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Abstract Continental shelves contribute a large fraction of the ocean's new nitrogen (N) via N, fixation; yet,
we know little about how physical processes at the ocean's margins shape diazotroph biogeography and activity.
Here, we test the hypothesis that frontal mixing favors N, fixation at the Mid-Atlantic Bight shelfbreak. Using
the '>N,, bubble release method, we measured N, fixation rates on repeat cross-frontal transects in July 2019. N,
fixation rates in shelf waters (median = 5.42 nmol N L™! d™!) were higher than offshore (2.48 nmol N L~ta™h
but did not significantly differ front frontal waters (8.42 nmol N L™! d™"). However, specific N, uptake rates,
indicative of the relative contribution of diazotroph-derived N to particulate N turnover, were significantly
higher in frontal waters, suggesting that diazotroph-derived N is of greater importance in supporting
productivity there. This study furthered captured an ephemeral shelf-water streamer, which resulted from the
impingement of a warm core ring on the shelf. The streamer transported shelf-water diazotrophs (including
UCYN-A and Richelia spp., as assessed by qPCR) offshore with sustained high N, fixation rates. This feature
injected >50 metric tons d™' of newly fixed N to the Slope Sea—a rate equivalent to ~4% of the total N flux
estimated for the entire Mid-Atlantic Bight. As intrusions of Gulf Stream meanders and eddies onto the shelf are
increasing in frequency due to climate change, episodic lateral fluxes of new N into the Slope Sea may become
increasingly important to regional budgets and ecosystem productivity.

Plain Language Summary Nitrogen limits photosynthetic growth, and thus CO, drawdown, across
vast areas of the world's ocean. This limitation can be relieved through N, fixation—the conversion of N, gas to
a bioavailable form of N by a select group of microbes. Historically, marine N, fixation has largely been
ascribed to microbes living in and adapted to (sub)tropical waters of the central ocean basins where
concentrations of bioavailable N are exceedingly low. Yet, recent work has demonstrated that significant N,
fixation occurs on the continental shelves as well, with implications for both local and global N budgets. Here,
we present a case study from the Mid-Atlantic Bight, conducted in July 2019, which shows that N, fixation rates
were significantly higher in shelf waters than offshore. We found that short-lived physical transport processes
can move these active shelf-water communities offshore as they continue to fix N,. In the singular export event
captured by this study, which lasted only a few days, shelf-water N,-fixers added roughly 4% of the total annual
bioavailable N flux to the low-nutrient offshore waters. Because these events are projected to increase in
intensity with climate change, shelf-water N,-fixers may become increasingly important in fueling productivity
in the ocean's central basins.

1. Introduction

Marine dinitrogen (N,) fixation, the microbially mediated conversion of N, gas to ammonia, fuels ocean pro-
ductivity both globally and locally. On a global scale, N, fixation is the primary mechanism by which the ocean's
fixed nitrogen (N) inventory is replenished, compensating for fixed N losses via denitrification and anammox
(Gruber & Galloway, 2008). On local scales, N, fixation relieves N limitation across vast swaths of the world's
ocean (Moore et al., 2013). By enabling CO, drawdown, N, fixation is thought to profoundly influence global
climate on geologic timescales (Falkowski et al., 1998; Gruber, 2004; Hutchins et al., 2007).

The environmental factors that regulate the distribution and activity of N, fixing microbes (diazotrophs) remain
poorly constrained, hampering efforts to close the global N budget and effectively model regional

SELDEN ET AL.

1 of 14


https://orcid.org/0000-0002-5721-3061
https://orcid.org/0000-0001-8819-189X
https://orcid.org/0000-0001-7473-4873
https://orcid.org/0000-0003-3848-7013
https://orcid.org/0000-0002-1437-2425
https://orcid.org/0000-0001-5212-6228
mailto:crselden@marine.rutgers.edu
mailto:mmulholl@odu.edu
mailto:dreux@usf.edu
https://doi.org/10.1029/2023JC020651
https://doi.org/10.1029/2023JC020651
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JC020651&domain=pdf&date_stamp=2024-04-05

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2023JC020651

Methodology: C. R. Selden,

M. R. Mulholland, P. Bernhardt,

P. D. Chappell

Project administration: C. R. Selden,
M. R. Mulholland, P. Bernhardt,

D. J. McGillicuddy Jr., P. D. Chappell
Resources: M. R. Mulholland,

P. D. Chappell

Supervision: C. R. Selden,

M. R. Mulholland, D. J. McGillicuddy Jr.,

W. G. Zhang, P. D. Chappell
Visualization: C. R. Selden
Writing — original draft: C. R. Selden

Writing — review & editing: C. R. Selden,

M. R. Mulholland, K. E. Crider,

S. Clayton, A. Macias-Tapia, P. Bernhardt,

D. J. McGillicuddy Jr., W. G. Zhang,
P. D. Chappell

biogeochemistry. Early marine work focused largely on N, fixation in severely N-limited ocean basins, identi-
fying the filamentous cyanobacterium Trichodesmium as the major contributor to new N inputs (e.g., Capone
et al., 1997; Dugdale, 1961; Dugdale et al., 1964). Trichodesmium is highly active in N-depleted waters where
phosphorus and iron, a key constituent of the nitrogenase enzyme which mediates N, fixation, are available.
Subsequent development and broad application of both molecular and microscopic approaches led to the iden-
tification of numerous other diazotrophs which differ in their biogeography (Zehr & Capone, 2020), including
several symbiotic diazotrophic clades residing within diatom (Carpenter et al., 1999; Schvarcz et al., 2022) and
haptophyte (Thompson et al., 2012) hosts. These groups are thought to be less sensitive to ambient dissolved
inorganic N (Zehr & Capone, 2020) and, in some cases, appear to thrive in coastal upwelling systems (e.g., Mills
et al., 2020; Selden et al., 2022; Voss et al., 2006), potentially extending the life of phytoplankton blooms where
ambient N is drawn down in advance of other nutrients. Realization that these organisms significantly augment
ocean fixed N inputs, and that community N, fixation in many systems is less sensitive to ambient N than
previously thought (Knapp, 2012; Mulholland & Capone, 2000; Mulholland et al., 2001) has led to increased
interest in coastal N, fixation.

