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Abstract 29 

Oxygen minimum zones (OMZs), due to their large volumes of perennially deoxygenated 30 

waters, are critical regions for understanding how the interplay between anaerobic and aerobic 31 

nitrogen (N) cycling microbial pathways affects the marine N budget.  Here we present a suite of 32 

measurements of the most significant OMZ N cycling rates, which all involve nitrite (NO2
–) as a 33 

product, reactant, or intermediate, in the Eastern Tropical North Pacific (ETNP) OMZ.  These 34 

measurements and comparisons to data from previously published OMZ cruises present 35 

additional evidence that NO3
–  reduction is the predominant OMZ N flux, followed by NO2

– 36 

oxidation back to NO3
–.  The combined rates of both of these N recycling processes were 37 

observed to be much greater (up to nearly 200x) than the combined rates of the N loss processes 38 

of anammox and denitrification, especially in waters near the anoxic / oxic interface.  We also 39 

show that NO2
– oxidation can occur  when O2 is maintained near 1 nM by a continuous purge 40 

systemin functionally anoxic incubations, NO2
– oxidation and O2 measurements that further 41 

strengthen the case for truly anaerobic NO2
– oxidation.  We also evaluate the possibility that 42 

NO2
– dismutation provides the oxidative power for anaerobic NO2

–  oxidation.  Although almost 43 

all treatments returned little evidence for dismutation (as based on product inhibition, substrate 44 

stimulation, and stoichiometric hypotheses), results from one treatment under conditions closest 45 

to in situ NO2
– values may support the occurrence of NO2

– dismutation.  The partitioning of N 46 

loss between anammox and denitrification differed widely from stoichiometric predictions of at 47 

most 29% anammox; in fact, N loss rates at many depths were entirely due toconsisted entirely 48 

of anammox.  Through investigating the magnitudes of NO3
– reduction and NO2

– oxidation, 49 

testing for anaerobic NO2
– oxidation, examining the possibility of NO2

– dismutation, and further 50 

documenting the balance of N loss processes, Our these new NO3
– reduction, NO2

– oxidation, 51 
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dismutation, and N loss data shed light on many open questions in OMZ N cycling research, 52 

especially the possibility of truly anaerobic NO2
– oxidation.  53 

 54 

1. Introduction 55 

Nitrogen (N) is essential for life because of its prominent role in DNA, RNA, and protein 56 

chemistry.  As a result, N limits biological productivity in many marine environments.  The 57 

dissimilatory biological N loss and recycling pathways are traditionally understood to be strictly 58 

separated by O2 tolerance.  The N loss processes of denitrification, the stepwise reduction of 59 

NO3
– to N2, and anaerobic ammonium oxidation (anammox), the oxidation of NH4

+ with NO2
– to 60 

make N2, require low O2 while the N recycling pathways of NH4
+ oxidation to NO2

– and NO2
– 61 

oxidation to NO3
–  are viewed as obligately aerobic.  Importantly, NO2

– is a product, reactant, or 62 

intermediate in all these pathways.  Therefore, developing an understanding of NO2
– sources and 63 

sinks is essential for a complete understanding of marine N biogeochemistry.  64 

Oxygen minimum zones (OMZs) and sediments are the two main marine environments 65 

where N loss occurs.  There are three major OMZs, the Eastern Tropical North Pacific (ETNP), 66 

the Eastern Tropical South Pacific (ETSP), and the Arabian Sea, which occupy 0.1 - 1% of total 67 

ocean volume, depending on the O2 threshold used (Codispoti and Richards, 1976; Naqvi, 1987; 68 

Bange et al., 2000; Codispoti et al., 2005; Lam and Kuypers, 2011).  Importantly, the OMZ water 69 

column is not completely deoxygenated from top to bottom; OMZs are characterized by an 70 

oxygenated surface, a depth interval of steeply declining O2 around the mixed layer depth, called 71 

the oxycline, an oxygen deficient zone (ODZ) spanning several hundred meters where O2 72 

declines below the detection limit of common shipboard CTD O2 sensors, and then a second, 73 

gradual, oxycline that transitions to oxygenated deep water.  Despite OMZ regions’ small size, 74 
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they are responsible for 320-540% of total marine N loss (DeVries et al., 2013), a magnitude 75 

significant for the global marine N budget.  In this work, in order to answer several open 76 

questions about OMZs and marine N cycling, we conducted a suite of 15N stable isotope 77 

measurements of the most important N cycling microbial pathways in OMZs.  We report the N 78 

loss rates of anammox and denitrification, as well as the N recycling rates of NO3
– reduction, 79 

NO2
– oxidation, and NH4

+ oxidation, all of which involve NO2
–.   80 

A distinctive feature of OMZs is a secondary nitrite maximum (SNM) (Codispoti et al., 81 

2001; Brandhorst, 1959; Codispoti and Packard, 1980).  The highest nitrite concentrations within 82 

the SNM can reach 10 µM, much higher than the peak values found in the primary nitrite 83 

maximum at the base of the photic zone, which average ~100 nM globally (Lomas and 84 

Lipschultz, 2006).  Several recent works have shown or argued that the SNM’s NO2
– is supplied 85 

via high rates of the first step of denitrification, NO3
– reduction to NO2

– (Lam et al., 2009; Lam 86 

and Kuypers, 2011; Kalvelage et al., 2013; Babbin et al., 2017, 2020).  NO3
– reduction has been 87 

proposed (Anderson et al., 1982) to be one-half of a rapid loop where NO3
– and NO2

– are 88 

recycled through simultaneously occurring NO3
– reduction and NO2

– oxidation.  This loop has 89 

been supported through experimental measurements of both rates (Babbin et al., 2017, 2020; 90 

Kalvelage et al., 2013; Lipschultz et al., 1990).  In this view, elevated NO3
– reduction also 91 

generates NH4
+, via organic matter (OM) remineralization, which enhances anammox at the 92 

expense of denitrification in oxycline and upper ODZ waters (Babbin et al., 2020).  In this study, 93 

we conducted tests to further document this rapid loop’s existence and role in enhancing 94 

anammox. 95 

Recent measurements of NO2
– oxidation have returned significant rates from both the 96 

oxycline and the ODZ, findings that challenge the paradigm that NO2
– oxidation is an obligately 97 



 

 5 

aerobic process.  Evidence for high, widespread NO2
– oxidation rates in low O2 waters has 98 

accumulated from direct rate measurements via 15N tracers (Füssel et al., 2011; Lipschultz et al., 99 

1990; Peng et al., 2015, 2016; Ward et al., 1989; Kalvelage et al., 2013; Tsementzi et al., 2016; 100 

Sun et al., 2017, 2021a; Babbin et al., 2017, 2020), models (Buchwald et al., 2015), and 15N 101 

natural abundance measurements (Casciotti et al., 2013).  Many explanations have been 102 

proposed including microaerophilic nitrite oxidizing bacteria (NOB) adapted to low but non-zero 103 

O2 conditions (Penn et al., 2016; Bristow et al., 2016; Tsementzi et al., 2016; Bristow et al., 104 

2017) where the O2 for these NOB is transiently supplied to previously deoxygenated waters by 105 

(1) (1) vertical or horizontal mixing of the ocean surface or nearby oxic water (Casciotti et al., 106 

2013; Tiano et al., 2014; Bristow et al., 2016; Ulloa et al., 2012), even into the anoxic ODZ 107 

(Margolskee et al., 2019; Monreal et al., 2022), or (2) a or (2) a cryptic O2 cycle where low-light 108 

adapted phototrophs produce O2 that is consumed by NOB (Garcia-Robledo et al., 2017; 109 

Fuchsman et al., 2019).   110 

Despite the power ofWhile these explanations , they do not preclude the possibility of 111 

widespread NOB capable of truly anaerobic could account for oxycline and ODZ top 112 

observations, they cannot account for rigorously O2 contamination controlled observations of 113 

NO2
– oxidation, especially in waters from the deep, dark, and deoxygenated ODZ core.  (Babbin 114 

et al., 2020; Sun et al., 2021).  This possibility is ese ODZ core results are bolstered by 115 

sequencing data that show the presence of an NOB metagenome assembled genome (MAG) with 116 

a preference for exclusive to the deoxygenated ODZ core in the ETSP (Sun et al., 2019) and  and 117 

ODZ core kinetics experiments where O2 concentrations above 5 µM inhibits NO2
– oxidation 118 

(Sun et al., 2021a).    Here we build on pastthese stable isotope experimental results by 119 

performing additional depth profile experiments with purged waters from the ODZ and O2 120 
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manipulation 15N tracer experiments across a gradient of O2 2 concentrations from 1 nM to 10 121 

