of N2 fixation (<50 μmol Nm−2

d−1) by all diazotrophs may have occurred in the study
region and not been detected by the δ15N budget (Knapp
et al., 2005). However, prior work in the Arabian Sea com-
paring Trichodesmium spp. trichome abundance and PNsink
δ15N only observed a depression in the δ15N of PNsink
when >2000 trichomes L−1 were observed (Capone et al.,
1998). To explore the quantitative potential for N2 fix-
ation by Trichodesmium spp. at the trichome abundances
observed in this study to influence the δ15N of PNsusp
and/or the δ15N of DON, we consider the following. If
there were 10 Trichodesmium spp. trichomes L−1 in all of
our study locations and times (Fig. 5) (Selph et al., 2021)
fixing at a rate of 1.0 pmol N trichome−1 hr−1 (Capone
et al., 1998), and N2 fixation occurred over a 12-hour
photoperiod, that would correspond to 120 pM N fixed
d−1. We could further make the (unrealistic) assumption
that all of that newly fixed N accumulated as DON,
none went into Trichodesmium spp. biomass, none went
into higher trophic levels, no Trichodesmium spp. sank out
(Hewson et al., 2007, Marumo & Asaoka, 1974), and
none of the DON was advected away due to circulation.
Making the same assumptions to maximize newly fixed N
accumulation in the DON pool, and sustaining that rate
of N2 fixation over 100 days, this would only correspond
to an accumulation of 12 nM DON. This quantity of
newly fixed N would not be detectable in terms of con-
centration or isotopic composition in the DON or PNsusp
pools (Knapp et al., 2008, Knapp et al., 2005, Knapp
et al., 2011). In contrast to the mass and isotopic inertia
of the PNsusp and especially the DON pools, the short-
time period over which the PNsink flux integrates over
means the PNsink flux is the most responsive to small
changes in the relative source of new N fueling export,
and thus the best target for detecting N2 fixation inputs
(Altabet, 1988, Karl et al., 1997). Given that Thorpe-
scale analyses indicate that vertical NO3

− transport at
the time of sampling was low, N fueling the PNsink flux
may have originated from upwelling of NO3

− near the
shelf break (Sharples et al., 2009, Sharples et al., 2007)
and lateral advection of resulting organic N (Kelly et al.,
2021). Finally, we note that while we have assumed that
any low-δ15N inputs to the system are from N2 fixation,
the rate of N2 fixation estimated by the δ15N budget for
Cycle 2, 90 μmol N m−2 d−1 (Table I) is comparable to
rates of atmospheric NO3

−+NO2
− deposition in the

region, 20–30 μmol N m−2 d−1 (Hastings et al., 2003, Katz
et al., 2009, Prospero et al., 1996), which has a similarly
low δ15N (Dillon & Chanton, 2005, Hastings et al., 2003,
Knapp et al., 2010). Given the low diazotroph abundance
observed on these cruises (Selph et al., 2021), atmospheric
deposition of low-δ15N N may contribute to the low-δ15N
PNsink flux observed in Cycle 2.
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Mixed layer vs. subeuphotic zone PNsink
δ15N: the δ15N associated with regenerated
production
To the best of our knowledge, the PNsink flux and its δ15N
have not been reported from sediment traps deployed
within the euphotic zone before. The results from this
study show that the PNsink flux leaving the upper euphotic
zone typically exceeds the PNsink flux leaving the base
of the euphotic zone. On the NF1802 cruise, the PNsink
flux in the subeuphotic zone trap was 81% (C4) and 82%
(C5) of the PNsink flux captured in the 60-m trap. On
the NF1704 cruise, this ratio varied from 30 to 112%
(although the C3 measurement of 112% was not signifi-
cantly different from the PNsink flux measured in the 60-
m trap) (Table I). Taken together, these results suggest
that more particles were consumed in the vicinity of the
deep chlorophyll maximum than were produced at that
depth, with the net consumption of those particles con-
tributing to regenerated production (Stukel et al., 2021).
Importantly, the δ15N of the PNsink flux in the 60 m traps
was 0.4–2.0� lower than that in the deeper traps in all
cycles (Fig. 2) (Table I). The δ15N of the PNsink flux in
the 50 m traps ranged from 1.6± 0.3� to 3.8± 0.2�
(Table I). Interestingly, although perhaps not surprising
given the small sample size, the δ15N increase between
the 60 m and mid-depth traps does not appear related
to the ratio of the PNsink flux captured in the mid-depth
vs. euphotic zone traps, which would be expected if flux
attenuation between the traps was significant and associ-
ated with an isotope effect for N degradation. Regardless,
the difference in δ15N of the PNsink flux between the
euphotic and subeuphotic zone is consistent with regen-
erated production supported by low-δ15N N. This is also
consistent with high rates of NH4