Though N, fixation on continental shelves remains drastically under-sampled globally, recent work from the
western North Atlantic Ocean has established that it contributes significantly to the N budget of this basin
(Mulholland et al., 2012, 2019; Selden, Chappell, et al., 2021; Tang et al., 2019, 2020). Mulholland et al. (2019)
estimated that a small swath of the continental shelf from the Mid-Atlantic Bight (MAB) to the Gulf of Maine,
which accounts for only 6.4% of the total shelf area around the North Atlantic, contributed 0.28 Tg N yr™'. This
value represents >7% of total new N inputs to the North Atlantic basin (Capone et al., 2005; Mahaffey et al., 2005)
and is equivalent to the fixed N contribution previously estimated for the entire North Atlantic shelf (Nixon
et al., 1996). Indeed, N, fixation rates on the Mid- and South Atlantic Bight continental shelves (<200 m) are
typically an order of magnitude greater than comparable measurements offshore, largely due to higher biomass
(Selden, Chappell, et al., 2021). However, both high biomass and high specific N, uptake rates—a value rep-
resenting the relative contribution of N, fixation to community turnover of particulate N (PN)—were observed
near the Cape Hatteras front, resulting in exceptionally high N, fixation rates in August 2016 (Selden, Chappell,
et al., 2021). Similarly, high N, fixation rates were observed near the sheltbreak front south of New England in
June 2011 (Mulholland et al., 2019).

Density fronts in the ocean profoundly influence ocean ecology and biogeochemical cycling due, in part, to their
role as so-called “nutrient gateways”, guarding exchange of materials between chemically distinct waters (Palter
et al., 2013). In Western Boundary Current regions like the western North Atlantic, the distinct environmental
characteristics of frontal waters enhance plankton diversity and favor opportunist taxa, including diatoms, by
injecting nutrients into euphotic ocean waters (Clayton et al., 2014; Mangolte et al., 2022; Oliver et al., 2021).
Recent observations (e.g., Bourbonnais et al., 2009; Lu et al., 2019; Mulholland et al., 2019; Selden, Chappell,
etal., 2021) hint that diazotrophy may be elevated in frontal systems. If so, such an enhancement may be driven by
frontal physico-chemical conditions, including along-isopycnal upwelling of nutrients like phosphorus and iron
(e.g., due to convergence in the bottom boundary layer; Linder et al., 2004). However, to date, such observations
have largely been made at low spatial resolution with relatively few samples collected from true frontal waters.
Given the highly dynamic nature of frontal zones, greater spatial and temporal resolution is necessary to assess
how diazotroph biogeography and activity may respond to water mass mixing.

This work sought to determine whether shelfbreak frontal dynamics enhance diazotrophy, using the MAB as a
case study. The MAB shelfbreak is a productive and bio-physically dynamic region; cool, low-salinity waters of
terrestrial and Arctic origin flow southwest alongshore on the shelf, abutting warm, salty Slope Sea waters
offshore. The shelf and offshore waters are separated by a semi-persistent shelfbreak front. The front is bar-
oclinically unstable and prone to meanders, which can drive cross-shelf mixing (Zhang & Gawarkiewicz, 2015b).
The Gulf Stream, carrying water with temperature and salinity even higher than the Slope Sea, flows north-
eastward offshore. Instabilities of the Gulf Stream often develop into large-amplitude meanders or (sub) meso-
scale warm core rings, both of which can directly impinge on the MAB shelfbreak, alter the shelfbreak frontal
structure, and drive significant water mass exchange between the shelf and the Slope Sea (Gawarkiewicz
et al., 2018; Zhang & Gawarkiewicz, 2015a).

In this study, we examined diazotroph activity and biogeography across the sheltbreak front south of New En-
gland (the northern end of the MAB) in July 2019. We repeatedly sampled shelf, front, and offshore waters over a
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Figure 1. (a) Mean regional sea surface temperature (SST) in July 2019 and 8-day averaged sea surface chlorophyll a (Chl a)
concentrations on (b) 4-11 July and (c) 12—19 July 2019, overlying sampling stations. In panel (a), the box shows the location
of panels (b) and (c) The dashed line indicates the 200 m isobath. ‘WCR’ indicates the warm core ring derived from the Gulf
Stream. ‘MAB’ indicates the Mid-Atlantic Bight. Data source: MODIS, NASA Goddard Space Flight Center, accessed 27
March 2023.

2-week period. At the beginning of our expedition, we encountered a shelf-water streamer—a thin filament of
surface water from the shelf driven offshore into the Slope Sea by the impingement of a warm core ring which
spawned off the Gulf Stream (Zhang et al., 2023). We show that N, fixation is enhanced in shelf waters, and that
these diazotrophic communities remain active as shelf-waters are advected offshore, bringing a significant pulse
of newly fixed N into the Slope Sea.