µM.  Our O2 manipulation experiments, unlike previous studies, were conducted in vessels that 122 

were continuously purged throughout each incubation with a precisely calibrated mixture of  N2, 123 

O2, and CO2.  This experimental design allowed us to continuously maintain low O2 conditions.  124 

In addition, our oxygen concentrations in these assays were verified via a LUMOS sensor, a 125 

sensor class with a detection limit of 0.5 nM O2 (Lehner et al., 2015).  Together, these method 126 

improvements convincingly show that the O2 contamination observed to occur in Niskin 127 

sampling (Garcia-Robledo et al., 2016, 2021) is removed and that vanishingly low O2 is 128 

maintained throughout the experiment.  129 

, including functionally anoxic (< 3 nM) O2 concentrations where O2 cannot play a 130 

significant biological or biogeochemical role (Berg et al., 2022). 131 

Anaerobic NO2
– oxidation would require an alternative oxidant other than O2.  Many 132 

candidates have been proposed (Sun et al., 2023) for this oxidant including IO3
– (Babbin et al., 133 

2017), Mn4+, Fe3+ (Sun et al., 2021a), the anammox core metabolism (Sun et al., 2021a), the 134 

observed reversibility of the nitrite oxidoreductase enzyme (Wunderlich et al., 2013; Kemeny et 135 

al., 2016; Koch et al., 2015; Buchwald and Wankel, 2022), and NO2
– dismutation (Babbin et al., 136 

2020; Füssel et al., 2011; Sun et al., 2021a).  Due to multiple considerations such as very low 137 

IO3
– in the ODZ core (Moriyasu et al., 2020), low favorability of Mn4+ or Fe3+ mediated NO2

– 138 

oxidation at marine pH values (Luther, 2010), low anammox rates that do not explain the 139 

observed stoichiometry of NO2
– oxidation to anammox (Kalvelage et al., 2013; Babbin et al., 140 

2020; Sun et al., 2021a), and uncertainty if the inability of the enzyme hypothesis tocan account 141 

for structural and phylogenetic differences in the NXRs of the four NOB genera (Buchwald and 142 
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Wankel, 2022; Sun et al., 2019), we conducted experiments to test the remaining most plausible 143 

hypothesis: NO2
– dismutation.   144 

NO2
– dismutation (Eq. (R4)) is energetically favorable (Strohm et al., 2007; Van de 145 

Leemput et al., 2011) although it has not been detected in nature.  The reaction is proposed to 146 

occur in three steps (Eq. (R1-3)) (Babbin et al., 2020) and DNA sequences that encode possible 147 

enzymes for steps two2 and three3 (Eqs. (R2, R3)) have been found in ODZ core metagenomic 148 

reads and  metagenome assembled genomes (MAGss) (Padilla et al., 2016; Babbin et al., 2020).  149 

While these sequences were not classified as NOB, they do indicate that parts of the pathway 150 

could occur in OMZs.  If discovered in OMZs, NO2
– dismutation would be another N loss 151 

pathway, albeit one indistinguishable from denitrification since the 15N atoms in 30N2 come from 152 

15NO2
– in both pathways.  Here we evaluate the hypothesis that NO2

– dismutation is a significant 153 

mechanism for NO2
– oxidation under low O2, by searching for product inhibition, the inhibition 154 

of both NO2
– oxidation and 30N2 production (i.e. denitrification) in response to addition of NO3

–, 155 

substrate stimulation (increases in both 30N2 production and NO2
– oxidation in response to 156 

addition of 15NO2
–), and by comparing the NO2

– oxidation to the produced 30N2 ratio.  A ratio 157 

near the 3:1 stoichiometry of dismutation (3 NO3
–: 1 N2, Eq. (R4)) would indicate that 158 

dismutation could explain the NO2
– oxidation measured in the ODZ core.  159 

3NO2
– + 2H+ → NO3

– + 2NO + H2O                                                                                          (R1)   160 

2NO → N2 + O2                                                                                                                (R2) 161 

2NO2
– + O2 → 2NO3

–                                                                                                                       (R3) 162 

5NO2
– + 2H+ → N2 + 3NO3

– + H2O                                                                                   (R4) 163 

 A final area of OMZ biogeochemistry that we investigate is the relative balance between 164 

anammox and denitrification and these pathways’ relationships to the rapid NO2
– oxidation / 165 
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NO3
– reduction loop.  After the discovery of anammox, many OMZ studies (Kalvelage et al., 166 

2013; Kuypers et al., 2005; Hamersley et al., 2007; Jensen et al., 2011; Thamdrup et al., 2006; 167 

Lam et al., 2009), but not all (Ward et al., 2009; Bulow et al., 2010; Dalsgaard et al., 2012) have 168 

reported that anammox is the dominant N loss flux in OMZs, a surprising difference from the 169 

stoichiometric based prediction that OMZ N loss should be at most 29% anammox (Dalsgaard et 170 

al., 2003).  While the first wave of these studies did not realize that vial septa were introducing 171 

O2 into the incubations, many studies after this discovery observed the same result (Kalvelage et 172 

al., 2013; Jensen et al., 2011; Babbin et al., 2020).  Theis prediction of a 29% anammox partition 173 

assumes that all NH4
+ for anammox was derived from remineralization of OM with a mean 174 

marine C:N ratio through complete denitrification of NO3
– to N2 (Dalsgaard et al., 2003, 2012).  175 

Anammox rates exceeding 29% of total N loss would therefore require an additional source of 176 

NH4
+ beyond current observations of denitrification and the resulting NH4

+ remineralization.   177 

The best supported explanations for elevated anammox are that (1) denitrification is the 178 

NH4
+ source, but that complete denitrification peaks episodically in response to OM quality 179 

while anammox occurs at a slow, consistent, low rate (Ward et al., 2008; Thamdrup et al., 2006; 180 

Babbin et al., 2014; Dalsgaard et al., 2012).  The snapshots afforded by isotopic incubations on 181 

cruises could therefore easily miss episodes of high complete denitrification.  (2) Denitrifiers 182 

have a strong preference for particles (Ganesh et al., 2013, 2015; Fuchsman et al., 2017) and 183 

CTD samples do not capture marine particles very well (Suter et al., 2017).  As a result, 184 

differences from the expected percent N loss partition in water column samples are due to 185 

missing denitrifiers.  (32) The rapid loop between NO3
– and NO2

–  described previously 186 

functions as an “engine” to generate NH4
+ for anammox at the expense of denitrification.  The 187 

observed magnitudes of NO3
– reduction and NO2

– oxidation and these processes’ ability to 188 
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produce NH4
+ from the remineralization of OM with standard C:N ratios without complete 189 

denitrification make this an additional logical hypothesis.   190 

The thirdsecond hypothesis, the NO2
–/ NO3

– loop, is supported by several pieces of 191 

evidence.  Firstly, such as (1) measurements that the O2 tolerance of NO3
– reduction and 192 

anammox is higher than that of denitrification and that therefore these processes are more adapted 193 

to the oxycline and ODZ top (Kalvelage et al., 2011; Jensen et al., 2008; Dalsgaard et al., 2014).  194 

Additionally, (2) ‘omics studies have revealed widespread incomplete, modular denitrification in 195 

OMZs (Sun et al.and Ward, 2021b; Ganesh et al., 2015; Fuchsman et al., 2017)., and (3) 196 

experimentalFurthermore, experimental studies have shown that as NO3
– reduction increases near 197 

the coast, anammox rates also increase (Kalvelage et al., 2013).  According to this view, partial 198 

denitrification of NO3
– to NO2

– at a much higher rate than complete denitrification would 199 

produce NH4
+ that would then enhance anammox rates.  The resulting enhanced anammox rates 200 

occur at the expense of complete denitrification because high NO3
– reduction rates would 201 

consume OM before the later steps of denitrification.  In addition, the resulting NO2
– would also 202 

be lost to later stage denitrifiers due to high NO2
– oxidation rates that would return the NO2

–  to 203 

NO3
–.  Our study’s considerable number of data points, as well as our ability to compare results 204 

to rate measurements obtained from identical methods on previous cruises offers a unique chance 205 

to test both the variable denitrification and rapid loop hypotheses further validate these 206 

explanations for elevated anammox rates. 207 

 OMZs are essential regions for the marine N cycle; however, the biogeochemistry of 208 

OMZs may currently be in flux due to anthropogenic pressures.  Observational studies have 209 

reported decreases in O2 across the Pacific (Ito et al., 2017) and the expansion of denitrification 210 

and anoxia in the ETNP (Horak et al., 2016).   Modelings studiesand observations suggest that 211 
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OMZ volume will continue to grow in the near future, with uncertain impacts (Stramma et al., 212 

