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Abstract Marine nitrogen (N,) fixation supports significant primary productivity in the global ocean.
However, in one of the most productive regions of the world ocean, the northern Humboldt Upwelling System
(HUS), the magnitude and spatial distribution of this process remain poorly characterized. This study presents
a spatially resolved data set of N, fixation rates across six coastal transects of the northern HUS off Peru
(8°S—-16°S) during austral summer. N, fixation rates were detected throughout the waters column including
within the Oxygen Minimum Zone (OMZ) between 12°S and 16°S. N, fixation rates were highest where the
subsurface OMZ (O, < 20 pmol L~!) was most intense and estimated nitrogen (N) loss was highest. There,
rates were measured throughout the water column. Hence, the vertical and spatial distribution of rates indicates
a colocation of N, fixation with N loss in the coastal productive waters of the northern HUS. Despite high
phosphate and total dissolvable iron (TdFe) concentrations throughout the study area, N, fixation was still
generally low (1.19 + 3.81 nmol L~! d~') and its distribution could not be directly explained by these two
factors. Our results suggest that the distribution was likely influenced by a complex interplay of environmental
factors including phytoplankton biomass and organic matter availability, and potentially iron, or other trace
metal (co)-limitation of both N, fixation and primary production. In general, our results support previous
conclusions that N, fixation in the northern HUS plays a minor role as a source of new N and to replenish the
regional N loss.

Plain Language Summary High phytoplankton productivity in the Humboldt Upwelling System
(HUS) is underpinned by a rich supply of nutrients, such as nitrate, brought to shelf surface waters from depth.
However, marine microbes use up some of the nitrate in low-oxygen waters, converting it back to nitrogen

gas (N,). Future climate change projections indicate that nitrate availability may decline in the surface ocean.
Less phytoplankton growth in the HUS due to reduced nitrate supply could impact ocean services such as fish
production and biological carbon drawdown. Previous studies hypothesize that biological nitrogen fixation by
microbes could supply nitrogen and is present in the HUS. Here, we studied the distribution and amount of
nitrogen fixation in this region in relation to environmental conditions to better understand if the inputs and
losses of nitrogen are balanced. Our results indicate that nitrogen fixation rates are too low to counterbalance
the local nitrogen loss and do not contribute significantly to the nitrogen supply for phytoplankton growth. The
availability of phosphate and iron is thought to control biological N, fixation rates on a global scale, but within
the HUS, we are unable to find evidence for this suggesting that other environmental factors, such as organic
matter availability, control biological nitrogen fixation.

1. Introduction

Bioavailable nitrogen such as nitrate, nitrite, or ammonium limits marine primary productivity in surface
waters due to fast phytoplankton uptake relative to the supply (Moore et al., 2013). Therefore, processes that
supply nitrogen (N) to the surface ocean are key to regulating marine productivity and the associated export
of carbon to the deep ocean (Gruber, 2004). In the marine environment, the uptake of dinitrogen gas (N,) by
nitrogen-fixing microbes (diazotrophs) is widely recognized as a significant source of new bioavailable N (Gruber
& Galloway, 2008). Therefore, diazotrophy has the potential to regulate marine productivity and influence the
strength of the biological carbon pump (Karl et al., 2012). An understanding of the spatial distribution of N,
fixation and the factors that regulate the growth of diazotrophs is therefore essential to comprehending past and
future changes in bioavailable N and the associated ecosystem services.
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At a steady state, and at a global scale, inputs of bioavailable N to the oceans should be at equilibrium with the loss
of N through microbially mediated processes such as denitrification and anammox (anaerobic ammonium oxida-
tion). To keep the global marine N inventory at equilibrium, stabilizing feedback mechanisms between N gain and
N loss processes are thereby required. Inputs of bioavailable N are thought to be spatially separated from losses
due to factors such as iron (Fe) limitation, temperature, and macronutrient availability, which constrain diazotro-
phy and influence diazotrophs' response to the local N loss (Gruber, 2004). Whilst N, fixation is primarily known
to take place in surface waters of open ocean environments, about a third of the global ocean N loss is ascribed
to Oxygen Minimum Zones (OMZs, Karstensen et al., 2008). In these zones, oxygen (O,) concentrations are low
enough for both N loss mechanisms, denitrification, and anammox to take place (OMZ is loosely defined herein
as O, < 20 pmol L~!, Text S1 in Supporting Information S2) (DeVries et al., 2012). The OMZ in the Eastern
Tropical South Pacific (ETSP) is one such region where a substantial portion of global N loss is known to occur
(Hamersley et al., 2007; Kalvelage et al., 2013). As a result of the low O, concentrations in subsurface waters of
the ETSP, preferential N loss over phosphate (P) results in surplus P conditions over available nitrate in the water
column (P*, defined using the Redfield N:P ratio of 16, Deutsch et al., 2007; Redfield, 1958). In addition, and
of direct relevance to diazotrophs given the high Fe requirement of the N, fixing enzyme nitrogenase, there is a
pronounced release of Fe from shelf sediments into the water column (Kustka et al., 2003; Noftke et al., 2012).
These conditions of increased phosphate relative to N, and high iron availability should theoretically favor the
growth of diazotrophs. As a result, biogeochemical models have predicted that high N, fixation in the ETSP could
potentially replenish the intense N loss taking place in subsurface coastal waters (Deutsch et al., 2007). However,
contrasting observational and biogeochemical evidence for spatial separation of N, fixation and N loss suggests
that the regional N inventory in the ETSP could be balanced by external N inputs through high N, fixation rates
observed in the Western Tropical South Pacific (Bonnet et al., 2017; Wang et al., 2019). Therefore there is
uncertainty concerning the role of N, fixation in the ETSP and to what extent it may balance the regional N loss.

A biogeochemical model by Landolfi et al. (2013) demonstrated that the colocation of N, fixation and N loss, as
hypothesized for the ETSP OMZ (Deutsch et al., 2007), could result in a self-sustaining destabilizing feedback
in the N cycle. This emanates from a theoretical stoichiometric imbalance, whereby the denitrification of newly
fixed organic matter occurs at a higher inorganic N:P ratio (120:1) than N, fixation inputs under Redfield condi-
tions (N:P ~ 16:1, Paulmier et al., 2009). This results in an enhanced N deficit, which could stimulate more N,
fixation. A vicious cycle can ensue if this feedback persists, whereby complete remineralization of organic matter
associated with newly fixed N via N, fixation would lead to a net loss of bioavailable N from the system. To
date, this hypothesized feedback and its implications on the local and global marine N inventory have yet to be
assessed. Due to a scarcity of data, and a limited geographical range of observations, N, fixation estimates from
regions with intensive N loss are mainly based on a few measurements extrapolated to large regions. Given the
high spatial and temporal variability of diazotrophic abundances, activities, and species distributions (Gradoville
et al., 2017), especially across dynamic shelf regions, these extrapolations have considerable uncertainties. For
the ETSP in particular, it is still unclear, for example, how temporal patterns of N, fixation may be influenced
by long-term climate variability and environmental changes associated with the El Nifio-Southern Oscillation
dynamics, to which N loss processes such as denitrification have been shown to respond sensitively to (Yang
etal., 2017).

Furthermore, there is an ongoing debate concerning the extent to which N, fixation rates are controlled by envi-
ronmental conditions such as in situ O,, temperature, organic matter, phosphate, and iron availabilities (Knapp
et al., 2016; Luo et al., 2014; Wang et al., 2019). Currently, there is only limited evidence to support a clear link
between excess phosphate and Fe availability as primary regulators of N, fixation rates within the OMZ of the
ETSP (Bonnet et al., 2013; Chang et al., 2019; Dekaezemacker et al., 2013; Fernandez et al., 2015; Loscher
et al., 2014; Selden et al., 2021; Wang et al., 2019), despite these factors being widely attributed to determining
the spatial niche in which diazotrophy can occur (Ward et al., 2013). However, a confounding factor in assess-
ing the role, particularly of Fe, on diazotrophy is that trace metal concentrations are rarely measured in parallel
with N, fixation rates, partly due to high chances of sample contamination. This could be a contributing factor
to the apparent lack of a clear relationship between Fe and measured N, fixation rates. To investigate the distri-
bution and magnitude of N, fixation in relation to environmental conditions in the ETSP, we conducted meas-
urements across 6 transects from north to south of the northern HUS off the Peruvian coast. We measured N,
fixation across gradients of latitude, and physical and biogeochemical conditions, including Fe concentrations
within the incubations, used to determine N, fixation rates. We aimed to evaluate the distribution of N, fixation in
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relation to environmental conditions and assess the potential colocation of N, fixation and estimates of bioavail-
able N loss in the northern HUS.