2. Materials and Methods
2.1. Hydrographic Observations

Samples and hydrographic profiles were collected onboard the research vessel (R/V) Thomas G. Thompson in
July 2019 (Figure 1). We repeatedly occupied a high resolution (7 km) north-south transect at the New England
shelfbreak, and collected several additional samples from an east-west transect which crossed over the streamer
and other peripheral stations, over a 2 week period (5-17 July; Figure 1). Our transect captured both cool, low
salinity MAB shelf waters and warm, salty Slope Sea waters. The first several days of sampling (July 6-8) were
devoted to study of the streamer (Figure 1b).

Vertical conductivity-temperature-depth (CTD) profiles were collected using a CTD-rosette equipped with 24
10 L Niskin bottles, a photosynthetically active radiation (PAR) sensor (BioSpherical Instruments), and a
chlorophyll a fluorometer (WetLabs FLNTURTD). Samples to determine nitrate, phosphate, and silicate con-
centrations were filtered (0.4 pm, polycarbonate) directly from Niskin bottles in acid-washed polyethylene bottles
and stored frozen until analysis via standard colorimetric methods at the WHOI Nutrient Analytical Facility using
a SEAL Analytical AA3 HR discrete chemistry analyzer. Detection limits for nitrate, phosphate, and silicate
methods were 0.040, 0.030 and 0.009 puM, respectively.
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2.2. N, Fixation Rate Measurements

N, fixation rate measurements were quantified using the bubble release technique (Chang et al., 2019; Klawonn
et al., 2015), a variant of the !> N, tracer method (Montoya et al., 1996) which accounts for the slow dissolution
time of N, gas (White et al., 2020). The particulars of our approach have been recently described (Selden
et al., 2019; Selden, Chappell, et al., 2021; Selden, Mulholland, et al., 2021). In brief, whole water from Niskin
bottles was collected into 10 L LDPE carboys. To assess the initial isotopic enrichment and mass of PN, three
aliquots of this sample (0.1-2 L depending on sample biomass) were filtered through combusted (4 hr, 450°C)
glass fiber filters (0.3 pm, GE-75, Advantec) on a '>N tracer-free filtration rig. These filters were collected in
clean microcentrifuge tubes and stored frozen (—20°C) until analysis at Old Dominion University (see below).

To measure '°N,, uptake, triplicate PETG bottles (0.5-2 L) were rinsed with whole water then filled, ensuring that
no bubbles remained. '°N, gas (~99%, Cambridge Isotope Laboratories) was added using a gas-tight syringe
(VICI Precision Sampling) through flexible silicon septa; samples were gently rocked for 15 min as described by
Selden et al. (2019). Any remaining bubble was subsequently removed to ensure constant isotopic enrichment
over the incubation period, and bottles were incubated on-deck for approximately 24 hr. To avoid temperature-
shocking our samples as we moved back-and-forth across the front, which had a very large temperature gradient
(~16-26°C), we maintained three on-deck incubators that recirculated water through aquaria chillers (MC-1/
10HP, AquaEuroUSA) housed in custom casings (built from King Starboard plastic sheet) for protection and
maintained approximate temperature conditions for shelf, frontal, and offshore waters, respectively.

At the end of the incubation period, a 6 ml sample aliquot was collected from each bottle and transferred to a
helium-purged Exetainer™ containing 50 pl zinc chloride (50% w/v). These samples were stored at room
temperature and upside-down in 15 ml Falcon™ tubes, submerged in ultrapure water, until analysis at the UC
Davis Stable Iostope Facility. The remaining incubation volume was then filtered as described above for initial
PN samples. Initial and final PN isotopic composition and concentration were analyzed at Old Dominion Uni-
versity on a Europa 20/20 isotope ratio mass spectrometer with an automated N and carbon preparation module.
Low mass samples (<10 pg N) were excluded from downstream analysis as IRMS response can become non-
linear at low mass (White et al., 2020).

Specific N, uptake rates (SUR) were calculated following Montoya et al. (1996):

(APN,=,~ - APN,zn) 1

SUR = —_—
(Ay, —Apy,_,)  time

(1

where A represents the atom-% enrichment of the initial (+ = 0) or final (¢ = f) PN pool, or the N, pool. Across all
experiments, Ay, averaged 3.89 + 2.0%; experiments with <1% enrichment were excluded from downstream
analysis. The specific uptake rate represents the relative contribution of diazotroph-derived N to PN turnover
within a given sample. Absolute N, fixation rates (NFR) were calculated as:

NFR = SUR x [PN] @)

where [PN] indicates the PN concentration. Limits of detection and quantification were calculated per incubation
by propagating the minimum detectable difference between initial and final '°N atom-% enrichment of the PN
pool (3 and 100, respectively, n > 7 12.5 pg N standards measured daily) through Equation 2 (Ripp, 1996; White
et al., 2020). A rate was only considered detectable if two of three replicate incubations yielded detectable rates.