2008; Keeling et al., 2010; Busecke et al., 2022).  As a result, it is important to develop a 213 

thorough understanding of OMZ N cycling to be able to predict any changes in marine 214 

productivity as deoxygenated regions grow.  This study contributes towards this goal through 215 

examining four open research questions in OMZ biogeochemistry:   216 

(1) Is the rapid cycle hypothesis correct, i.e., that NO3
– reduction and NO2

– oxidation rates are 217 

much greater than N loss rates, especially in the oxycline and ODZ top?  218 

(2) Does truly anaerobic NO2
– oxidation occur in OMZ regions?  219 

(3) If yes, is NO2
– dismutation the mechanism by which it occurs?  220 

(4) Is anammox the dominant N loss flux?  If yes, what is the explanation? 221 

 222 

Figure 1: Sampling locations during 2018 cruises to the ETNP OMZ.  SR1805 stations (spring 223 

2018) are shown in yellow while FK180624 (summer 2018) stations are shown in cyan.  Stations 224 
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PS1 and 18 are located in more oxic environments on the boundary of the OMZ region.  The 225 

remaining FK180624 stations occur along a gradient towards the center of the OMZ region, 226 

represented by stations PS2 and FK180624 stations 2 and 3.  These three stations are referred to 227 

as OMZ core stations.  Station PS3 (referred to as coastal) represents a final biogeochemical 228 

subregion due to its proximity to the coast.   229 

 230 

2. Methods  231 

2.1  NO2
–, NO3

–, and NH4
+ concentration measurements 232 

Nutrient measurements on all cruises were conducted as follows.  Ambient NO2
–  233 

concentrations were measured on each vessel using the sulfanilimide and NED colorimetric 234 

technique with a spectrophotometer (Strickland and Parsons, 1972).  NO3
– profile samples were 235 

frozen onboard each ship, then thawed and measured immediately NO3
– was measured in the 236 

NO2
– oxidation experiments using the chemilumenscence method upon return to the Ward 237 

laboratory (Braman and Hendrix, 1989).  Ambient NH4
+ concentrations were measured on each 238 

ship using the OPA method (Holmes et al., 1999; Taylor et al., 2007; ASTM International, 239 

2006).  In some cases, NO2
– and NH4

+ were measured on different casts than those of the rate 240 

measurements.  In these cases, figures and calculations use interpolated nutrient values based on 241 

the potential density of nutrient sampling and rate measurement depths.  Interpolations were 242 

performed with the Matlab pchip function.  243 

2.2 NH4
+ oxidation and NO3

– reduction rates 244 

Incubation experiments were performed on board the R/V Sally Ride in March and April 245 

2018 (SR1805).  NH4
+ oxidation and NO3

– reduction rates were measured at three stations: PS1 246 

(open ocean OMZ boundary), PS2 (open ocean, OMZ), and PS3 (coastal OMZ) (Fig. 1).  Rates 247 

were measured throughout the water column at ten depths per station (see supplemental Table S1 248 

for depths).  Water was directly sampled from the CTD into 60 -mL serum vials.  After 249 

overflowing three times, bottles were sealed with a rubber stopper and crimped with an 250 
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aluminum seal.  After this, a 3 mL headspace of He was introduced and , samples from below the 251 

oxygenated surface depths were purged for 15 min with He at a flow rate of 0.4 L min-1.  This 252 

flow rate exchanged the volume of each bottle one hundred times.  , Immediately after this, and 253 

then 0.1 mL of tracer solution was added to all bottles.  15NH4
+ and 15NO3

– tracers were added to 254 

reach final concentrations of 0.5 µM and 3 µM, respectively.  Five bottles were incubated per 255 

time course and incubations were ended at 0 (one bottle), 12, and 24 hours (two bottles each) via 256 

addition of 0.2 mL of saturated ZnCl2.  Samples were analyzed at the University of Basel using a 257 

custom-built gas bench connected by a Conflow IV interface to a Delta V plus IRMS (Thermo 258 

Fisher Scientific).  Five mL of the sample were used to convert NO2
– to N2O using the azide 259 

method (McIlvin and Altabet, 2005).  A linear increase of 15N-NO2
–  over time, along with a 260 

standard curve to convert from peak area units to nmol N was used to calculate the NO2
– 261 

production rates according to Eq. (5) and (6) below, 262 

Ammonium oxidation rate  = 
d NO2

–
x

15

dt (F
NH4

+)
                                                                                        (5) 263 

Nitrate reduction rate = 
d NO2

–
x

15

dt (F
NO3

–)
                                                                                                 (6) 264 

where:   265 

d NO2
–

x

15

dt
 is the slope of NO2

–
x

15
 produced over time and 266 

FNH4
+   and FNO3

–  are the fraction of the NO3
– and NH4

+ pools that are labelled with N.x
15  267 

The significance of the rates was evaluated using a Student’s t test with a significance level of 268 

0.05.  The reported error bars are the standard error of the regression.  The NH4
+ oxidation rates 269 

reported here were previously published and the experimental method used is more thoroughly 270 

described in this previous publication (Frey et al., 2022).  271 
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 272 

2.3 Anammox and denitrification rates depth profiles 273 

Incubation experiments were performed during SR1805 in March and April 2018 and on 274 

the R/V Falkor (FK180624) during June and July 2018.  As above, rates were measured at PS1, 275 

PS2, and PS3 at ten depths per station (see Supplementary Table S1 for sampling depths) during 276 

SR1805.  On FK180624, rates were measured at eight stations that spanned a gradient from the 277 

core of the OMZ region to its edges (see Supplementary Table S2 for sampling depths).  At all 278 

stations and depths water was directly sampled from the CTD into 320 mL borosilicate ground 279 

glass stoppered bottles.  After overflowing three times, bottles were stoppered with precision 280 

ground glass caps specifically produced to prevent gas flow.  The bottles were transferred to a 281 

glove bag and amended with the following treatments: 3 µM each of 15NO2
–

 and 14NH4
+ 282 

(denitrification and anammox) and 3 µM each of 15NH4
+

 and 14NO2
– (anammox) on SR1805.  283 

2Two µM amendments of 15NO2
–

 and 14NH4
+ were used on FK180624.  It should be noted that at 284 

many depths our tracer additions were far above in situ values.  Due to this, all anammox and 285 

denitrification rates with high changes from baseline nutrient concentrations represent potential 286 

rates..    Eight mL of tracer amended seawater was aliquoted into 12 -mL exetainers (Labco).  287 

Exetainers were sealed in a glove bag with butyl septa and plastic screw caps that had been 288 

stored under helium for at least one month, removed and then purged for 5 min at 3 psi with 289 

helium gas to remove any O2 that accumulated during sampling and processing.  This step is 290 

another reason our As a result of this step, it should be noted that all anammox and 291 

denitrification rates sourced from partially or fully oxygenated waters should be regarded as 292 

represent potential rates.     293 
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Rates for each sampled depth were calculated using a five-timepoint time course with 294 

three replicates at each point.  Incubations were ended by injecting 50 µL saturated ZnCl2 and 295 

vials were stored upside down to prevent the headspace from leaking through the vial cap 296 

duringin storage and transit.  Six months after the cruise, samples were analyzed using a Europa 297 

22-20 IRMS (Sercon).  Raw data values were corrected for instrument drift due to run position 298 

and total N2 mass.  Drift corrected values and standard curves to convert from peak area units to 299 

nmol N2 were used to calculate rates according to the equations below (Thamdrup et al., 2006; 300 

Thamdrup and Dalsgaard, 2000, 2002) (for more details see supplemental material), 301 

Denitrification (from 15NO2
–) 302 

Denitrification Rate  = 
d N2x

30

dt(F
NO2

–)
2

                                                                                                    (7) 303 

Anammox (from 15NO2
–) 304 

Anammox Rate = 
d N2x

29

dt FNO2
–
 - 2D(1 - FNO2

–)                                                                                       (8) 305 

Anammox (from 15NH4
+) 306 

Anammox Rate = 
d N2x

29

dt FNH4
+

                                                                                                               (9) 307 

where:  308 

d N2x
30 or 29

dt
 is the slope of the regression of the amount of N2x

30 or 29  vs. time, 309 

FNO2
– and  FNH4

+  are the fraction of the NO2
– and NH4

+ pools labelled as 15N, and 310 

D is the denitrification rate calculated according to Eq. (7).   311 

A Student’s t test with a significance level of 0.05 was used to evaluate all rates.  The reported 312 

error bars are the standard error of the regression.  Since the anammox rates measured via both 313 
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tracers on the SR1805 cruise were similar in magnitude (Supplementary Table S3), anammox 314 

values reported in Figs. 2, 3, 6, 7, 8, and 9 are based on a combination of these values (see 315 

supplementary material for more information).  Previously published (Babbin et al., 2020) 316 

anammox and denitrification rates are sourced from four stations occupied during the R/V 317 