+ regeneration that
have been found in the northern GoM to be the primary
source of N fueling primary productivity (Bode &Dortch,
1996,Wawrik et al., 2004). Regenerated NH4

+ is expected
to be relatively low in δ15N whether it originates from
zooplankton excretion (Checkley & Miller, 1989) (Deniro
& Epstein, 1981, Minagawa & Wada, 1984, Wada et al.,
1987), or from the degradation of DON (Knapp et al.,
2018a, Knapp et al., 2011, Zhang et al., 2020) or PNsusp
(Hannides et al., 2013). Moreover, multiple lines of evi-
dence indicate that low-δ15N forms of N accumulate in
the pools associated with regenerated production. Near
Bermuda, (Altabet, 1988) showed that the δ15N of PNsusp
was ∼3� lower than that of PNsink, whereas the δ15N
of PNsink was roughly equivalent to that of subsurface
NO3

−. Later, (Fawcett et al., 2011) found that low-δ15N N
sources supported the organisms carrying out regenerated
production near Bermuda. Additionally, they found that
the δ15N of eukaryotic phytoplankton near Bermuda was

elevated compared to cyanobacteria and heterotrophic
microbes. The δ15N of the eukaryotes was similar to that
of subsurface NO3

− and the PNsink flux, whereas the
δ15N of cyanobacteria was similar to the δ15N of the bulk
PNsusp pool and 1–5� lower than the δ15N of subsur-
face NO3

− (Fawcett et al., 2011). Together, this evidence
indicates that the δ15N of regenerated N retained in the
euphotic zone should be 1–6� lower than the δ15N of the
dominant source of N to surface waters, whereas the δ15N
of fluxes of N to and from should be roughly equivalent.
Thus, the magnitude of the δ15N increase between the
shallow and mid-depth traps observed in the GoM is
broadly consistent with the mechanisms outlined above
that would retain low-δ15N material in the euphotic zone
to support regenerated production and permit elevated
δ15N to leave via the PNsink flux.
Interestingly, the δ15N of the PNsink flux captured in

the 60 m traps, 1.6–3.8� (Table I), is relatively high com-
pared to the δ15N of PNsusp, 1.2–2.5� (Fig. 5), suggesting
that the 60 m PNsink flux is supported by allochthonous
sources of N, such as subsurface NO3

−, and/or is pro-
duced by organisms feeding relatively high in the food
chain. Additionally, the δ15N of PNsusp is elevated com-
pared to that collected near Bermuda,−1 to 0� (Altabet,
1988, Fawcett et al., 2011). The differences in the δ15N
of PNsusp from the GoM and near Bermuda qualitatively
indicate that NO3

− is an even more important source of
new N to surface waters and/or that the ratio of new to
regenerated production is higher in the GoM than near
Bermuda. Thus, the isotopic evidence overwhelmingly
indicates that subsurface NO3

−, and not N2 fixation, sup-
ports export production in these GoM samples. However,
we acknowledge the possibility that PNsink with a δ15N
between 2.8 and 4.9� could also result from a linear
combination of lateral sources of N with a relatively high
δ15N, potentially includingMississippi River and/or other
coastal sources, with sources of low-δ15N N, including N2
fixation, atmospheric deposition and/or the consumption
of DON with an isotope effect (Knapp et al., 2018a,
Zhang et al., 2020). None of our other measurements,
however, show any clear evidence of substantial riverine
or diazotrophic influence (Selph et al., 2021). We also note
that our results reflect a relatively short-sampling period,
and so does not preclude N2 fixation supporting a higher
fraction of export at other times.

CONCLUSIONS

Here we use a geochemical tool, a δ15N budget, to eval-
uate the sources of new N fueling export production
in the oceanic GoM. Measurements of water-column
NO3

−+NO2
− δ15N were compared with the δ15N of
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PNsink captured in floating sediment traps deployed below
the euphotic zone. The results of the δ15N budgets indi-
cate that subsurface NO3

−+NO2
−, not N2 fixation, is the

dominant source of new N supporting export production
in samples collected in the deep waters of the GoM in
May of 2017 and 2018. Geochemically estimated N2
fixation rates, when N2 fixation was detected at all, were
low and consistent with prior 15N2 uptake rates reported
from the northern GoM (Holl et al., 2007). We also report
the first measurements of DON δ15N from the GoM,
which are similar to prior observations from the Sargasso
Sea (Knapp et al., 2005, Knapp et al., 2011). Finally, the
difference in the δ15N of PNsink collected in the shallow vs.
mid-depth sediment traps is consistent with regenerated
production having a low δ15N compared to the δ15N of
the PNsink flux captured below the euphotic zone.
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