2.3. nifH Enumeration

To assess diazotroph diversity and abundance, whole water was collected in 4 L acid-washed (10% HCI) poly-
propylene bottles (Nalgene) and gently filtered via peristalsis onto 0.22 pm cartridge filters (Sterivex™, Milli-
poreSigma). Filters were preserved by displacing remaining water with air, then filling cartridges with
RNAlater™ (Life Technologies) and incubating for 12-18 hr at 4°C before flash-freezing in liquid nitrogen.
Samples were stored at —80°C until analysis. DNA was extracted using the AllPrep MiniKit (Qiagen) following
manufacturer's protocols but with the addition of a bead-beater step as described in Selden et al. (2022).
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The abundances of common diazotrophic clades were quantified in triplicate via quantitative PCR (qPCR) using
2x TagMan Fast Advanced Master Mix (Applied Biosystems) on a Real-Time PCR system (Applied Biosystems)
following Selden et al. (2022). Previously published custom primer/probe sets were employed to quantify the
haptophyte-symbionts UCYN-A1 (Church et al., 2005) and UCYN-A2 (Thompson et al., 2014), the diatom-
symbionts Richelia intracellularis, Richelia euintracellularis, and Richelia rhizosoleniae (Foster et al., 2007;
Selden, Chappell, et al., 2021), and Trichodesmium spp. (Selden, Chappell, et al., 2021). Custom synthetic
plasmids (GeneWiz) and no-template controls were run in triplicate for each analysis. To calculate effective limits
of detection and quantification, we assumed minimum detectable and quantifiable gene concentrations to be 3 and
10 copies reaction™ ", respectively (Bustin et al., 2020). Due to variability in sample filtrate volume, which ranged
from 1 to 4.3 L depending on sample biomass, detection and quantification limits ranged from 173 to 555 and
578-1,852 gene copies L™, respectively.

2.4. Statistics

For both rates and gene concentrations, values below the detection and quantification limits were forced equal to
zero and the detection limit, respectively, when visualizing data and conducting statistical tests. Groups were
compared via one-way analysis of variance (ANOVA). To avoid the assumption of normality, we assessed
significance by comparing computed test statistics (F values) to those derived from 10,000 random data per-
mutations (Manly, 2006).

3. Results
3.1. Regional Hydrography

To analyze the influence of hydrographic conditions on N, fixation activities, we consider three general water
masses as characterized by salinity, namely, shelf waters with salinity <34 psu, offshore waters with salinity
>35 psu, and frontal waters with salinity 34-35 psu. These categorical designations are consistent with prior work
on the New England shelfbreak front (e.g., Gawarkiewicz et al., 1996; Joyce et al., 1992; Zhang et al., 2023). Note
that the offshore waters include Slope Sea water and high-salinity ring water originating from the Gulf Stream.
The frontal waters here represent intermediate water masses that result from mixing of shelf and offshore waters,
and are not solely associated with the shelfbreak front. For instance, due to mixing with the ambient slope and ring
waters, much of the water at the edges of the streamer (described below) had salinity between 34 and 35 and was
thus categorized in this study as frontal.

In February 2019, five months prior to our study, a warm core ring detached from the Gulf Stream in the con-
tinental slope region southeast of Georges Bank (~64°W, 40°N); by March, it was impinging on the MAB shelf
(Zhang et al., 2023). As it spun, the ring drew 0.26 X 10° m® s™" of high biomass shelf water offshore into the
Slope Sea where it manifested as a thin filament (‘streamer’; Figure 1b) ~50 km wide and ~200 km long (Zhang
et al., 2023). Due to the lower density of shelf water, the streamer stayed in the surface layer overriding offshore
water. On the surface, the streamer was bounded to the west by ring water and to the east by Slope Sea water
(Figure 1b). Defining streamer water as water in the Slope Sea (offshore of the 200 m isobath) with salinity
<34.5, the streamer was ~50 m thick at the seaward edge of our sampling area (~80 km offshore of the 200 m
isobath) at the beginning of our expedition in July. This feature, which was described in detail by Zhang
et al. (2023), displayed heightened primary productivity and caused significant net offshore transport of algal
organic carbon (1.2 X 10° metric tons [mton] d_l) to the Slope Sea, and onshore transport of heat and salt. During
our expedition, the streamer weakened and shifted to the southwest of our study area (Zhang et al., 2023), leaving
shelf waters with high chlorophyll a entrained in the Slope Sea (Figure 1c). After persisting for ~5 months, the
streamer was finally absorbed into the Gulf Stream at the end of August (Zhang et al., 2023).

In the first days of sampling (July 6—8) our standard north-south transect along 70.8°W (Figure 1), the shelfbreak
front—which typically manifests with condensed isopycnals (or isohalines) shoaling offshore and outcropping at
the surface (Linder & Gawarkiewicz, 1998)—was absent. Instead, the isopycnals and isohalines were nearly
horizontal as a 50 m thick surface layer of shelf water was drawn offshore by the streamer on the eastern periphery
of the warm core ring (Zhang et al., 2023). This water mass exhibited low nitrate concentrations, with phosphate
concentrations ranging from ~0.1 to 0.4 uM (see Figure 9 in Zhang et al. (2023)). The streamer feature persisted
for several days on our north-south transect before migrating westward away along with the warm core ring
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Figure 2. Temperature-salinity diagrams with (a) N, fixation and (c) specific N, uptake rates depicted as colored dots, and
box-and-whisker plots showing range of (b) N, fixation rates and (d) particulate nitrogen (PN) concentration within the
euphotic zone (>0.1% surface PAR; <80 m depth) shelf (<34 psu; n = 54), frontal (34-35 psu; n = 13), and offshore
(>35 psu; n = 29) waters. On panels ‘a’ and ‘c’, black circles indicate rates that were detectable but not quantifiable with the
color representing the analytical detection limit. Measurements below the limit of analytical detection are denoted by an ‘x’
On panels ‘b’ and ‘d’, red stars indicate groups that significantly differ (one-way ANOVA; see Table S2 in Supporting
Information S1 for pertinent statistics). Printed values give the median for each group; circles show flier values, that is, those
greater than 1.5 times the inter-quartile range.