Thomas G. Thompson’s March and April 2012 cruise to the ETNP (TN278) and the RVIB 318 

Nathaniel B. Palmer’s June and July 2013 ETSP cruise (NBP1305) and were conducted in the 319 

same manner as the SR1805 and FK180624 incubations.  Crucially, the same mass spectrometer 320 

was used to measure N loss rates across the 2012, 2013, and 2018 cruises.  Station locations for 321 

the 2012 and 2013se cruises were as follows: TN278 ETNP coastal (20° 00´ N, 106° 00´ W), 322 

ETNP offshore (16° 31´ N, 107° 06´ W) and NBP1305 ETSP coastal (20° 40´ S, 70° 41´ W), 323 

ETSP offshore (13° 57´ S, 81° 14´ W). 324 

 325 

2.4 SR1805 NO2
– oxidation depth profiles  326 

Nitrite oxidation depth profiles were measured in the same exetainers used to measure 327 

anammox and denitrification depth profiles (15NO2
– treatment only).  The rate of NO2

– oxidation 328 

was determined by converting the NO3
– produced during the incubations to N2O using the 329 

denitrifier method (Weigand et al., 2016; Granger, J., & Sigman, 2009) (see supplemental 330 

material for methods details).  The samples were stored at room temperature in the dark until 331 

analysis on a Delta V (Thermo Fisher Scientific) mass spectrometer that measures the isotopic 332 

content of N in N2O (Weigand et al., 2016).  Samples were corrected for instrument drift due to 333 

run position and total N2 mass (for more details see supplemental materials).  Drift corrected 334 

δ15N values and a standard curve were then used to calculate the rate as follows,  335 
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where Eq. (10) is a rearrangement of the definition of δ15N:  338 
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 and 44N2Oarea is the amount of  44N2O measured as sample peak area in V · sec.  0.003667 is the 340 

natural abundance of 15N in air.  A Student’s t test with a significance level of 0.05 was used to 341 

evaluate all rates.  Reported error bars are the standard error of the regression.  Previously 342 

published (Babbin et al., 2020) NO2
– oxidation rates are from the previously mentioned TN278 343 

and NBP1305 cruises and were conducted at the same four stations where N loss rates were 344 

measured.  These NO2
– oxidation rate measurements were conducted according to the same 345 

procedures used for the SR1805 depth profiles.  346 

 347 

2.5 NO2
– oxidation and O2 manipulation experiments 348 

Experiments were conducted during cruises SR1805 and FK180624 in spring and 349 

summer 2018.  Wide-mouthed Pyrex round media bottles (800 mL total volume, 500 mL 350 

working volume; Corning, USA; product code 1397-500) were used for all incubations.  These 351 

bottles were modified to include three stainless steel bulkhead fittings (Swagelok, USA) secured 352 

to the interior of the lid with a Viton rubber gasket and stainless-steel washer between the lid and 353 

the sealing nut.  The three ports consisted of two one-eighth inch fluidic ports (inflow and 354 
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outflow) and one one-quarter inch sampling port.  The fluidic ports were fitted with one-eighth 355 

inch nylon tubing, with the inflow line penetrating to the base of the bottle.  The one-quarter inch 356 

sampling port had a butyl rubber septum between the Swagelok stem and nut.  This setup 357 

permitted continuous gas purging of the bottles while maintaining an otherwise closed system.  358 

For each depth and O2 treatment, three bottles were filled to 500 mL with sample water 359 

from a Niskin bottle and closed.  Sample water for all experiments except station 18 on the 360 

FK180624 cruise was drawn from water below 2.2 µM O2 (See Table S4 for all ambient O2 361 

values).  Highly precise digital mass flow controllers (Alicat) were then used to establish the 362 

desired O2 concentrations in each bottle.  Mixing ratios were calculated to create a range of O2 363 

concentrations spanning 1 nM, 10 nM, 100 nM, 1 µM, and 10 µM.  The gas mixture modified by 364 

the mass flow controllers was a zero-air gas mixture (Airgas) consisting of 21% O2 and 79% N2 365 

and 1000 ppm pCO2 (the approximate in situ value).  Initial gas flow was 1 L min-1 for 1 hour to 366 

equilibrate the seawater followed by 100 mL min-1 for the remainder of the experiment.  Bottles 367 

were daisy-chained together to maintain the same flow rate among them (two bottles on SR1805, 368 

six on FK180624).  As in the depth profile experiments, 3 µM 15NO2
– amendments were added 369 

prior to purging.  Incubations were conducted in the dark at 12ºC in a cold room (SR1805) or 370 

beverage cooler (FK180624).  At the beginning of the experiments, after purging for one hour, 371 

O2 was checked with a LUMOS optode with a detection limit of 0.5 nM (Lehner et al., 2015) and 372 

CO2 was checked by measuring pH using the colorimetric meta-cresol purple method.  The 373 

LUMOS optode confirmed that O2 concentrations were within a few nM of the calculated values.  374 

While our use of high precision digital mass flow controllers and this qualitative O2 check 375 

provide confidence that our O2 concentrations are accurate, due to the fact that O2 was not 376 

continuously monitored through the time course, we refer to each O2 concentration as a 377 
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“putative” concentration for the remainder of this manuscript.  Samples (50 mL) were withdrawn 378 

every 12 hours for two days with a four inch hypodermic needle attached to a 60 mL disposable 379 

plastic syringe.  Samples were ejected into acid-cleaned HDPE bottles pre-amended with 200 µL 380 

of saturated ZnCl2 solution.  Bottles were screwed closed and wrapped with parafilm.  Samples 381 

from each of the three initially collected bottles were collected to create triplicates at each time 382 

point.  383 

 384 

 2.6 NO2
– dismutation experiments 385 

 Nitrite dismutation experiments were performed during SR1805 at Station PS3 (coastal 386 

waters) at two deoxygenated depths: 60 m and 160 m.  Incubations were performed in the same 387 

manner as the above anammox, denitrification, and NO2
– oxidation experiments where all three 388 

rates were measured in the same exetainers.  Experiments consisted of eight total treatments: 389 

four varying 15NO2
– tracer concentrations (1.125, 5.25, 10.5, and 20.25 µM for 160 m and 0.75, 390 

1.5, 3.75, and 7.5 µM for 60 m) and two 14NO3
– treatments (0 or 20 µM).  As above, both 30N2 391 

and NO3
– production via the denitrifier method (Weigand et al., 2016) were measured.  In order 392 

to test our hypothesis that, if dismutation is occurring, the unexplained NO2
– oxidation rate (the 393 

difference between the measured NO2
– oxidation and the NO2

– oxidation due to anammox) and 394 

the denitrification rate (i.e. the 30N2 production rate) should have a 3:1 ratio, a previously 395 

published anammox stoichiometry (Eq. (4) (Kuenen, 2008)) was used to calculate the NO2
– 396 

oxidation due to anammox.  The anammox rates used for this calculation are included in the 397 

supplementary material (Fig. S4).     398 

 399 

2.7 Calculation of N loss from NH4
+ oxidation 400 
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 The calculation of the maximum possible N loss from NH4
+ oxidation via NO 401 

disproportionation by ammonium oxidizing archaea (AOA) in Supplementary Table S55 was 402 

carried out by dividing the measured NH4
+ oxidation rate by two in accordance with the 403 

stoichiometry of NH4
+ oxidation and NO disproportionation proposed in a previous study (Kraft 404 

et al., 2022).  It should be noted that this operation represents the extreme case where all 15NO2
– 405 

produced in NH4
+ oxidation is converted to N2.  We acknowledge this as an unrealistic 406 

assumption used to evaluate the extreme limits of the amount of total N loss attributible to NH4
+ 407 

oxidation. This operation was carried out for all depths where NH4
+ oxidation, anammox, and 408 

denitrification rates were measured, irrespective of O2 concentration. 409 

 410 

2.8 Redundacy analysis (RDA), Principle component analysis (PCA), and statistics 411 

 All RDA, PCA, redundancy, and correlation analyses were performed with the available 412 

packages in R (v4.2.1 “Funny-Looking Kid”) (R: A language and environment for statistical 413 

computing).  All data were first normalized around zero before calculating the Pearson’s 414 

correlation coefficient.  Gene abundances (nirS and amoA) from qPCR analyses used for the 415 

RDA and correlation analyses were measured as previously described (Peng et al., 2015; 416 

Jayakumar et al., 2009; Tang et al., 2022).   417 

 418 

2.9 Definition of shallow boundary and ODZ core nomenclature 419 

 In the results and discussion sections, results are classified as shallow boundary or ODZ 420 

core waters according to a previously published threshold (Babbin et al., 2020) where shallow 421 

boundary samples have an in situ potential density < 26.4.  This method is based on a global 422 

profile of OMZ waters meant to delineate shallow boundary samples as waters that are oxic or 423 
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may be influenced by O2 intrusions (the surface, the oxycline, and the ODZ top) from those that 424 

are not normally influenced by O2 instrusions (ODZ core).  Due to the fact that the potential 425 

density threshold is based on a global average, a few depths that are clearly in the deep oxycline 426 

based on the SR1805 O2 depth profiles are classified as ODZ core (σθ > 26.4) by the potential 427 

density threshold.  Despite this caveat we used this naming scheme throughout the remainder of 428 

the manuscript to enable comparisons to previous literature (Babbin et al., 2020).It should be 429 

noted that a few samples labelled as ODZ core based on the above criteria are from the deep 430 

oxycline waters below the ODZ.   431 

Depth σθ OMZ features O2 intrusions? 