2. Materials and Methods
2.1. Study Area and Hydrographic Sampling

The cruise took place during a warm austral summer (23 December 2018, to 30 January 2019) characterized by
~0.7-0.8°C above average sea surface temperatures (SSTs) and weak southeast trade winds during an El Nifio.
We measured N, fixation rates, nutrient concentrations, and hydrographic data from 26 stations in the ETSP
onboard RV Maria S Merian (cruise MSM 80). Sampling extended along six transects (Figure 1) off Peru from 8°
30'S to 16° 30'S at distances of 4-293 km from the shore. Our sampling strategy was optimized to cover spatial
and vertical water column gradients of O,, micronutrients and macronutrients, primary productivity, and light
and upwelling intensities.

At each station, vertical depth profiles of temperature, salinity, dissolved oxygen (O,), photosynthetically-active
radiation (PAR), chlorophyll a fluorescence, and turbidity were obtained using a Seabird (SBE-911 plus,
Seabird-Electronics, USA) conductivity-temperature-depth (CTD) profiler equipped with double temperature
(SBE 3) and O, sensors (SBE43), a LI-COR Bio spherical PAR sensor and a Wet Labs ECO-FLNTURTD
chlorophyll-turbidity sensor. O, concentrations from discrete water samples (Winkler titration) were used to
calibrate the CTD oxygen sensor. The CTD and sensors were mounted on a 21 X 10 L Niskin bottle rosette water
sampler from which discrete water samples were collected.

Satellite-derived MODIS Chl a (NASA Ocean Biology Processing Group, 2017) and SSTs (NASA/JPL, 2020)
were downloaded as 8-day composites covering the dates each transect was sampled: Transect 1 (27-31 Decem-
ber 2018), Transect 2 and 3 (1-8 January 2019), Transect 4 and 5 (9-16 January 2019) and Transect 6 (17-24
January 2019).

2.2. N, Fixation Incubations and Particulate Matter Isotopic Composition

Seawater samples from each station were collected from four to six depths distributed from the surface (~5-10 m)
to a maximum of 300 m covering the OMZ (O, < 20 pmol L1). A subsample (0.4-1.5 L) was immediately
filtered (GF75, Advantec, 25 mm @, 0.3 pm nominal pore size) for the natural abundance of Particulate Organic
Carbon (POC) and nitrogen concentrations (PON) and isotopic compositions (8'*Cp/8""Npoy)-

N, fixation rates were determined from triplicate incubations following the modified 'N-N, dissolution technique
(Gropkopf et al., 2012; Mohr et al., 2010). 2.3 L Nalgene transparent polycarbonate bottles were precleaned with
10% HCL and rinsed three times to minimize trace metal contamination before filling with seawater samples.
Oxygen contamination during seawater collection was minimized by filling the bottles gently and bubble-free
from the bottom with a tube, allowing the overflow of about half the bottle volume before closing the bottle
headspace free with septa-fitted caps. The same method was applied for collecting Winkler samples that were
used for CTD calibration. Incubation bottles were amended with 100 mL of >N-N,-enriched seawater (Text S2
in Supporting Information S2) yielding an average dissolved N, isotope abundance (**N atom %) of 3.90 + 0.02
atom % (mean + SD) in the incubation bottle. Blank incubations using atmospheric air instead of '’N-N, isotope
addition were performed to track any natural changes in the §'°N that may not have been a result of ’N-N, addi-
tion. The use of air for the blank incubation introduced negligible amounts of dissolved O, changes against
background concentrations calculated to range between 0%—0.6% in OMZ incubations and 0%—0.14% in euphotic
zone incubations. Bottles were incubated for 24 hr in on-deck incubators with a continuous flow of surface
seawater. Incubators were shaded to receive 100, 40%, 30%, 15%, 5%, and 0% (Lagoon blue neutral density light
screens, Lee light filters) of incoming PAR corresponding to approximate in situ PAR conditions of sampled
depths. After 24 hr, entire incubation bottles or, in cases of high biomass, subsamples from individual incubations
(range of PON on filter 4.73—177.02 pg/filter) were filtered under gentle pressure (200 mbar) onto precombusted
GF75 (Advantec, 25 mm @, 0.3 pm nominal pore size) and treated with acid (1M HCI for 2 min) to remove partic-
ulate inorganic carbon. Filters were oven-dried overnight at 60°C, packed in tin capsules and pelleted for further
analysis. All filters were analyzed for POC/N concentration and isotopic composition (§'3Cpy/8'°Npoy) on an
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elemental analyzer (Flash EA, ThermoFisher) connected to a mass spectrometer (Delta V Advantage Isotope
Ratio MS, ThermoFisher) with the ConFlo 1V interface (ThermoFisher).

2.3. N, Fixation Rates, Limits of Detection, and Error Analysis

Volumetric absolute N, fixation rates were computed as shown in Equation 1 according to Montoya et al. (1996).

Ak ~Ajox  [PON
N, fixationrate = —28 FON [PON] 1)
Ax _A’f” At
2 PON

Whereby Aoy represents the isotope abundance ('SN atom %) of PON in the natural abundance samples (¢ = 0),
blank (7, = i) and final (# = f) incubations respectively. A, represents the isotope abundance of the dissolved
inorganic N, pool (added + ambient) available to N, fixers calculated according to White et al. (2020), and A ¢
represents the incubation period. The concentration of added '°N, gas in the enriched water was estimated from
ideal gas law and the ambient N, gas was estimated using gas solubility equations adapted from Weiss (1970)
(Text S2 in Supporting Information S2). Following a Wilcoxon test for paired samples between the blank incu-
bation and the natural abundance, we observed a significant difference in the isotope abundance of the PON
between the two sets of samples (Figure S1 in Supporting Information S1), indicating that natural changes were
taking place in the incubations, independent of isotope addition. Hence, we used the >N atom% enrichment from
the blank incubation rather than the natural abundance for our calculation to ensure that detectable changes in the
85N isotope signal from our amended incubations account for naturally occurring changes and bottle effects that
were not associated with '’N, tracer addition.

For each station, volumetric rates were trapezoidal depth-integrated (areal rates) from the surface through to the
maximum depth sampled per station (depth range = 20-250 m). To integrate rates, we assumed that N, fixation
rates were constant from the surface (0 m) to the depth of the shallowest rate (often 5-10 m and always within
the surface mixed layer depth). POC concentrations were also integrated to similar depths as N, fixation rates.

Limits of detection (LOD) were calculated as described by White et al. (2020) using standard propagation
of errors based on observed variability between triplicate samples (Bevington & Robinson, 2002; Gradoville
etal., 2017). Any measured N, fixation rates below the limit of detection for each respective measurements were
assumed to be equal to 0 nmol N L~! d~! before any further statistical analysis was performed. See Text S3 in
Supporting Information S2 for detailed explanations concerning LOD calculations.