(Figure 1). Subsequent days of sampling on the north-south transect captured a more typical shelfbreak front with
relatively vertical isohalines separating shelf and offshore waters.

In both shelf and offshore waters, the upper mixed layer (<5 m), warmed by high summer solar radiation,
exhibited high temperatures (mean ~22.5°C). Below this thin surface layer, shelf waters were characterized by
low temperatures (mean ~11.6°C) relative to offshore waters (mean ~14.8°C). Shelf waters also exhibited higher
phosphate concentrations (Figure S1 in Supporting Information S1; Figures 9 and 13 in Zhang et al. (2023)),
lower nitrate:phosphate ratios (Figure S2 in Supporting Information S1), and higher biomass than offshore waters,
as indicated by elevated particulate organic carbon (Figure S3 in Supporting Information S1) and chlorophyll a
fluorescence (Figure S4 in Supporting Information S1; Figures 8 and 12 in Zhang et al. (2023)).

3.2. N, Fixation Rates

Across the study region, N, fixation rates ranged from below the limit of analytical detection to
178 18 nmol N L™! dfl, with a median rate of 3.30 nmol NL™ d~* (n = 96 replicated measurements; Table S2
in Supporting Information S1, Figure 2). N, fixation was detected in 80.2% of samples (n = 77) and was
considered quantifiable in 51.0% (n = 49). Of the detectable rates, 27.3% (n = 21) were measured in waters with
nitrate concentrations >1 pM; the median nitrate:phosphate ratio in these samples was ~10.

N, fixation rates were exceptionally high (>100 nmol N L™" d™") in four samples from water masses where nitrate
was undetectable (i.e., <0.040 pM) but phosphate and silicate remained measurable (>0.009 and 0.030 pM,
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Figure 3. N, fixation rates (nmol N L' d™") depicted as sized dots, overlying mean salinity (a, b) and temperature (c,
d) during the peak streamer period (July 6-7; a, c) and more typical shelfbreak frontal conditions (July 12-16; b, d) along the
north-south transect at 70.8°W. Dashed and solid lines indicate the 34.5 psu isohaline (indicating the center of the frontal
zone) and seafloor depth, respectively. All rates were measured within the euphotic zone (>0.1% surface PAR) at their
respective stations.

respectively; Table S2 Supporting Information S1). Of these high rates, one occurred in surface waters in the shelf
streamer at the most offshore transect station (July 6; Figures 3a and 3c) and another in surface waters at the edge
of the warm core ring adjacent to the streamer (salinity = 34.2 psu; July 8; Figure S5 in Supporting Informa-
tion S1). The other two exceptionally high rates were measured in shelf waters near the shelfbreak front after the
streamer had migrated away from the north-south transect (July 16; Figures 3b and 3d)—one at the surface and the
other at the top of the chlorophyll @ maximum (21 m below surface), which overrode a finger of moderate salinity
(~34.1 psu) water.

Elevated N, fixation rates (10-100 nmol N L™ d™') were observed throughout the study region in the warm,
stratified surface waters (>18°C, <5 m) across all water masses and the frontal zone (Figure 3a, Figure S6 in
Supporting Information S1). In these stratified surface waters, 97.0% of replicated samples were above the
detection limit, and 90.9% were considered quantifiable; the median N, fixation rate was 27.2 nmol N L™" d™"
(n = 33). This pattern in N, fixation rates was driven by an increase in the relative contribution of diazotrophs to
PN turnover (i.e., in the specific N, uptake rate): In surface waters, specific N, uptake rates were elevated
(Figure 2c; stratified surface waters exhibited o < 23) while PN concentrations generally peaked deeper in the
water column (Figure S7 in Supporting Information S1).

Though rare, elevated rates of N, fixation were observed below the surface mixed layer at two stations (39.880°N
and 39.815°N, 70.830°W) along the cross-shelf (along-streamer) transect (July 6), occurring both immediately
above (~25 m) and within (~40 m) the chlorophyll ¢ maxima (Figures 3a and 3c). These samples were collected
within streamer waters over the continental slope (>200 m seafloor depth), with the chlorophyll  maxima at both
stations occurring within the frontal waters (34-35 psu) at the base of the streamer.

In samples collected throughout the euphotic zone, N, fixation rates were significantly higher in shelf (p = 0.003)
and frontal waters (p = 0.006) when compared to offshore waters, with the highest median rate
(8.42nmol NL™' d™!, n = 13) observed in frontal waters (Figure 2b; Table S2 in Supporting Information S1). The
high N, fixation rates observed in shelf waters persisted during the streamer event as shelf waters were advected
offshore (Figure 3), representing a substantive contribution of new N to the Slope Sea (see Section 3.3). Again,
this trend was clearly driven by an increase in the relative contribution of diazotrophs to the PN pool. Specific
uptake rates were significantly greater in shelf (p = 0.047) and frontal (p = 0.007) waters compared to the
offshore water (Figure S8; Table S2 in Supporting Information S1) while PN concentrations were greater in the
shelf water compared to both the frontal (p < 0.001) and offshore (p = 0.005; Figure 2d; Table S2 in Supporting
Information S1) waters.
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3.3. Offshore Flux of Fixed N Induced by the Streamer