Shallow boundary waters < 26.4 Surface, oxycline, ODZ top Yes 

ODZ core  > 26.4 ODZ core No 

 432 

Table 1: Explanation of shallow boundary waters and ODZ core potential density based 433 

nomenclature (Babbin et al., 2020).  434 

 435 

3. Results 436 

3.1 2018 depth profiles of all N cycling rates 437 

 N cycling depth profile experiments were conducted on two cruises (SR1805 and 438 

FK180624) during spring and summer 2018.  These two cruises sampled stations along a 439 

gradient from the edge of the OMZ region to near the coast.  Physical and chemical conditions 440 

varied among stations PS1, PS2, and PS3 on the SR1805 cruise (spring 2018) and across all 441 

FK180624 stations (summer 2018) (Fig. 2, Fig. S1).  Broadly speaking, the vertical span of the 442 

ODZ increased and the top of the ODZ shoaled as distance to shore decreased.  Deep SNM were 443 

observed at almost all stations with the only exceptions being the furthest offshore stations, 444 

stations 11 and 18 from the FK180624 cruise (Fig. S1) and station PS1 from SR1805 (Fig. 2A).  445 

Peak NO2
– values for all SNM were on the lower side of the range of previous ETNP 446 

observations (Horak et al., 2016), between 1.4 – 2.6 µM.  447 
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Of the five N cycling processes measured on the SR1805 cruise, NO3
– reduction rates had 448 

the greatest magnitude at most depths.  This trend was most pronounced within the upper ODZ, 449 

where NO3
– reduction rates peaked at station PS2, and the oxycline where NO3

– reduction rates 450 

peaked at stations PS1 and PS3 (Fig. 2).  Rates of NO2
– oxidation closely tracked NO3

– reduction 451 

in distribution; in fact, peak NO2
– oxidation rates co-occurred with peak NO3

– reduction rates at  452 

all three SR1805 stations, reaching maxima of ~40 (NO2
– oxidation) and ~300 (NO3

– reduction) 453 

nM N d-1 at PS3.  However, the magnitudes of NO2
– oxidation rates were usually lower than 454 

NO3
– reduction rates, sometimes by as much as eightfold.  The third N recycling process, NH4

+ 455 

oxidation, peaked at or above the oxycline, with peaks of 10 nM N d-1 or less.  NH4
+ oxidation 456 

was consistently measured to be zero or near-zero throughout the rest of the water column.  457 

 458 
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Figure 2: SR1805 depth profiles of physical parameters and N cycling rates.  (A) From left to 460 

right, O2 (µM) and NO3
– (µM) respectively in blue and black, NH4

+ (nM) and NO2
– (µM) 461 

respectively in purple and black, temperature (°C) and σθ (kg m-3) respectively in pink and black, 462 

NO2
– oxidation and NO3

–  reduction rates (nM N d-1) respectively in cyan and black, anammox 463 

and denitrification rates (nM N2 d
-1) respectively in black and green,  NH4

+ oxidation rates (nM 464 

N d-1), and percent anammox respectively in coral and black for station PS1 (offshore).  (B) As 465 

above but for station PS2 (OMZ).  (C) As above but for station PS3 (coastal).  Rates that are 466 

significantly different from zero are shown as filled circles, open circles signify rates not 467 

significantly different from zero.  Error bars are the standard error of the regression.  Grey dotted 468 

lines indicate upper and lower ODZ boundaries at the time of sampling. 469 

 470 

all three SR1805 stations, reaching maxima of ~40 (NO2
– oxidation) and ~300 (NO3

– reduction) 471 

nM N d-1 at PS3.  However, the magnitudes of NO2
– oxidation rates were usually lower than 472 

NO3
– reduction rates, sometimes by as much as eightfold.  The third N recycling process, NH4

+ 473 

oxidation, peaked at or above the oxycline, with peaks of 10 nM N d-1 or less.  NH4
+ oxidation 474 

was consistently measured to be zero or near-zero throughout the rest of the water column.  475 

Across all SR1805 and FK180624 stations, the magnitude of the N loss processes of 476 

anammox and denitrification was almost always less than 10 nM N2 d
-1, a much lower magnitude 477 

than the N recycling processes of NO3
– reduction and NO2

– oxidation.  Like NO3
– reduction and 478 

NO2
– oxidation, the two N loss rates peaked in the upper ODZ or right at the oxycline in all three 479 

SR1805 stations, although a deep peak (850 m) in anammox was observed at station PS2 (Fig. 480 

2B).  This peak occurred near the bottom of the ODZ at an O2 concentration of at station PS2 481 

(Fig. 2B).1.5 μM.    N loss rates also peaked near the oxycline The same pattern was observed in 482 

the three FK180624 stations with broad coverage of the enough coverage of the entire ODZ 483 

water column, stations 2, 9 (6 July sampling), and 9 (9 July sampling) (Fig. S1).  The relative 484 

balance between the two N loss processes as measured by percent anammox varied widely across 485 

the water column but largely deviated from the expected partitioning of at most 29% anammox 486 

(Dalsgaard et al., 2003, 2012).  A striking example of this is that 100% anammox values were 487 
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observed in both ODZ core and shallow boundary (see Table 1 for definitions) samples at many 488 

of the SR1805 and FK180624 stations (Fig. 2, Fig. S1).  489 

 490 

3.2 Anaerobic NO2
– oxidation and O2 manipulation experiments  491 

Significant NO2
– oxidation rates were detected in depth profiles across a range of suboxic 492 

O2 concentrations (1 – 5 µM) (definition from (Berg et al., 2022)) across all SR1805 stations, 493 

often at the same depths and in the same vials where the obligately anaerobic processes of 494 

anammox and denitrification were occuring (Fig. 2, Fig. 3A-C, Fig. S2).  In order to 495 

contextualize our observations, we compared our results to previously published measurements 496 

from the TN278 and NBP1305 cruises performed with identical procedures (Babbin et al., 2020).  497 

The highest rates were observed in shallow boundary waters across all three cruises (Fig. 3A-C, 498 

Fig. S2).  Since low but significant levels of O2 can still support aerobic NO2
– oxidation, a series 499 

of O2 manipulation experiments was carried out on both the SR1805 (spring) and FK180624 500 

(summer) 2018 cruises (Fig. 4A-F and Fig. S3).  In these experiments, where the existence of 501 

functionally anoxic conditions wereas checked using a LUMOS O2 optode with a detection limit 502 

of 0.5 nM (Lehner et al., 2015). , Wwe observed significant NO2
– oxidation, as well as NO3

–  503 

reduction at putative concentrations as low as 1 nM.  Notably, compared to previous 504 

experiments, gas flushing was constant, with a refresh time of 8 min, so as to maintain O2 levels 505 

within the incubation even while organisms were respiring.  At 1Below 3 nM, O2 is so scarce 506 

that such waters are usually classified as functionally anoxic, for examplei.e,. a recent review 507 

paper defined 3 nM as the threshold below which O2 cannot play biological or biogeochemical 508 

roles (Berg et al., 2022).  As a result, these experiments present convincing additional evidence 509 
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for the occurrence of NO2
– oxidation up to ~100 nM N d-1 at O2 concentrations too low to 510 

support aerobic metabolisms. 511 

 512 

 513 

 514 
 515 

Figure 3: NO2
– oxidation rates (nM N d-1) from the 2018 SR1805 (squares), 2012 ETNP  TN278 516 