2.4. Inorganic Nutrients, Chl a, and Trace Metal Analyses

Unfiltered samples for dissolved inorganic nitrogen (nitrate (NO,~), nitrite (NO,~) and ammonium (NH,*), here-
after DIN), phosphate (PO,*~ or DIP), and silicate (Si(OH),) were collected in triplicate. Concentrations were
measured onboard using an autosampler (XY-2 autosampler, SEAL Analytical) and a continuous flow analyzer
(QUAALtro Autoanalyzer, SEAL Analytical) according to Holmes et al., 2011; Morris & Riley, 1963; Murphy &
Riley, 1962. The LOD was calculated from blank measurements as blank +3 times the standard deviation of the
blank during each measurement (LOD NO,~ =0.133 pmol L~!, NO,~ = 0.011 pmol L=, NH,* = 0.040 pmol L™,
Si(OH), = 0.130 pmol L1, PO,*~ = 0.009 pmol L-1). The precision of the measurements was estimated from the
average standard deviation between triplicate measurements (NO;~ = 0.028 pmol L~!, NO,~ = 0.018 pmol L,
NH,* = 0.029 pmol L1, Si(OH), = 0.013 pmol L', PO,*~ = 0.003 pmol L!). Dissolved organic phosphorus
(DOP) was measured using the persulfate oxidation approach outlined in Hansen & Koroleff, 1999 with an
oxidizing decomposition reagent (Merck, Germany). P* was calculated from DIN (NO,~ + NO,™ 4+ NH,*) and
DIP measurements after Deutsch et al. (2007) using Equation 2 where R, is the integrated ratio of DIN and DIP
in seawater and organic matter (Redfield, 1958).

_ [NO;] + [NHf] + [NO |
Rie:1

@

P* = [PO;]

To measure total dissolvable (Td) trace metal concentrations available within our N, fixation incubations,
seawater samples were taken unfiltered from the Niskin bottle where N, fixation samples were collected.
Samples were retained in 125 ml low-density polyethylene sample bottles (Nalgene) which had been precleaned
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with Mucasol®, followed by 1 week in 3 M HCl and 1 week in 3 M HNO, with 3 deionized water rinses after
each stage. Plasticware for sampling was cleaned similarly. Sample bottles were prerinsed three times with a
few milliliters of the sample before filling. Sample bottles were stored double-sealed in pre-cleaned sample
bags. Total dissolved trace metal concentrations were determined via inductively coupled plasma mass spec-
trometry (ICPMS) after preconcentration as per Rapp et al. (2017). Samples were acidified with ultrapure
hydrochloric acid (UpA grade, Romil) to pH 1.9 and left sitting for >6 months, subjected to 4 hr UV irradiation
in 30 mL fluorinated ethylene propylene bottles, preconcentrated offline using a SeaFAST system (Elemental
Scientific Inc), and then analyzed on an Element XR ICPMS (Thermo Finnigan). The trace metal reference
material CASS-6 was also analyzed to assess the accuracy of the analytical procedure (Table S1 in Supporting
Information S1).

As the main purpose of measuring total dissolvable iron (TdFe) was to ascertain the Fe available to diaz-
otrophs at incubation, which may diverge from ambient concentrations, some degree of contamination would
not detract from the purpose of the study. At 3 stations, which were 6, 9, and 234 km from the coast, triplicate
samples were taken to check for data reproducibility (Figure S2a in Supporting Information S1). The similarity
of triplicate TdFe samples (Figure S2a in Supporting Information S1) suggests a limited degree of random
contamination, and concentrations are in the range of Total particulate Fe and dissolved Fe concentrations
determined on a prior cruise (Hopwood et al., 2021) with a GEOTRACES compliant trace metal clean rosette
system and clean lab (Figure S2b in Supporting Information S1). Due to a dominant benthic Fe source in this
region, the extremely high TdFe concentrations are realistic for coastal shallow stations (Chever et al., 2015)
and would likely mask any modest degree of Fe contamination during handling (Figure S2b in Supporting
Information S1).

To assess trace metal and macronutrient coupling, we calculated a diagnostic tracer as a measure of Fe colim-
itation with PO,*~ (TdFe,*) using Equation 3 (Parekh et al., 2005; Tang, Wang et al., 2019). R, represents
average phytoplankton uptake requirements for multiple nutrient availabilities based on the extended Redfield
ratio (C; 75N, S1,Py 1626)1000F€0.460 (MoOTE, 2016). Positive values for TdFe,* suggest that Fe is in excess relative to
measured PO,*~, while negative values indicate Fe deficiency.

TdFep* = [TdFe] — Ree:p X [PO;"] 3)

2.5. Estimating Fixed Nitrogen Loss

In order to estimate water column N loss, a DIN deficit (N,,) method, as described originally by Codispoti
et al. (2001), was used. N, estimates the amount of fixed nitrogen removed from a parcel of water integrated
over space and time assuming no mixing. N, was estimated as the difference between the expected DIN (N,,)

considering that N loss was absent and the observed DIN (N, ) from our study according to Equation 4 by Chang

obs.
etal. (2010). N, was calculated considering Redfield (Redfield, 1958) organic matter respiration regenerating a
local average inorganic N:P ratio of 15.8 for waters outside the ETSP OMZ where anaerobic DIN loss is assumed
to be 0. The value 0.3 pmol L~ denotes the concentration of POi’ remaining when DIN is zero in the N:P rela-
tionship. Based on this definition, positive values of N, estimate DIN loss that has occurred in a water mass

within the Peruvian OMZ.

Nuer = 15.8[PO}™ - 0.3] — [NO; + NH; + NO; | @)

2.6. Statistical Analyses

Across the entire data set of N, fixation, a Spearman's rank correlation was used to examine the potential rela-
tionships between N, fixation rates and physical, biogeochemical, and biological parameters across the northern
HUS.

Gradients in biogeochemical variables could influence the magnitude and distribution of N, fixation rates in the
water column, Therefore, three water column depth horizons were identified based on PAR/fluorescence and O,
concentrations: the euphotic zone (oxic waters within the euphotic zone), the oxic zone (describing all sampled
depths below the euphotic zone with O, concentrations >20 pmol L") and the OMZ zone (describing deeper
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depths where O, concentrations were <20 pmol L~!). See Text S1 in Supporting Information S2 for further details
of how depth horizons were delimited. Measurements of N, fixation rates, and physical and biogeochemical vari-
ables were then grouped based on the depth horizons. To test for the differences in the distribution of N, fixation
rates and physical and biogeochemical variables between the three depth horizons, a nonparametric one-way
analysis of variance (ANOVA) with the Kruskal-Wallis test was performed. A Dunns multiple comparison test
was applied post hoc to analyze differences between every pair of groups. By applying these two techniques, we
increased the chance to reveal relationships that may not follow a linear distribution.

The spatial distribution of some environmental variables such as measured O,, satellite-derived SSTs, and surface
Chl a from MODIS were interpolated using the Akima package in R (Hiroshi Akima [aut, cph] (Fortran code
(TOMS 760, 761, 697 and 433)) et al., 2021). All statistical analysis and data visualizations were performed using
R studio version 1.3.959.

3. Results
3.1. Oceanographic Conditions

Our cruise took place in the northern HUS, covering almost half of the Peruvian coast from north to south (Figure 1a).
Our stations encompassed coastal locations where the lower boundary of the OMZ is ~600 m, and offshore loca-
tions where the lower boundary of the OMZ is >600 m (Kalvelage et al., 2013). Transects 1 and 2 were located on
a wide shelf area off northern Peru where mean MODIS SSTs ranged from 21°C to 24°C (Figure 1a) with averages
of 22.12 + 1.82°C (Table S2 in Supporting Information S1). The vertical temperature and salinity distribution at
the time of sampling exhibited a typical upwelling pattern of low surface temperatures (~20°C) and a reduced
vertical temperature gradient close to shore with low salinity waters (<35.1, Figures S3, and S4 in Supporting
Information S1). A pronounced subsurface salinity maximum developed past the shelf edge, probably as a result of
offshore drift of high salinity waters. In addition, a thick (~70 m depth), well-oxygenated water layer was observed
in all stations from the northern transects (Figure 2). The upper boundary of the OMZ (O, = 20 pmol L") extended
from 51 to 150 m and O, concentrations were below the detection limit (2-3 pmol L") in deeper waters between
200 and 650 m depth. In all stations above the shelf from Transects 1 and 2, O, concentrations were consistently
>50 pmol L~! and an upward shoaling of oxyclines was also observed in stations above the shelf edge, indicating
the influence of enhanced mixing and advection in coastal subsurface waters.