PN concentrations on the shelf significantly exceed those on the slope (Table S2 in Supporting Information S1);
consequently, the streamer event resulted in a net influx of PN to the Slope Sea. In streamer waters (i.e., waters
with salinity <34.5 present at stations offshore of the shelfbreak i.e., the 200 m isobath) sampled on July 6-7, the
median concentration of PN was 1.47 pm (n = 61). In comparable offshore waters (<50 m sample depth),
the median PN concentration was 0.68 uM (n = 169). By integrating shipboard velocity (ADCP) data across the
cross-sectional area of the streamer (as defined by the 34.5 isohaline), Zhang et al. (2023) estimate that the
offshore volume flux of shelf water induced by the streamer was 0.26 X 10° m® s™' at the time of our cross-
streamer transect (July 8). Assuming an equal exchange of mass volume between the shelf and offshore wa-
ters (to conserve the shelf volume; a conservative approach to estimating the net flux), we calculate an instan-
taneous net offshore PN flux of 248 mtons d™' (or 2.48 x 107* Tg N d™"). If, conversely, the shelf volume were
conserved completely by a southward inflow of upstream shelf waters from the north (i.e., no onshore transport of
the offshore water), the net PN flux could have been as high as 462 mton d™'. These values offer upper and lower
bounds and likely bracket the true PN flux.

The streamer resulted in an influx of newly fixed N to the slope as shelf-water diazotrophs were advected
offshore. Based on satellite images of sea surface temperature and chlorophyll a, the streamer was roughly 200 km
in length with a measured mean surface speed of ~0.3 m s™' (Zhang et al., 2023). From this, we calculate a
residence time (i.e., before mixing with offshore waters) of shelf water in the streamer of roughly 8 days. Given an
offshore volume flux of 0.26 x 10° m> s (Zhang et al., 2023), the instantaneous offshore volume of the streamer
was approximately 2 x 10" m>. In the 2 days (July 6-7) of our repeated streamer sampling, the median N,
fixation rate in the streamer water was 20.7 nmol N L™' d™! (n = 17). (We note that this was not significantly
different from N, fixation rates in the shelf water (n = 63) measured throughout the cruise (one-way ANOVA,
F =0.225, p = 0.645)). Assuming that diazotrophs in shelf waters cease activity once fully mixed into offshore
waters, we calculate an input of 58 mton of newly fixed N d™" (or 5.8 x 107> Tg N.d™") into the Slope Sea through
the streamer. If the shelf volume was conserved by the onshore intrusion of offshore seawater with less active
diazotrophs communities (median N, fixation rate = 2.59 nmol N L™' d~', n = 33), we calculate that the two-way
exchange processes result in a net flux of 51 mton N d™' to the Slope Sea. These values are equivalent to 20.5%
and 12.5% of the upper and lower PN flux estimates, respectively. Moveover, these values represent 6.6% and
7.6%, respectively, of the mean daily N, fixed across the entire MAB and Gulf of Maine shelf area (Mulholland
et al., 2019).

3.4. Diazotrophic Communities

N, fixation rates measured across the transect were associated with a mixed diazotroph community based on nifH
quantification of common diazotrophic clades (Figure 4; Table S3). Under the more typical shelfbreak frontal
conditions that followed the streamer event (July 14-15), only UCYN-A1 and UCYN-A2—two sublineages of
the unicellular cyanobacterium Atellocyanobacterium thalassa—were observed in shelf waters (Figure 4a). These
diazotrophs were also observed in frontal, offshore, and ring waters where Trichodesmium spp. and R. euin-
tracellularis (i.e., Het-2; a heterocystous cyanobacterial symbiont of the diatom Hemiaulus) also abounded
(Figures 4b—4d and 4f). Abundances of the UCYN-A groups were generally highest in surface waters and
declined with depth. In contrast, Het-2 and Trichodesmium remained elevated above and within the chlorophyll a
maxima at the shelfbreak front (Figure 4b) and in offshore waters (Figure 4c).

During the streamer event, we observed a general increase in the abundance of UCYN-A1, UCYN-A2, and
Trichodesmium in surface waters with distance from the separation point, with Het-2 appearing offshore
(Figures 4g and 4e). Commensurate with this increase in abundance, surface phosphate concentrations decreased
from 0.1 to ~0.05 pM offshore, while nitrate remained undetectable throughout (Table S3). To the east and west
of the streamer, we observed the added presence of R. rhizosoleniae (Het-3; a symbiont of the diatom Chaeto-
ceros) in surface waters. Interestingly, none of these diazotrophs were detected at the most inshore station in the
streamer (40.464°N, 70.830°W) despite high rates of N, fixation observed in surface waters there (Figures 2a and
2¢). This apparent discrepancy could be due to the presence of diazotrophic clades whose abundances were not
assessed in this study. Non-cyanobacterial diazotrophs, for example, have been previously observed on the inner
continental shelf (Mulholland et al., 2019) and UCYN-B has been observed at low abundance in the western
North Atlantic (Ratten et al., 2015).
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Figure 4. Abundances (copies L™ of nifH genes) of several common diazotrophic clades across the shelfbreak front during
relaxed ((a—c); July 14-15) and streamer ((d—g); July 6-8) conditions. The following diazotrophs were surveyed:
Trichodesmium spp (yellow), the haptophyte symbionts UCYN-A1 and UCYN-A2 (black), and the diatom symbionts
Richelia intracellularis (Het-1, a symbiont of Rhizosolenia spp.), Richelia euintracellularis (Het-2, a symbiont of Hemiaulus
spp.), and Richelia rhizosoleniae (Het-3, a symbiont of Chaetoceros spp.; purple). Station locations (h) are shown overlying
seafloor depth; dashed line indicates the 200 m isobath.