(circles),  (ETNP 2012), and 2013 ETSP NBP1305 (diamonds) ETSP 2013) cruises vs. (A) O2 517 

concentration (µM) from shipboard CTD sensors, (B) anammox rates (nM N2 d
-1), and (C) 518 

denitrification rates (nM N2 d
-1).    In A, O2 concentrations were normalized across cruises.  In A, 519 

rRates that are significantly different from zero as assessed via a Student T-test (p value < 0.05) 520 

are displayed as filled  symbolscircles, while insignificant NO2
– oxidation, anammox, and 521 

dentrification rates are shown as open symbolscircles.  Rates measured in shallow boundary 522 
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waters are colored orange while rates from the ODZ core and below are colored teal. 2012 and 523 

2013 data are republished (Babbin et al., 2020).   524 

 525 

 526 
 527 

Figure 4: Oxygen manipulation experiments that show NO2
– oxidation (purple) (A-C) and NO3

– 528 

reduction (green) (D-F) rates (nM N d-1) measured across putative O2 concetrations from 1 to 529 

10,000 nM during the SR1805 cruise. Experiments were conducted with waters from the ODZ 530 

top: 93 – 110m (PS1) (A, D),  113 – 130m (PS2) (B, E), and 45 – 60m (PS3) (C, F).  Error bars 531 

are the standard error of the regression.  All rates were significantly different from zero. 532 

 533 

 534 

3.3 NO2
– dismutation 535 

In order to investigate the mechanism for the observed anaerobic NO2
– oxidation,  536 

experiments were conducted to search for evidence of NO2
– dismutation.  If NO2

– dismutation is 537 

the dominant explanation for the observed anaerobic NO2
– oxidation, we hypothesized that (1) 538 

adding NO3
– should suppress both 30N2 and NO3

– production by LeChatelier’s principle, (2) 539 

increasing 15NO2
– concentration should increase both denitrification (the 30N2 production rate) 540 

and NO2
– oxidation especially when no additional NO3

– was added, and (3) that the ratio 541 
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between the “unexplained NO2
– oxidation,” i.e., the difference between the observed NO2

– 542 

oxidation and the NO2
– oxidation due to anammox, and the observed denitrification (30N2 543 

production) rate should be close to 3:1.  In experiments with He-purged water from two 544 

deoxygenated depths (60 and 160 m at station PS3, see table S5 for O2 values) during the 545 

SR1805 cruise we observed that adding 20 µM NO3
– suppressed NO2

– oxidation across nearly all 546 

pairs of 0 and 20 µM NO3
– experiments  where the NO2

– concentration was identical and NO3
–  547 

varied between 0 or 20 µM NO3
–  (Fig. 5).  However, we did not observe a simultaneous 548 

suppression of N2 production due to the fact that the measured denitrification rate was low and 549 

insignificantly different from zero in most of our 16 treatments (Fig. 5).  The lack of an observed 550 

response in N2 production could be due to already elevated ambient NO3
– concentrations, 26 µM 551 

and 22.2 µM at 60 m and 160 m respectively.  Roughly doubling the amount of NO3
– would 552 

have little effect on the denitrification rate if the relevant enzymes were already saturated, as is 553 

plausible at those concentrations. As a result of our inability to observe denitrification, our first 554 

hypothesis yielded little evidence of dismutation.  555 

Across all four 60 m 0 µM added NO3
– treatments (Fig. 5A), adding NO2

– did increase 556 

NO2
– oxidation; however, we did not observe an increase in denitrification.  Surprisingly, across 557 

the four 60 m 20 µM added NO3
– treatments, adding NO2

– decreased NO2
– oxidation, the reverse 558 

of our hypothesis (Fig. 5).  Across all four 160 m 0 µM added NO3
– treatments, we also observed 559 

an increase in NO2
– oxidation at higher NO2

– concentrations but did not observe an increase in 560 

the measured denitrification rate (Fig. 5B).  In the four 160 m 20 µM added NO3
– treatments, 561 

NO2
– oxidation and denitrification did not increase with NO2

– concentration (Fig. 5B).  Due to 562 

the consistently low and insignificant denitrification rates our test of the NO2
– addition 563 

hypothesis also yielded little evidence for dismutation.  564 
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 565 

Figure 5: NO2
– dismutation tests conducted in deoxygenated waters from 60m (A) and 160m (B) 566 

at station PS3 during the SR1805 cruise.  Measured NO2
– oxidation rates (nM N d-1) are 567 

displayed in blue, unexplained NO2
– oxidation rates, the difference between the measured NO2

–568 

oxidation and the NO2
– oxidation due to anammox (nM N d-1), are shown in purple. The 569 

predicted denitrification (nM 30N2 d
-1) if all the unexplained NO2

– oxidation was due to NO2
–570 

dismutation is shown in green.  The measured denitrification rate (nM 30N2 d
-1) is shown in 571 

yellow where filled circles indicate significant rates and open circles indicate rates that are not 572 

significantly different from zero.  All bars filled with colors indicate significant rates (i.e. the 573 

white bar for the 60 m 1.5 µM 15NO2
–, 0 µM NO3

– treatment NO2
– oxidation rate denotes an 574 
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insignificant rate).  Error bars are the standard error of the regression for NO2
– oxidation, or are 575 

calculated based on the rules of error propagation from the standard error of the regressions for 576 

the NO2
– oxidation and anammox rates.  (+) NO3

–  treatments received 20 µM 14NO3
–  additions 577 

while the (-) NO3
–  treatments received no addition.  Anammox rates used to calculate the 578 

unexplained NO2
– oxidation rate are shown in the supplementary material.  579 

 580 

We were also unable to observe evidence for the ratio hypothesis due to the paucity of 581 

significant denitrification (30N2 production)  rates (Fig. 5).  Since denitrification rates were 582 

consistently low or insignificantly different from zero, the ratio of NO2
– oxidation to 583 

denitrification deviated from the 3:1 ratio expected if NO2
– dismutation accounts for most of the 584 

observed NO2
– oxidation.  The only slight exception to this is the 60 m treatment with 0.75 µM 585 

15NO2
– and 0 µM added NO3

–, the treatment closest to in situ conditions.  In this treatment, the 586 

measured denitrification rate, while insignificantly different from zero on the basis of the p value 587 

of the regression, agrees with the predicted denitrification rate based on the 3:1 stoichiometry of 588 

dismutation.  While our dismutation experiments as a whole suggest that NO2
– dismutation is not 589 

a likely explanation for observed anaerobic NO2
– oxidation, results from the 60 m 0.75 µM 590 

15NO2
–, 0 µM NO3

– treatment provide slight justification to continue tests of this hypothesis.  591 

 592 

4. Discussion 593 

4.1 Rapid NO2
– / NO3

– cycle  594 

Depth profiles of N transformation rates obtained on the SR1805 cruise show that the 595 

rates of NO2
– oxidation and NO3

– reduction are far greater than rates of the N loss processes of 596 

anammox and dentrification, especially in shallow boundary (see Table 1 for definition) waters 597 

(Fig. 2, Fig. 6A – B).  In fact, when the combined N recycling pathways of NO2
– oxidation and 598 

NO3
– reduction are compared to the total N loss,  the N recycling pathways are 3.2 – 192.8 times 599 

larger than the total N loss.  That the minimum ratio is ~3 strongly emphasizes the 600 
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preponderance of NO2
– oxidation and NO3

– reduction above N loss processes.  As expected due 601 

to the oligotrophic nature of the offshore ETNP (Fuchsman et al., 2019) lower OM 602 

concentrations offshore and as previously found in an ETSP N cycling study (Kalvelage et al., 603 

2013), NO2
– oxidation and NO3

– reduction generally increased from the offshore station (PS1) 604 

towards the coast.  We observed NO3
– reduction rates of a similar magnitude to previously 605 

reported ETSP studies (Kalvelage et al., 2013; Babbin et al., 2017), a finding that generalizes the 606 

predominance of NO3
– reduction to NO2

– to the ETNP.  Thus, our work supports several recent 607 

studies (Babbin et al., 2020, 2017; Peters et al., 2016) suggesting that most nitrogen within OMZ 608 

regions is continously recycled between NO2
– and NO3

– by rapid NO2
– oxidation and NO3

– 609 

reduction, especially in shallow boundary waters. 610 

A previous work (Babbin et al., 2017) predicted that NO3
– reduction should follow a 611 

Martin curve (Martin et al., 1987) power law distribution across the water column due to its 612 

dependence on the OM flux from shallower waters.  Such a distribution was observed at stations 613 

PS1 and PS3; however, NO3
–  reduction at station PS2 did not follow a classical Martin curve 614 

profile since the NO3
– production peak is well below the oxycline.  This exception could be due 615 

to zooplankton which have been observed to migrate into the ODZ on a daily basis (Bianchi et 616 

al., 2014).  Due to the fact that migrating zooplankton funnel surface OM to the mesopelagic 617 