Transect 3 covered the central shelf at 12°S off Callao, marking a transition between the north and south of the
HUS. Cool mean MODIS SSTs (~19°C) at the coast and salinity gradients indicated active or recent upwelling
(Figure 1a). Surface waters were associated with elevated mean MODIS Chl a (Figure 1b) and increased turbidity
(Table S3 in Supporting Information S1, Figure S6 in Supporting Information S1). In contrast to the northern
shelf transects, salinity was in general slightly lower and homogenous throughout the water column (35.05) show-
ing a weak subsurface salinity maximum (Figure S4 in Supporting Information S1). Toward oceanic waters at the
transect edge, SSTs slightly increased to 24°C. All stations sampled from Transect 3 were coastal with an OMZ
thickness ranging between 80 and 420 m (Figure 2). A shallow OMZ was observed where the upper boundary
of the OMZ ranged between 20 and 70 m and O, concentrations were below detection between 100 and 550 m.

On the southern Peruvian coast, where the shelf is relatively narrow, hydrographic features between 14.5°S and
16°S indicated that upwelling was active during our sampling. A signal of low O,, nutrient-rich waters appeared at
the surface (Figures 2 and 4a). Low SST (~18°C) was observed close to the coast accompanied by upward shoal-
ing of oxyclines very close to the coast at 14.4°S (Figure 2, Table S2, Figure S3 in Supporting Information S1).
In offshore stations, mean MODIS SSTs reached a maximum of ~22°C and vertical O, and temperature profiles
indicated a shallow (~20 m thick, Figure S3 in Supporting Information S1) well-oxygenated layer of warm surface
water. Absolute temperatures and vertical gradients decreased eastwards toward the coastal stations in all southern
transects (Transects 4-6). Around 15°S (Transect 5), local vertical shoaling of isotherms was observed above the
shelf. High Chl a and POC concentrations (Figure 1) were observed in the surface waters of coastal stations in the
southern transects consistent with a narrow surface turbidity layer at 15.3°S (Figure S6 in Supporting Informa-
tion S1). Additionally, a narrow-oxygenated surface water layer was observed, mostly separated from a shallow
OMZ by the 17°C isotherm, although O, concentrations were still lower than the northern transects (Table S2 in
Supporting Information S1). In the southern part of the study area, the upper boundary of the OMZ ranged from 4
to 58 m. Between 50 and 735 m across all stations from Transects 4-6, O, was below detection.
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Figure 1. (a) Mean MODIS (NASA/JPL, 2020) sea surface temperature (SST) (SST) in the study area overlain by
depth-integrated Particulate Organic Carbon concentrations at each station. (b) Mean MODIS (NASA Ocean Biology
Processing Group, 2017) surface Chlorophyll a concentration (Chl a) overlain by integrated N, fixation rates (pmol N m=2d~!)
for each station along the six across-shelf transects (T1-T6). Crosses on (b) indicate rates below detection. 8-day average
products of SST and Chl a covering the dates each transect was sampled were used to generate figures a and b respectively.
Black dotted and dashed lines show 200 and 2,000 m bathymetry to indicate the edge of the shelf and shelf slope, respectively.

3.2. N, Fixation Rates

Measured N, fixation rates showed a latitudinal trend, on average increasing from north to south of the Peruvian
coast (Figure 2). This trend was consistent with significant latitudinal differences in SSTs, PO43’, P*, DIN:P,
Ndef, turbidity, POC, and PON (Table S2 in Supporting Information S1). Rates ranged between undetectable in
the two northern transects (Transect 1 and 2) to a maximum of 30.97 nmol N L' d~! at Transect 5 with an overall
average and standard deviation of 1.19 + 3.81 nmol N L~! d~! (n = 103 measurements). Detectable N, fixation
rates between 12°S and 16°S (Transects 3—6) were measured above the shelf (range 0.38-30.97 nmol N L~! d~!
n =75 measurements) corresponding to waters with DIN:DIP ratios below 16 (Figure 3a).

Considering the depth distribution of the rates, the highest mean N, fixation rates (1.73 + 4.82 nmol N L~ d~1,
n = 62) were measured in warm (19.3 + 2.22°C), oxic waters (>20 pmol L") within the euphotic zone (12-73 m),
albeit with high variability between depths (Table S3 in Supporting Information S1). The second highest average
rates, 0.45 + 0.59 nmol N L-! d~! were measured within cooler waters of the OMZ where O, concentrations were
lowest and P* and TdFep” were highest (Table S3 in Supporting Information S1) while the lowest average rates
were measured from oxic waters (0.12 + 0.40 nmol N L' d-!). A Kruskal-Wallis one-way ANOVA testing for
the null hypothesis that the distribution of N, fixation rates between the depth horizons has identical medians was
insignificant (Kruskal-Wallis p > 0.05, Table S3 in Supporting Information S1).

N, fixation rates were significantly positively correlated with POC, turbidity, and Chl a, all factors that were
used as proxies for phytoplankton-associated organic matter availability (Figure 3b). In addition, temperature and
oxygen were also positively correlated with N, fixation. Despite the co-occurrence of high N, fixation in surface
waters with high DOP concentrations (Table S3 in Supporting Information S1), a weak positive relationship
observed between N, fixation and DOP was not significant. DIN and DIN:P were both negatively correlated with
N, fixation rates across the whole data set, with the lowest values observed in southern transects (Transects 4-6,
Table S2 in Supporting Information S1).

Depth-integrated N, fixation rates (areal, 0-250 m) ranged from 18.20 to 582.11 pmol N m~2 d~! (average =+ sd,
124.04 + 138.94 pmol N m~2 d~'), showing latitudinal differences from the central to the southern extent of our
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Figure 2. Measured N, fixation rates (empty orange circles) overlayed on the vertical distribution of O, concentrations (pmol L") along the six transects. The black
dotted lines and blue triangles indicate the upper boundary of the OMZ waters (O, < 20 pmol L") and the depth of the euphotic zone (photosynthetically-active
radiation = 1%) respectively. Purple crosses indicate depths where N, fixation rates were below detection. The red box indicates offshore stations defined as those in
which the lower boundary of the OMZ was >600 m.

study (12°S and 16°S). Albeit with high variability, average areal rates were highest in Transect 5 (188.15 + 262
.80 pmol N m~2 d~!, Figure S5 in Supporting Information S1).

3.3. Macronutrients and Total Dissolved Iron

For all stations, POi‘ and DIN concentrations in waters above the OMZ ranged between (0.50-2.60 pmol L~!) and
(0.10-33.17 pmol L") respectively (Figure 4a, Figure S6 in Supporting Information S1). Beyond the respective
limits of the euphotic zone across all stations (12-73 m), DIN and POi‘ concentrations exceeded 15 and 2 pmol L™,
respectively. DIN:DIP ratios ranged between 0.05-15.17 (average in the euphotic zone was 10.00 + 3.73, aver-
age in oxic waters was 13.76 + 1.46), indicating a deficit of dissolved inorganic nitrogen throughout the water
column (Figure 3, Table S3 in Supporting Information S1). POi‘ concentrations were low in Transect 1 and 2

KITTU ET AL.