4. Discussion
4.1. Elevated N, Fixation Rates in Shelf Waters

Much recent discussion has been centered on whether significant inputs of new N via N, fixation occur on
continental shelves where terrestrial inputs of fixed N were once presumed to preclude significant diazotrophy.
The work presented here, in addition to other recent research (Mulholland et al., 2012, 2019; Selden, Chappell,
et al., 2021; Tang et al., 2019, 2020), has demonstrated that the answer is unequivocally “yes” for at least part of
the western North Atlantic continental shelf. Here, we show that not only was the absolute flux of newly fixed N
greater in shelf waters, but the relative contribution of diazotrophs to community N turnover was higher as well
(Table S2 and Figure S8 in Supporting Information S1), suggesting that diazotrophic contributions are important
in supporting productivity on the shelf. Assessing diazotrophic contributions and their physicochemical drivers in
this system has bearing not only on the regional N budget, but on our understanding of N, fixation in continental
shelf systems globally, particularly those impacted by western boundary currents (e.g., Jiang et al., 2023; Marshall
et al., 2023) where diazotrophy has been observed for decades (e.g., Prufert-Bebout et al., 1993; Saino & Hat-
tori, 1978). Our findings call for greater focus on shelf environments as regions of N, fixation and contributors to
the global N budget, and for a paradigm shift regarding the relative importance of N, fixation in fueling pro-
ductivity near the coast.
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4.2. Weak Sensitivity of Coastal Communities to Fixed N

In nearly a third of samples (n = 21) where N, fixation was detectable (n = 77), nitrate concentrations were
>1 puM (Figures S9 and S10 in Supporting Information S1; Table S1). In these samples, N, fixation rates were
elevated (>10 nmol N L™" d™") only where phosphate was also elevated (>0.4 pM; Figure S9 in Supporting
Information S1; Table S1). Nitrate has historically been thought to preclude N, fixation; however, it has long been
known that Trichodesmium can fix N, in the presence of dissolved inorganic N including nitrate (e.g., Mulholland
& Capone, 2001; Mulholland et al., 2001; Ohki et al., 1991) and numerous subsequent reports of N, fixation in
waters bearing nitrate (e.g., Grosse et al., 2010; Mulholland et al., 2012, 2019; Shiozaki et al., 2015; Sohm
et al., 2011) has led to a revision of this paradigm (see Knapp, 2012). Indeed, UCYN-A appears to constitutively
fix N, for its host and has even been observed to increase cell-specific N, fixation rates following nitrate
amendments (Mills et al., 2020), while R. intracellularis (Het-1) and R. euintracellularis (Het-2) lack genes
necessary to assimilate ammonium and nitrate (Caputo et al., 2019). Given the mixed diazotrophic community
observed throughout our study region (Figure 4) and prior observations on the MAB shelf (Mulholland
etal., 2012, 2019) demonstrating that nitrate concentrations characteristic of the region do not inhibit N, fixation,
the relative insensitivity of N, fixation to nitrate should not be surprising. Nevertheless, the majority of water
column N, fixation in this study occurred in the surface mixed layer where nitrate was drawn down throughout the
study region. From this, we infer a weak relationship between fixed N availability and N, fixation (whereby fixed
N does not preclude active diazotrophy provided sufficient phosphorus is available, but its absence favors
diazotrophs within the population) in surface waters on the MAB shelf.

4.3. Frontal Conditions Favor Diazotrophy

Our results suggest that diazotrophs contribute a greater fraction of the N to support productivity under frontal
conditions, including those observed at the shelfbreak front. Unlike in MAB shelf waters, frontal waters did not
have significantly higher PN concentrations than offshore waters; yet, N, fixation rates there were significantly
greater (Figure 2b; Table S2 in Supporting Information S1). Indeed, the median specific uptake rate in frontal
waters (1.15 x 1072 d~!) was an order of magnitude higher than that observed in either shelf (2.38 X 103d YHor
offshore (1.40 x 107> d™") waters (Figure S8 and Table S2 in Supporting Information S1). This finding is highly
suggestive of an enhancement in the relative contribution of N, fixation to the PN pool although we failed to find a
statistically significant difference between specific N, uptake rates measured in shelf and frontal waters (Figure 2;
Table S2 in Supporting Information S1), likely due to our small sampling size and the high variability observed in
both water masses.

Enhanced diazotrophic contributions in frontal waters have previously been observed along the western North
Atlantic continental shelf and in other western boundary current systems. For example, at the confluence of
southward-flowing MAB shelf waters and northward-flowing Gulf Stream waters, Selden, Chappell, et al. (2021)
observed exceptionally high N, fixation rates associated with the transport of UCYN-A offshore. Similarly, Lu
et al. (2019) observed elevated N, fixation rates where South China sea waters mixed with a Kuroshio intrusion.
The authors attribute this enhancement to the relief of nutrient limitation experienced by Trichodesmium in the
oligotrophic Kuroshio intrusion as it mixes with coastal waters.