(Cram et al., 2022), such a transfer would move OM in a pattern not consistent with the Martin 618 

curve.  The transferred OM could then support the observed peak in NO3
–  reduction (Fig. 2).   619 

An additional interesting trend specific to station PS2 is that the deeper peak of NO3
– reduction 620 

coincides with a peak in complete denitrification to N2 and a steep drop in the percent of N loss 621 

due to anammox (Fig. 2).  This connection is also visible in Fig. 6B which shows that NO3
– 622 

reduction increases with total N loss at station PS2.  623 
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These results are consistent with the idea, also supported by many recent studies 624 

(Kalvelage et al., 2013; Lam and Kuypers, 2011; Lam et al., 2009; Babbin et al., 2020, 2017; 625 

Füssel et al., 2011; Lam et al., 2011), that the accumulated NO2
– in the SNM usually results from 626 

an imbalance between NO3
– reduction and other N cycling pathways.  We further investigated 627 

this hypothesis by constructing a net NO2
– budget derived from the five microbial N cycling 628 

metabolisms measured on the SR1805 cruise (Fig. 7).  Summing the depth profiles of NO2
– 629 

consumption (anammox, denitrification, and NO2
– oxidation) and production (NH4

+ oxidation 630 

and NO3
– reduction) pathways revealed that net depth integrated NO2

– production across the 631 

sampled OMZ water column depths is on the order of tens of millimoles of NO2
– per square 632 

meter per day at all three stations (8.19 at PS1, 14.49 at PS2, and 28.97 mmol NO2
– m-2 d-1 at 633 

PS3).  This excess NO2
– is driven by NO3

– reduction, which across all stations is of a much 634 

greater magnitude than all other measured N cycling processes (Fig. 2 and Fig. 7).  635 

These budget calculations take the reported rates at face value, ignoring the likelihood 636 

that some of them are potential rates.  For example, anammox might have been enhanced by the 637 

addition of 3 µM NH4
+.  Denitrification is less likely to be stimulated by the addition of NO2

–, 638 

because it is generally limited by organic matter availability (Ward et al. 2008, Babbin et al 639 

2014).  Thus, the relative importance of anammox and denitrification might be perturbed due to 640 

differential responses of the two rates to tracer additions.  Analogously, NO2
– oxidation was 641 

likely stimulated by addition of NO2
– tracer (Sun et al. 2017), but NO3

– reduction less so by 642 

addition of NO3
– tracer because the latter is a heterotrophic process, and as a component of the 643 

complete denitrification pathway, likely limited by organic matter availability.  These differential 644 

limitations by substrate probably mean that the calculated budget of Figure 7 is not completely 645 

accurate, but the relative importance of the processes is robust.  If anything, the dominance of 646 
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anammox over denitrification is probably less than that observed, and the excess of NO3
– 647 

reduction over NO2
– oxidation greater than observed.  Overall, the dominance of the NO3

– / NO2
– 648 

loop over the N loss pathways and the overwhelming importance of NO3
– reduction are both 649 

supported by these considerations.  650 

Additional support that NO3
– reduction supplies the accumulated NO2

– in the SNM can 651 

be found by comparing the net NO2
– production rates with the measured NO2

– concentrations 652 

along the SR1805 cruise track from offshore station PS1 to coastal station PS3.  As would be 653 

expected if the SNM depended on NO2
– derived from NO3

– reduction, the peak net NO2
– 654 

production value across all depths at each station, the depth integrated NO2
– production values 655 

for each station, and the magnitude of the SNM peak NO2
– concentrations all increase together 656 

from offshore station PS1 to coastal station PS3.  Importantly, we did not take into account water 657 

column mixing in both vertical and horizontal directions that would carry away produced NO2
– 658 

or NO2
– assimilation into OM, and we recommend follow up studies that include 659 

parameterizations for these values in OMZ N Cycling modeling.   660 
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 661 

Figure 6: (A) NO3
– reduction (nM N d-1) vs. Total N loss (the sum of denitrification and 662 

anammox in nM N2 d
-1) from the SR1805 cruise.  (B) NO2

– oxidation (nM N d-1) vs. Total N loss 663 

from the SR1805 cruise.  (C) NO2
– oxidation vs. NO3

–  reduction.  Regression lines and statistics 664 

are shown for the significant rates from shallow boundary waters only (orange), ODZ core 665 

waters only (teal), and all significant data (grey).  All points from shallow boundary waters are 666 

colored orange while all points from the ODZ core or below are colored teal.  Open circles 667 

indicate points where the NO3
– reduction rate (A),  NO2

– oxidation rate (B), or in (C) either NO3
–668 

reduction or NO2
– oxidation rate is not significantly different from zero while filled circles 669 

indicates rates significantly different from zero.  670 
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 671 
 672 

Figure 7: NO2
– budget profiles from the SR1805 cruise.  Plots are a combination of the NO2

– 673 

production pathways of NO3
– reduction (cyan), NH4

+ oxidation (dark purple) and the NO2
– 674 

consumption pathways of anammox (light green), denitrification (bright purple), and NO2
–675 

oxidation (dark green).  Consumption pathways are reported as negative numbers.  All rates are 676 

reported in nM NO2
– d-1.  The net NO2

– production or consumption rate (nM NO2
– d-1) is 677 

represented as a grey line for each depth.  Grey boxes indicate the completely deoxygenated 678 

ODZ region at each station at the time of sampling.  (A) PS1, (B) PS2, and (C) PS3.  679 



 

 35 

4.2 NO2
– oxidation – distribution and magnitude in comparison to previous studies 680 

 The high rates of observed NO3
– reduction provide sufficient NO2

– to support NO2
– 681 

oxidation both in the oxycline and in the ODZ, as previously proposed (Anderson et al., 1982), 682 

Our observations also further confirm isotopic studies that suggested high NO2
– oxidation rates 683 

because rapid re-oxidation of NO2
– back to NO3

–  was necessary to achieve isotopic mass balance 684 

(Buchwald et al., 2015; Casciotti et al., 2013; Granger and Wankel, 2016).  Our results also align 685 

with previous experimental observations of high NO2
– oxidation rates (Kalvelage et al., 2013; 686 

Babbin et al., 2020; Lipschultz et al., 1990).  Support for a closely connected rapid cycle 687 

between the two processes can be seen in the strong correlation between NO2
– oxidation and 688 

NO3
– reduction observed in all SR1805 cruise samples, especially those from shallow boundary 689 

waters (Fig. 6C, Fig. 8).  Similarly to some previous ETSP papers (Babbin et al., 2017, 2020; 690 

Frey et al., 2020) and two ETNP studies (Peng et al., 2015; Sun et al., 2017) we observed that 691 

rates of NO2
– oxidation, like rates of NO3

– reduction, peaked in the oxycline or in the ODZ top 692 

(Fig. 2) and then declined throughout the ODZ.  Unlike some stations in these studies (Babbin et 693 

al., 2020, 2017) we did not observe a second peak in NO2
– oxidation near the deep oxycline.  In 694 

addition to observing a similar distribution, we also observed that NO2
– oxidation occurs at a 695 

similar magnitude to some stations in previous ETSP studies (Babbin et al., 2020, 2017; Peng et 696 

al., 2016) and ETNP (Peng et al., 2015), although our highest rates (25 – 40 nM N d-1) were 697 

much lower than the peaks measured at other stations in most of these reports (Babbin et al., 698 

2020; Peng et al., 2015, 2016), which reached as high as ~600 nM N d-1 (Peng et al., 2015; 699 

Lipschultz et al., 1990).  700 
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 701 

Figure 8: (A) Redundancy analysis of all environmental variables and microbial rates measured 702 

on the SR1805 cruise.  Points are color-coded by station, black (PS1), yellow (PS2), and cyan 703 

(PS3).  Variables names and arrows are color coded so that environmental variables are blue and 704 

rate measurements are red.  (B) Correlation analysis for all environmental variables and 705 

microbial N cycle rates from the SR1805 cruise.  More positive correlations are shaded to 706 

become bluer as significance grows while negative correlations are shaded to become whiter as 707 

significance grows.  Abbreviations used are as follows: O2 (oxygen concentration normalized 708 

across different sensors), PAR (photosynthetically active radiation normalized across sensors), 709 

NH4ox (NH4
+  oxidation rate), Fl (chlorophyll fluorescense normalized across different sensors), 710 

NH4 (NH4
+  concentration), amoA (amoA abundance), NO3

–redux (NO3
– reduction rate), NO2ox 711 
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(NO2
– oxidation rate), AMXrate (anammox rate), NO3