8 of 20

B5US017 SUOLULLIOD BATE1D 3|0t jdde aUp Ag pausenob a1e SapiMe O 8sn J0 S3|nJ 104 Aid1T 3UIUO A8|IM UO (SUORIPUOD-PUE-SWUIBIALIOD" A3 1M AReIq 1[BUIIUO//SARY) SUORIPUOD PUe SWIB 1 84} 88S * [7202/TT/0] uo ARiqiauljuo AB|IM My BunyosiosesaiN “N -Iod 4 Imisul BusBam peijly Ad 826200892202/620T OT/10p/wod A |m:Areiq1jeutjuo'sgndnfe//sdny woiy pepeojumod ‘ ‘€202 ‘v2e6iv6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2022GB007578

a
2 _ o N, fixation rate K{b\
R“=0.55, p<2.2e-16 00:. nmol N L-1d-1] <

30{ y=-052+11x % &
o

Fe

X
X
O 10 DIN:P X & X
X
X

)
<

Latitude X
DOP [umol L™'] N2 fixation
Chla
Turbidity
POC
06 Salinity
DOP
03 Temperature X
Oxygen X X
[ |
-1 -08 -06 -04 -02 0 02 04 06 08 1

DIN [umol L]

S
X X X X
X X X X

XX XX X XXX

X
X

00 0.5 10 15 20 2.5 3.0
PO; - [umol L]

Figure 3. (a) Relationship between DIN and POi’ concentrations for all stations during the cruise. The size of the circles
corresponds to the measured N, fixation rates and the color corresponds to the dissolved organic phosphorus concentrations
(Dissolved organic phosphorus (DOP)). Gray points and points with black rings depict samples where DOP concentrations
and N, fixation rates were below the detection limit, respectively. (b) Spearman correlation coefficients plot including N,
fixation rates and environmental variables (n = 103). Positive and negative correlations are displayed in orange and purple
respectively. Color intensity and size of circles are proportional to the correlation coefficients. Non-significant correlations
(adjusted p-value >0.05) are indicated by black crosses.

(1.49 + 0.56 pmol L") coinciding with high DIN concentrations which resulted in low P* values (<0.5) down to
200 m (Figure 4a, Table S3 in Supporting Information S1). For Transects 3—6, POi’ concentrations were on average
higher (1.94 + 0.68 pmol L") than in the north (Figure 4a). Coupled with slightly lower NO; concentrations, high
P* values were measured (0.73 + 0.35 pmol L~!) between the central and southern part of our study reflecting DIN
loss in most of the water column (Figure 5b, Figure S8 in Supporting Information S1). Upward shoaling of waters
with high P* was observed in OMZ waters throughout the study area, indicating a tendency of upward advection of
denitrified waters with high POi’ relative to DIN (Figure S8 in Supporting Information S1). DOP concentrations
were higher in the euphotic waters (0.24 + 0.17 pmol L") and lower at depth (range = 0-0.15 pmol L="). The high-
est DOP concentrations were measured in the surface waters of Transect 4 (1.18 pmol L") and at a coastal station of
Transect 6 (0.54 pmol L~ (Figure S9 in Supporting Information S1).

Total dissolvable iron (TdFe) concentrations were high in most of the incubations with slight differences in
TdFe concentrations between the northern (28.11 + 50.61 nmol L"), central (82.71 + 127.17), and southern
(36.31 + 40.47 nmol L") transects (Table S2 in Supporting Information S1). The highest TdFe concentrations
were measured from subsurface waters close to the coast at 12°S (461.84 nmol L~"). Generally, depth distribu-
tions indicated lower concentrations in surface waters close to the coast, which occasionally increased toward
deeper waters (Table S3 in Supporting Information S1). However, uniformly high TdFe concentrations were
measured in the surface waters of stations closest to the coast at 14°S. Concentrations in the euphotic zone (depth
range, 12-73 m) ranged from 1.18 to 216.53 nmol L~! (mean + SD = 22.23 + 35.03 nmol L!). In the oxic waters
below the euphotic zone, TdFe concentrations increased with depth from 8.06 to 223.49 nmol L~! (mean + SD
= 55.70 + 78.06 nmol L") but showed high variability due to sporadic high concentrations >200 nmol L~ in
subsurface waters at most coastal stations in Transect 2. Within O,-deficient waters, average concentrations were
slightly higher than those in oxic waters but similarly with high variability (68.22 + 87.13 nmol L~!). TdFep*
followed a similar pattern as absolute TdFe concentrations (Figure S10 in Supporting Information S1).

3.4. Estimates of Bioavailable Nitrogen Loss

Accumulation of NO; in OMZ waters is considered a signal of active N loss since it is consumed as a substrate for
anammox and is an intermediate product of denitrification (Lam et al., 2009). In this study, we use its presence to
estimate N loss occurrence and its spatial association with N, fixation. To estimate N loss from a water parcel, we
calculated the nitrate deficit (N,), estimating conversion of NOJ to N, gas. Between the northernmost transect at
8°S and the central transect at 12°S, a weak secondary NO; maximum was observed where NO; concentrations
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Figure 4. Profiles of (a) POi’ concentrations and (b) total dissolvable iron (TdFe) along the 6 transects during the cruise.
TdFe data corresponds to measured TdFe in each discrete incubation where N, fixation measurements were made. The red
dot in figure b indicates the highest TdFe concentration (461.84 nmol L~1).
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Figure S. Distribution of (a) nitrite (NO;) concentrations and (b) calculated DIN deficit (N, along the 6 transects during
the cruise. The dotted line in figure b denotes the upper boundary of the OMZ layer with O, concentrations <20 pmol L1
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ranged between 0.01-2.14 pmol L=, except for the most coastal station at Transect 3 where subsurface NO;
concentrations close to the bottom reached 3.26 pmol L' (Figure 5a). A weak N, signal (0-5 pmol L) was
observed only in subsurface waters beyond 200 m in Transects 1-3. Above these depths, N, was mostly below
0 pmol L= (Figure 5b), indicating a reduced active N loss signal in the water mass.

At Transect 4 (14°S), stations closest to the coast had a deeper and pronounced NO; maximum below 150 m.
Beyond 50 km distance from the coast, the depth of the secondary NO; maximum from all stations reduced to
50 m. The profile of NOj in Transect 4 indicated a local NO; decline between 100 and 250 m depth (Figure 5a).
In Transect 5 where the highest N, fixation rates were measured, a much more pronounced secondary NO;
maximum was observed in deeper layers, extending from ~100 m, despite a shallow upper boundary of the OMZ
from 50 m. Maximum NO; concentrations of up to 8.3 pmol L~! were measured between 250 and 300 m depth
at Transect 5. At the most southern transect along 16°S, a sharp oxycline was observed in which NO; was seen
to accumulate in shallow OMZ waters from 30 m (Figure 5a) extending to ~300 m and reaching a maximum of
8-8.3 pmol L~! at most stations. Consistent with the occurrence of secondary NO; maxima, our results reveal a
strong N loss signal in coastal subsurface waters between 12°S and 16°S, as indicated by positive N, values of
up to 25 pmol L~! (Figure 5b, Table S2 in Supporting Information S1). However, this signal was less pronounced
in surface waters above the upper boundary of the OMZ (0-<50 m).

4. Discussion

Within the ETSP, previous studies have shown that heterotrophic diazotrophs such as proteobacteria are domi-
nant and contribute significantly to N, fixation in the region (Bonnet et al., 2008; Jayakumar & Ward, 2020;
Loscher et al., 2014; Turk-Kubo et al., 2014). While unicellular cyanobacterial diazotrophs like Crocosphaera
spp have been observed sporadically, they are not the dominant diazotrophs and their relative contribution to
total N, fixation in the ETSP is negligible due to substantially low abundances (Bonnet et al., 2008; Loscher
et al., 2014; Turk-Kubo et al., 2014). In a previous study by Chang et al. (2019), N, fixation rates were detected
only in euphotic waters, where the abundances of nitrogenase (nifH) copies from proteobacteria were high with
a notable lack of sequences from cyanobacterial diazotrophs. This demonstrates that the vertical distribution of
heterotrophic diazotrophs in the ETSP is independent of light. Similarly, N, fixation rates in our study did not
seem to be influenced by light availability as they were measured throughout the water column, from the surface
to aphotic waters within the OMZ without significant differences in depth horizons (Table S3 in Supporting
Information S1). Based on this evidence, heterotrophic diazotrophy in surface waters cannot be excluded and we
argue that the presence of high fixation rates in euphotic waters is not necessarily an indication of autotrophic
diazotrophy. Inferring from the aforementioned studies, our observations strongly suggest that the rates we meas-
ured here can also be primarily attributed to heterotrophic diazotrophs.