While we can only speculate as to why the relative importance of diazotrophs to community N demand was
maximized at the shelfbreak in this study, one potential explanation is that denitrification draws down terrestrially
sourced inorganic N concentrations across the shelf (Fennel et al., 2006), causing the ecological niche for N,
fixation to expand with distance from the coast until iron, phosphorus, or another factor limits N, fixation. This
idea is supported by the observation that both primary productivity, chlorophyll a concentrations, and nitracline
depth tend to decrease across the shelf (Zhang et al., 2023). A second (and potentially additive) explanation is that
upwelling stimulates N, fixation at the shelfbreak. Frontal dynamics are thought to drive upwelling of nutrient-
rich slope waters with commensurate increases in productivity associated with fast-growing phytoplankton (e.g.,
diatoms; Allen et al., 2005; Mangolte et al., 2022; Zhang et al., 2013). We posit that certain endosymbiotic
diazotrophs and their hosts may be well-poised to respond rapidly to nutrient injections, as observed for coastal
UCYN-A strains in the other upwelling systems (e.g., Mills et al., 2020; Selden et al., 2022). Moreover, if up-
welling is driven by water mass convergence in the bottom boundary layer, as has been previously hypothesized
(Barth et al., 2004; Houghton & Vizbeck, 1998; Linder et al., 2004), then upwelled waters may carry iron (derived
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from shelf sediments) into the euphotic zone, potentially relieving iron-limitation of N, fixation (Moore
et al., 2009). Additional high-resolution sampling is necessary to untangle these potential mechanisms.

4.4. Streamer-Driven Transport of New N to the Slope Sea

We estimate that diazotrophs in the offshore-flowing shelf-water streamer injected 51-58 mtons of newly fixed
N d~! to the Slope Sea—equivalent to 12%-20% of the PN flux associated with the streamer at the time we
observed it (Section 3.3). This finding supports the hypothesis that active diazotrophs transferred offshore by the
streamer resulted in a considerable addition of new N to the Slope Sea. However, extrapolating beyond this
particular streamer event is problematic because, while we can estimate streamer frequency based on remotely
sensed data of surface salinity and temperature, there is high interannual and seasonal variability in the activity of
diazotrophic communities in these coastal waters (Mulholland et al., 2019). Moreover, our instantaneous esti-
mates of streamer volume and flux were based on in situ measurements; these values likely varied even over this
streamer's lifetime.

The PN and newly fixed N fluxes that we report in association with the streamer were significant relative to
regional estimates of cross-shelf N fluxes. For example, Friedrichs et al. (2018) estimated a mean cross-shelf flux
of 1,370 mton d™' (~0.5 Tg total N y~') from the MAB to the Slope Sea in a normal July. The PN flux from this
single streamer event observed here was 248—462 mton d™', representing a significant fraction (18%—34%) of the
total offshore N flux for the entire MAB region. Concurrent diazotrophic inputs added a further ~4% of N inputs
currently unaccounted for in MAB regional N budgets (Fennel et al., 2006; Friedrichs et al., 2018). Because cross-
shelf exchanges across the MAB shelf edge are likely to increase due to recent increases in the meandering of the
Gulf Stream (Andres, 2016) and number of warm core rings being formed in the Slope Sea (Gangopadhyay
et al., 2020), such episodic cross-shelf fluxes of newly fixed N may become increasingly frequent and important
for the often N-limited North Atlantic basin (Moore et al., 2013).

5. Conclusions

Constraining the factors which regulate new N inputs via N, fixation remains both a challenge and a priority in
oceanography—a challenge due to the diverse ecological roles and metabolic strategies employed by diazotrophs
and a priority due to the potential for changing N budgets to affect carbon sequestration in the ocean. The results
presented here contribute to a growing body of research which support two important paradigm shifts in the
marine N cycle: (a) Diazotrophs on continental shelves contribute significantly to regional and global N budgets
(e.g., Mulholland et al., 2019; Sipler et al., 2017); and (b) most diazotrophic consortia are not as sensitive to fixed
N as previously thought (Knapp, 2012). But, most importantly, the work presented here demonstrates that frontal
exchange significantly alters the flux and fate of newly fixed N. Indeed, diazotrophs entrained in the shelf-water
streamer documented added >50 mton N d™" to the Slope Sea—a value representing ~4% of the total N flux from
the entire MAB continental shelf to the neighboring Slope Sea (Friedrichs et al., 2018) and ~7% of the mean
amount of N, fixed daily across the entire MAB and Gulf of Maine shelf area (Mulholland et al., 2019). As N,
fixation rates in other western boundary current systems like the Kuroshio are not only elevated (Wen
et al., 2022), but also appear to be favored by frontal mixing (Lu et al., 2019), our findings suggest that (sub)
mesoscale physical features at the ocean's margins may play an important role in controlling fixed N inputs via N,
fixation to both shelf and offshore communities. As cross-shelf transport events induced by warm-core rings are
likely to have increased due to recent western boundary current destabilization (Andres, 2016), the contribution of
continental shelf diazotrophs and N export to regional N budgets in the MAB Slope Sea and comparable systems
may rise, with consequences for marine productivity both locally and globally.

Data Availability Statement

CTD and sensor data are archived at the Biological and Chemical Oceanography Data Management Office (BCO-
DMO) on the SPIROPA (‘Shelfbreak Productivity Interdisciplinary Research Operation at the Pioneer Array’)
Project page: https://www.bco-dmo.org/project/748894. The MODIS Aqua sea surface temperature and chlo-
rophyll a concentration data are publicly available courtesy of the NASA Goddard Space Flight Center: https://
oceancolor.gsfc.nasa.gov/. All measurements required to calculate N, fixation rates, as well as calculated specific
N, uptake and N, fixation rates, are available in the Supplemental Materials associated with this publication, and
have been submitted for archival purposes to the BCO-DMO data repository.
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