4.1. Spatial and Vertical Distribution of N, Fixation Rates in Relation to Environmental Conditions

To the best of our knowledge, this study reports the first extensive distribution of N, fixation rates covering a
notable part (8°S—16°S) of the coastal northern HUS (4°S—20°S) off the Peruvian coast. It is also one of the few
studies to combine N, fixation measurements with TdFe concentrations from the incubations. At a global scale,
the biogeography of diazotrophy is predicted by considering POi’ and Fe availability (Ward et al., 2013), with
diazotrophy across most of the ETSP predicted to be limited by low Fe availability (Knapp et al., 2016). Yet on
the nearshore spatial scales considered herein, this does not appear to be the case as N, fixation rates were often
lower than model predictions despite high POZ’ and TdFe availability.

One noteworthy finding of our study was a latitudinal pattern in the distribution of N, fixation rates. All N, fixa-
tion rates in the north were below detection in comparison to measurable rates in the central and southern lati-
tudes. This could be explained by unfavorable conditions for diazotrophy in the north as conditions controlling N,
fixation may not be uniform along the coast. Rates below detection in the north were associated with upwelling of
highly oxygenated, warm waters (>20°C, Figures la and 2, Table S2 in Supporting Information S1). Under such
high O, conditions, diazotrophs could run into oxidative stress under which the activity of the nitrogenase enzyme
is repressed or even inhibited unless O,-avoiding mechanisms such as organic particles are utilized (Inomura
et al., 2017). However, significantly lower POC concentrations and turbidity in the north (Table S2 in Support-
ing Information S1) suggest that O,-avoiding mechanisms through phytoplankton-associated organic particles
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were likely limited in this area. Lack of measurable N, fixation rates was also associated with the absence of
a secondary NO; maximum (NOJ <2 pmol L-!, Figures 2 and 5a), high PO3~, TdFe and DIN concentrations
(Table S2 in Supporting Information S1). The main Fe source in the Peruvian shelf region is benthic (Chever
et al., 2015), and whilst short-term redox dynamics are also clearly important for regulating the inventory of Fe
in the water column (Rapp et al., 2020), the highest Fe concentrations are generally expected in the region from
~T7 to 13°S where the shelf is broad and shallow (Bruland et al., 2005). Hence despite low TdFe concentrations
(<5 nmol L~!) in some cases, positive TdFe,* (0.27-222.59 nmol L~!) was observed in all northern stations
especially close to the coast indicating that neither phosphorus nor iron limitation seemed to be evident.

Throughout the central and southern part of our study area, detectable N, fixation rates between 12°S and 16°S
coincided with high surface Chl a (Figure 1b), high POC concentrations, high turbidity, higher POi’ concentra-
tions and lower O, concentrations compared to the northern transects. Correspondingly, a Spearman correlation
analysis revealed that across the entire data set, N, fixation rates were significantly positively correlated with Chl
a, POC, and turbidity (Figure 3b). This direct link between N, fixation and phytoplankton-associated organic
matter has previously been observed in the ETSP and elsewhere in the South West Pacific (Selden et al., 2021;
Shiozaki et al., 2014). Organic particles consume O, when being remineralized, generating anoxic microniches
that can protect heterotrophic N, fixation against O, inhibition in highly oxygenated waters (Klawonn et al., 2015).
This is evident in that dissolved O, concentrations were positively correlated with N, fixation rates and similarly
with POC and turbidity (Figure 3b). Therefore, while O, concentrations were still high in surface euphotic waters
in the central and southern regions, high particulate organic matter may have increased the presence of anoxic
microniches and thereby contributed to mitigating the negative impacts of O, availability on N, fixation. Organic
matter is also a source of energy for heterotrophic N, fixation and has been demonstrated to enhance N, fixation
in experiments in the ETSP (Dekaezemacker et al., 2013; Klawonn et al., 2015; Loscher et al., 2014). This would
further explain the high N, fixation rates in surface productive waters in the southern part of the study area
(Figure 1) and the lack of detectable rates in comparatively low productivity and highly oxygenated waters in the
two northern transects.

Our measured rates may however be underestimated compared to in situ rates due to incubation artifacts, in
particular, elevated incubation compared to in situ temperature as well as potential O, contamination. Higher
incubation temperatures (22.91 + 1.36°C) relative to in situ conditions (15.21 + 1.46°C) may have been on the
upper end of thermal tolerances for N, fixers associated with cool upwelled waters (3—18°C) such as the Gamma4
y-proteobacteria abundantly observed from the ETSP (Cheung et al., 2021; Loscher et al., 2014; Turk-Kubo
et al., 2014, 2022). Dissolved O, concentrations in the incubation bottles may have been higher than in situ
because even though we overflowed the bottles with samples to minimize atmospheric contact with the sample,
we cannot not completely exclude potential O, contamination when filling incubation bottles or during the intro-
duction of isotope-enriched waters. This would result in slightly higher O, concentrations in the incubations
and potentially higher diffusion of O, into organic particles (Chakraborty et al., 2021), which could both act to
suppress N, fixation rates. While we cannot quantify these effects, this likely had some impact on the profiles of
N, fixation rates because these factors would make the largest difference in rates where both in situ temperature
and O, concentrations are lower, such as at depth and in suboxic waters. Nevertheless, these methodological limi-
tations do not compromise the main finding of a latitudinal pattern of N, fixation rates but are rather in support
of the observed low N, fixation rates in northern waters where in situ O, and temperature conditions were signif-
icantly higher than the south (Table S2 in Supporting Information S1).

Low magnitudes of N, fixation rates under phosphate availability is puzzling considering that phosphorus avail-
ability has been used to predict high N, fixation in this region (Deutsch et al., 2007). A significant negative
relationship between N, fixation and POi‘ as indicated by the Spearman correlation analyses could perhaps
demonstrate consumption of POi‘ by the planktonic community, including diazotrophs. However, POi‘ was not
depleted and therefore much higher N, fixation rates would be expected for the POi‘ and TdFe concentrations
measured herein if these were the key limiting factors. The residual POi‘ despite a known important role of phos-
phorus for diazotrophs may suggest that alternative phosphorus sources or factors may play a primary role in
regulating N, fixation rates in the study area. Diazotrophs have been shown to synthesize hydrolytic enzymes to
acquire P from alternative sources such as DOP (Dyhrman & Haley, 2006; Farnelid & Riemann, 2008; Meyer
et al., 2016, 2017; Somes & Oschlies, 2015). However, the low to undetectable DOP concentrations and an insig-
nificant relationship between N, fixation and DOP mean our data is insufficient to demonstrate any role of DOP
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for N, fixation in this study. Nevertheless, evidence that POi‘ availability did not translate to expected high N,
fixation suggests the possibility that the diazotroph community in the ETSP may have a different response to POi’
availability and/or requirements of alternative phosphorus compounds such as organic phosphorus.

High positive TdFe* throughout the study area (Figure S10, Table S2 and S3 in Supporting Information S1),
which is also a common feature of the coastal ETSP (Blain et al., 2008) indicates that there is enough iron, rela-
tive to phosphate, to support complete consumption of PO?{ and thus support N, fixation in the coastal waters
of the northern HUS. The generally high TdFe availability in this study also indicates the potential for much
higher coastal N, fixation rates if iron were the major limiting factor for N, fixation in the ETSP (Dutkiewicz
et al., 2012). Yet higher TdFe concentrations in coastal waters did not always translate to high N, fixation rates
and in some cases, N, fixation rates were not detectable despite TdFe availability (Table S2 in Supporting Infor-
mation S1). Therefore, the disproportionately low or undetectable N, fixation rates despite TdFe availability
across most of the incubations from the shelf region is striking. Yet, across the entire data set, slight differences
in TdFe concentrations by latitude and coastal-offshore dynamics appeared to be spatially concurrent to differ-
ences in N, fixation rates (Table S2 and S3 in Supporting Information S1). Despite the high variability in both
N, fixation rates and TdFe concentrations, general trends indicated that increasing N, fixation rates from north to
south coincided with a similar increase in TdFe concentrations (Table S2 in Supporting Information S1). Hence,
whilst overall TdFe availability suggests that TdFe was nonlimiting and therefore not a major controlling factor
for N, fixation rates in this study, patterns in the magnitude and distribution of N, fixation rates versus the abso-
lute concentrations of TdFe may point towards either further subtleties as to exactly how bioavailable TdFe is to
diazotrophs, nonlinearities in its regulation of N, fixation, or other chemical, physical and ecological constraints
on N, fixation. Therefore, dedicated experiments are required to disentangle and understand the complex relation-
ships between Fe availability and N, fixation in the ETSP.

From 27 N, fixation stations sampled, 11 were characterized as offshore (lower boundary of the OMZ >600 m,
Figure 2) and observed to have lower TdFe concentrations (1.18-90.29 nmol L) relative to coastal stations
(1.15-461.84 nmol L1). These differences were associated with higher N, fixation rates at most coastal stations
than at offshore stations. Our observations are consistent with previous studies reporting the lowest (maximum
<1 nmol N L~ d') to non-detectable rates from open ocean low productivity waters off Peru (Chang et al., 2019;
Dekaezemacker et al., 2013; Loscher et al., 2014; Selden et al., 2021). These patterns altogether suggest that
while sedimentary iron in coastal waters is high, insufficient iron availability in open ocean waters may to some
extent still limit/colimit N, fixation in large parts of the ETSP (Wang et al., 2019). Whilst this may occur as a
direct influence of TdFe availability on N, fixers, it also presents the potential for an indirect effect of iron. Low
TdFe availability also limits phytoplankton productivity (Browning et al., 2018; Hutchins et al., 2002), thereby
resulting in low organic matter availability, which is attributed to stimulating heterotrophic N, fixation (Bombar
et al., 2016; Riemann et al., 2022).

Our study highlights that the controlling factors for N, fixation may be variable globally among different ocean
regions. Specifically for the northern HUS, the controls on N, fixation may consist of nonlinear correlations
between multiple environmental factors. Therefore, predicting N, fixation rates solely on iron and POi’ without
considering other interlinking factors such as organic matter availability may have resulted in an overestimation
of the role and contribution of N, fixation in the ETSP (Wang et al., 2019). It is worth mentioning that Chang
et al. (2019) did not detect any N, fixation activity beyond the euphotic zone during austral winter, additionally
revealing the temporal heterogeneity and patchiness of N, fixation activity within the northern HUS. Consid-
ering the known seasonality and climate-associated variability in physical and biogeochemical conditions such
as primary productivity (Messié & Chavez, 2015), which could ultimately influence N, fixation in the northern
HUS, we hypothesize that seasonal variability of N, fixation rates is likely to occur, but will be challenging to
constrain due to the sporadic occurrence of high N, fixation rates in summer (Fernandez et al., 2011; Loscher
et al., 2014), and the time period of observations required to extract seasonal variability above interannual and
interdecadal dynamics.

4.2. Magnitudes of N, Fixation and Potential Impacts on Biomass Production and Nitrogen Inventory of
the ETSP

Averaged over the entire water column (0-300 m), our volumetric rates (1.19 + 3.81 nmol N L=' d~', n = 103
measurements) are in agreement with the global average of N, fixation rates (1.4 + 4.6 nmol N L~! d=!) reported
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from coastal regions by Tang, Li, and Cassar (2019), Tang, Wang, et al. (2019), and other observations from
the ETSP (Bonnet et al., 2013; Chang et al., 2019; Dekaezemacker et al., 2013; Fernandez et al., 2011; Knapp
et al., 2016; Loscher et al., 2014; Selden et al., 2021).

When integrated through the water column (5-250 m), areal N, fixation rates (18.12-582.11 pmol N m~2 d~,
Figure 1b) are within the range but on the lower end of the integrated rates (0400 m, 2-950 pmol N m~2 d~})
reported from the ETSP by Fernandez et al. (2011). Save for the highest areal rate (582.11 pmol N m~2 d=1),
most of our rates are lower (<200 pmol N m=2 d~') than the average model predictions of N, fixation for the
region (~500 pmol N m~2 d=!) by Deutsch et al. (2007). In line with several model results, our data confirm that
predicted N, fixation rates may be overestimated (Moore & Doney, 2007; Wang et al., 2019), especially consid-
ering that observed N, fixation rates from the ETSP are comparably lower in austral winter (Chang et al., 2019).

Our sampling strategy focused on the coastal band where the highest volumetric N, fixation rates (up to
800 pmol N m~2 d~!) have been measured to date (Loscher et al., 2014, 2016). Episodic sulfidic events, now
commonly reported from the Peruvian OMZ and eddy events (Schlosser et al., 2018; Schunck et al., 2013), were
previously associated with the high coastal N, fixation rates and gammaproteobacterial diazotrophic activity
along 12°S (Station 19, 12° 30’S 77°W) by Loscher et al. (2014, 2016). This suggests that N, fixation in the
ETSP may be significantly enhanced under extreme episodic sulfidic events (Loscher et al., 2014). These high
N, fixation rates indicate that despite the patchiness, the dominating diazotrophic community in the ETSP is
capable of high N, fixation rates comparable to those measured during Trichodesmium blooms in the North
Atlantic, if exposed to the right environmental conditions (Capone et al., 2005; Fonseca-Batista et al., 2019;
Mulholland et al., 2012). In contrast to Loscher et al. (2014), we measured eight times lower integrated N,
fixation rates of 162.95 pmol m~2 d~! along the same latitude (Station 46 at 12°S, 78°W), the closest station
to Station 19 of Loscher et al. (2014), a decade later but during the same season. Furthermore, it should also
be noted that for a large number of N, fixation rates from previous studies in the HUS and reported herein, N,
fixation rates were consistently below detection. Hence, whilst the potential for high N, fixation rates may exist
in the northern HUS, our study demonstrates an uncertainty of whether these high N, fixation rates are sustained
over time. Considering that previous studies have similarly reported both detectable and low to no N, fixation in
the northern HUS, N, fixation rates seem widely variable and intermittent both spatially and temporally (Chang
etal., 2019; Dekaezemacker et al., 2013; Loscher et al., 2014; Selden et al., 2021). Nonetheless, while N, fixation
may occur year-round, N, fixation rates in the coastal waters of the northern HUS during austral summer do not
seem to be substantially high, as hypothesized by Deutsch et al. (2007). These results provide further evidence to
support previous conclusions that the ETSP is likely not a “hotspot” for N, fixation (Chang et al., 2019; Knapp
etal., 2016; Selden et al., 2021; Wang et al., 2019). Nevertheless, the temporal variability of N, fixation needs to
be considered in regional nitrogen budgets since coastal waters may have a previously underestimated contribu-
tion to new nitrogen inputs in the HUS when N, fixation rates are episodically enhanced.

Net *C primary production rates measured in the same incubation bottles as N, fixation ranged between
0.02-104.09 pmol C L~! d=! with an average mean of 17.00 + 28.41 pmol C L~! d~! from the euphotic zone
(Kittu, Ferndndez-Méndez et al., 2021; Kittu, Hopwood, et al., 2021; Kittu, Paul, et al., 2021). Assuming a
Redfield ratio (C:N ~ 6.6) (Redfield, 1958), we calculated that the contribution of measured N, fixation to the
new primary production by providing new nitrogen to the euphotic zone ranged between ~0.0 and 0.50% (aver-
age, 0.05 + 0.11%). This demonstrates that N, fixation was a measurable but minor source of new nitrogen to
support local new primary productivity during our cruise. It is therefore evident that other N sources for example,
from upwelled nitrate or regenerative nutrients (e.g., ammonium), are more important for supporting the observed
high primary productivity in the region (Fernandez et al., 2009; Hauschildt et al., 2021).

Nevertheless, the occurrence of N, fixation in the coastal waters of the northern HUS might be relevant for N
cycling in the highly productive Peruvian upwelling system due to the extent to which it counterbalances bioavail-
able N loss. Our observations do support the Deutsch et al. (2007) hypothesis for a colocation of N, fixation and
bioavailable N loss in the southern coastal productive waters off Peru, which may be important for feedbacks on
the nitrogen inventory in the region (Landolfi et al., 2013). To assess this, we considered the distribution of N loss
estimates from N, calculations and secondary NO; maxima measurements. Using estimates of microbial respi-
ration and NOJ deficit, Codispoti and Packard (1980) established that 76% of the total N loss in the ETSP occurs
from the main secondary NO; maxima zone (>2 pmol L), within a 175 km band from the coast. Based on these
estimates, they demarcated a coastal area of 3.26 X 10'! m~2 between 10°S and 25°S where NO; concentrations
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were positively correlated with denitrification rates. Our sampling area (8—16°S) covered approximately half of
the total area demarcated with pronounced N loss. N, fixation rates between Transects 3 and 6 were associated
with surface and subsurface waters featuring a calculated high Ng. (Figure 5b, 5-25 pmol L") and a pronounced
secondary NO; maxima in O, deficient coastal waters (NO; range = 2-8 pmol L") starting from 30 m deep
(Codispoti & Packard, 1980; Kalvelage et al., 2013). Within this area, high denitrification and anammox rates
of up to ~6.1 mmol N m~2 d~! amounting to a total N loss of 12 Tg N yr~! have been reported (Karthduser
et al., 2021).

To account for the potential biogeochemical significance of N, fixation in the ETSP, we compared reported
estimates of N loss in the ETSP (range 9-25 Tg N yr~!, Kalvelage et al., 2013; Karthéuser et al., 2021) to N,
fixation rates measured during our study. We applied a similar approach to Karthéuser et al. (2021) and Bonnet
etal. (2013) by considering the same spatial extent of N, fixation as for N loss to extrapolate our rates and roughly
estimate annual N, fixation inputs over the entire area of the coastal OMZ susceptible to N loss (3.26 x 10! m?).
Using an integrated N, fixation rate of 69.46 + 120.02 pmol N m~2 d~! averaged from 25 stations within 175 km
from the coast, total N, fixation potentially amounts to ~0-0.32 Tg N yr~, replenishing ~0 to 1.3% of the N
lost. Based on these estimates, N, fixation rates from the region would need to be 10-100-fold higher to balance
the N loss, therefore demonstrating the low potential for austral summer N, fixation rates to compensate for
N loss in the coastal waters of the northern HUS off Peru. While these are only rough estimates of the poten-
tial importance of N, fixation in the northern HUS, we note that our estimates are on the lower end of annual
estimates of N, fixation rates for the ETSP reported by Bonnet et al. (2013), which included rates from further
offshore and toward the end of austral summer (0.16%-10%). Potential explanations for this difference could
be that our samples, taken up to 300 m did not cover the extent of aphotic waters at depth (up to 2,000 m) from
where N, fixation rates were attributed to largely contribute to total areal N, fixation in the ETSP (Bonnet
et al., 2013). Additionally, we note that while intense denitrification and anammox are mainly restricted to the
subsurface anoxic and suboxic waters within the 175 km coastal band (Kalvelage et al., 2013), N, fixation in
the ETSP occurs over a larger spatial extent, albeit at much lower rates in the open ocean and aphotic waters
beyond 300 m (Bonnet et al., 2013; Chang et al., 2019; Dekaezemacker et al., 2013; Loscher et al., 2014; Selden
etal., 2021). Considering the large area of aphotic and open waters, even low but persistent N, fixation rates may
significantly contribute to higher estimates if annually sustained. Therefore, the spatial scale and coverage of N,
fixation over which rates are measured and extrapolated are therefore important to consider for these compari-
sons. Hence, our estimates from only the coastal region within 300 m depth may be underestimated, especially
considering the high variability observed in N, fixation rates within this study and potential seasonal variability
yet to be thoroughly investigated. To better understand the relationships between these two processes, we recom-
mend that both measurements of N, fixation and N loss processes should be taken from the same samples in
parallel across different seasons and on a broader spatial scale in the ETSP than considered herein.

In general, our results highlight that while the spatial coupling of N, fixation and N loss is evident in coastal waters
of the ETSP associated with an intense OMZ (Dekaezemacker et al., 2013; Loscher et al., 2014), this doesn’t
necessarily suggest that N, fixation counterbalances the high N loss reported from the region. The colocation of
these two processes, as shown in this study, supports the hypothesis that self-reinforcing positive feedbacks on
the N cycle are likely to occur at the local scale (Landolfi et al., 2013). Considering the stoichiometric imbal-
ance in N, fixation and N loss (Landolfi et al., 2013), the significance of N, fixation in the ETSP may be more
related to the feedback that ensues in the N inventory rather than to its minor direct role in nitrogen supply for
primary productivity. Atleast for summer conditions in this study, the presence of N, fixation in proximity to low
oxygen N deficient waters along the coast could enhance the N deficit, thereby creating a self-sustaining cycle
between N loss and N, fixation that results in net N loss locally. Hence, on short (e.g., annual) time scales and
considering temporal variability in N, fixation rates, our results suggest that the hypothesized positive feedback
on the N inventory of the northern HUS (Landolfi et al., 2013) could be strengthened by enhanced N, fixation
in the coastal waters where both phytoplankton productivity and N loss are high. If the hypothesis of a vicious
cycle holds, colocation of N loss and N, fixation in the coastal OMZ of the northern HUS could trigger regional
changes in the N inventory (Landolfi et al., 2013). These stoichiometry-driven changes in the size of the local N
inventory may lead to bottom-up-regulated perturbations in food web dynamics and the efficiency of the biolog-
ical pump at a local scale (Falkowski, 1997). Over longer time scales, however, the N loss in the northern HUS
has been hypothesized to be counterbalanced by basin-wide N inputs through high N, fixation rates observed in
the Western Tropical Pacific (Bonnet et al., 2017; Wang et al., 2019). However, for a local replenishment, it is
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still unclear whether such a large increase in annual N, fixation rates, 10-100 fold to be proportional to local N
loss estimates, is regionally plausible in the ETSP.

5. Conclusion

This study provides the highest resolution of the spatial distribution of N, fixation reported so far from the
northern HUS, with a stronger focus on coastal waters compared to previous studies. Our data revealed notable
latitudinal differences in N, fixation in the northern HUS coinciding with a similar latitudinal pattern in N loss.
N, fixation was below detection in the northern transects between 8 and 10°S and increased from the central to
southern transects toward the region of intensified N loss and higher primary productivity (12°S-16°S). This
indicates that N, fixation in the northern HUS may be mostly confined to the southern part of coastal waters
above and within the region of intense N loss. This latitudinal pattern is likely a result of a complex interplay of
multiple environmental factors, including organic matter availability, and potential factors that regulate it, such as
the availability of trace metals (Fe). These factors may have direct and indirect effects on the regional distribution
of N, fixation in coastal waters of the northern HUS off Peru. Despite the observed negligible contribution of
diazotrophy to supporting new primary productivity, the colocation of low N, fixation and high bioavailable N
loss (nitrate and ammonia loss via denitrification and anammox) close to the coast provide evidence that there is
potential for a local self-sustaining feedback along the coast that could potentially lead to a runaway loss of N as
previously hypothesized. Hence, we postulate that on short timescales, this positive feedback could be strength-
ened via future changes in deoxygenation, phytoplankton organic matter production, and trace metal biogeochem-
istry, especially in relation to sporadic occurrences of sulfidic events. However, further studies are required to
quantify and determine the strength, and biogeochemical and ecological implications of this positive feedback
for the coastal system as N, fixation rates would need to be 10-100 fold higher than currently measured rates to
match the rates of N loss from the same region. Additionally, temporal shifts in N, fixation rates associated with
seasonality need to be accounted for, which is challenging due to the current patchy distribution of observed N,
fixation rates.

Data Availability Statement
The data sets are available on PANGAEA as follows:

* N, fixation rates (Kittu, Paul, et al., 2021).
e Water column biogeochemistry (Kittu, Fernandez-Méndez et al., 2021).
e TdFe concentrations (Kittu, Hopwood, et al., 2021).
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