– (NO3
–  concentration), DNrate 712 

(denitrification rate), NO2 (NO2
– concentration), and nirS (nirS abundance).  713 

 714 

 715 

4.3 NO2
– oxidation – can it occur anaerobically?  716 

 NO2
– oxidation depth profiles (Figs. 2, 3) and O2 manipulation experiments (Fig. 4) 717 

provide further evidence that NO2
– oxidation can occur  even when O2 is as low as ~1 nM. under 718 

functionally anoxic conditions.  While our O2 manipulation experiments provide the most 719 

convincing evidence of anaerobic NO2
– oxidationO2 was not directly measured in the depth 720 

profile experiments,  several factors argue that the NO2
– oxidation observed in our depth 721 

profilethese incubations may be O2 independent.  As argued previously (Babbin et al., 2020): 722 

(1) The pre-incubation He purging step in our depth profile method removes more than 99% of 723 

the N2 present in exetainers (Babbin et al., 2020).  If it is assumed that O2 is removed at identical 724 

efficiency, a reasonable proposition since O2 equilibrates faster than N2 (Wanninkhof, 1992), the 725 

introduction during sample processing of as much as 1 µM O2 would result in a ~10 nM 726 

contamination.  As a result, if NO2 oxidation is observed in samples from the deoxygenated ODZ 727 

core, contamination during sampling would be kept very small by our purging step.  This 728 

conclusion was further validated by direct O2 measurements using Lumos sensors in exetainers.  729 

These tests of our purging method showed that O2 was reduced to less than 10 nM in 5 minutes 730 

(Sun et al. unpublished data). 731 

(2) Linear timecourses across all timepoints were observed in some of our experiments, 732 

including many from deoxygenated depths at station PS3 (Supplemental Figs. S7-9).  If NO2
– 733 

oxidation depended on O2, an initial acceleration (due to O2 contamination that sparked NO2
– 734 

oxidation) or later steep drop (due to the exhaustion of O2 by aerobic NOB) in NO2
– oxidation 735 

would be expected, not a consistent linear slope.  736 
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(3) Metagenomic evidence has revealed distinct NOB communities in oxic surface waters, the 737 

oxycline and ODZ top, and the ODZ core in OMZ regions (Sun et al., 2019).  In addition we 738 

observed decreasing NO2
– oxidation rates with increasing in situ O2 in the SR1805 incubations as 739 

well as the TN278 and NBP1305 incubations (Fig. 3A).  These observations are consistent with 740 

the hypothesis that aerobic NOB from oxic depths are ill-equipped to oxidize NO2
– in 741 

deoxygenated conditions but that the unique MAGs recently identified in draft genomes from the 742 

ODZ top and core (Sun et al., 2019), are adapted to perform anaerobic NO2
– oxidation.  743 

(4) We observed NO2
– oxidation at the same depths and often in the same incubation vessels as 744 

the obligately anaerobic processes of anammox and denitrification (Fig. 2, Fig. 3B-C).  Our 745 

observations are consistent with several previous observations that these processes occur at the 746 

same depths (Babbin et al., 2020; Sun et al., 2021).  747 

(45) Through plotting O2 concentrations against the ratio between NO3
– reduction and NO2

– 748 

oxidation at all SR1805 depths with significant, positive NO2
– oxidation rates, we observed that 749 

the known anaerobic process of NO3
– reduction and NO2

– oxidation did not exhibit differential 750 

regulation by O2 as would be expected if NO2
– oxidation was an obligately aerobic process (Fig. 751 

S5).  752 

 Previous studies have shown that O2 additions to purged incubations of ODZ waters can 753 

inhibit NO2
– oxidation (Sun et al., 2017, 2021a) and that NO2

– oxidation can occur in the absence 754 

of O2 consumption (Sun et al., 2021a).  However, another kinetics study has reported O2 755 

stimulation of NO2
– oxidation in OMZ waters (Bristow et al., 2016) and concluded that NO2

– 756 

oxidation is fundamentally an aerobic process.  This apparent contradiction might be explained 757 

by several details in the experimental process of that study (Bristow et al., 2016):  758 
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(1) The study site is at the farthest edge of the ETSP OMZ in a location that is only anoxic in the 759 

austral summer. 760 

(2) The cruise was conducted as austral summer turned to fall (March 20 – 26th), a period where 761 

O2 intrusions would be more likely.  762 

(3) O2 data from the study’s cruise (Tiano et al., 2014) show that the depths from which NO2
– 763 

oxidation O2 kinetics samples were sourced experienced O2 concentrations of 2 µM (50 m), 10 764 

µM (40 m), and > 60 µM (30m) either during sampling or a few days prior to sampling.  765 

As a result, we argue that the observed stimulation of NO2
– oxidation by O2 (Bristow et al., 2016) 766 

occurred not because all OMZ NOB are aerobic NO2
– oxidizers, but instead because the location, 767 

season, and levels of O2 of the sampled station selected for aerobic NOB in the source water for 768 

the purged incubations.  Thus, as suggested by (Sun et al., 2017, 2021a), different NOB 769 

populations with different historical exposures to O2 and adaptations likely respond differently to 770 

O2 manipulations.  771 

Here we built on the above previous tests of anaerobic NO2
– oxidation by conducting a 772 

series of incubations across an O2 gradient from ~1 nM to 10 µM.  Site waters for these 773 

incubations were drawn from the ODZ top at each SR1805 station (Table S4).  We did not 774 

observe a clear inhibitory or stimulatory response of NO2
– oxidation to O2 within the SR1805 or 775 

FK180624 stations;, however, this lack of a clear response is in itself a revealing result - a lack of 776 

consistent stimulation by O2 implies at least some anaerobic NOB were present.  In addition, we 777 

consistently observed significant NO2
– oxidation at all putative O2 concentrations, including 1 778 

nM, a concentration usually considered functionally anoxic., a functionally anoxic oxygen 779 

concentration, i.e., one unable to support aerobic metabolisms (Berg et al., 2022).  Since thee 780 

initial O2 in the incubations was continuously supplied by a mass flow controller and 781 
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subsequently checked via a very sensitivean extremely sensitive O2 sensor for all incubations, 782 

these results provide additional evidence that truly anaerobic NO2
– oxidation can occur.   783 

One argument against our characterization of the NO2
– oxidation observed at ~1 nM O2 784 

as functionally anoxic is that the Km of NO2
– oxidation has been calculated to be as low as 0.5 785 

nM (Bristow et al., 2016). However, the data used to calculate this value have the same 786 

qualifications discussed previously: (1) the study site is at a location only anoxic during the 787 

austral summer, (2) the cruise was conducted during a time when O2 intrusions would be more 788 

likely, and (3) the sampled waters experienced O2 concentrations as high as 60 µM prior to 789 

sampling. Such conditions would favor aerobic NOB and the expression of high affinity NO2
– 790 

oxidation enzymes by these organisms when exposed to low O2 conditions in incubations.  As a 791 

result, we argue that the modeled Km value of 0.5 nM only applies when NOB with higher O2 792 

niches are placed in sub-micromolar O2 conditions.  This value does not apply to NOB observed 793 

to prefer ODZ conditions (Sun et al., 2019), which we assume would be favored under our 1 nM 794 

treatment. 795 

These O2 manipulation experiments also provided an opportunity to investigate the 796 

response of NO3
– reduction to O2.  The only clear intra-station pattern that emerged from these 797 

experiments was that at station PS3, NO3
– reduction displayed possible inhibition by O2, as 798 

would be expected.  Due to the low numbersmall number of data points in our data set we did not 799 

attempt a kinetics fitting for this data.  Interestingly, the disparitygap observed in depth profile 800 

experiments between the magnitudes of the NO3
– reduction and NO2

– oxidation rates was not 801 

observed in the O2 manipulations across many O2 concentrations at stations PS1 and PS2.  At 802 

station PS3 a large disparitygap in the magnitudes of these processes as well as the highest 803 

overall NO3
–  reduction rates were observed, as in the depth profile experiments (Fig. 4, 7).  A 804 
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few of the FK180624 data points also exhibited NO3
– reduction rates that were elevated far above 805 

NO2
– oxidation (Fig. S3).  These results confirm the importance of NO3

– reduction for the rapid 806 

recycling cycle as well as the source of NO2
– for the SNM. 807 

 808 

4.4 NO2
– dismutation 809 

In the absence of O2, NO2
– oxidation would require another oxidant.  Many candidate 810 

oxidants have been suggested.  For example, iodate (IO3
–), an abundant marine species with 811 

global average marine concentrations of ~0.5 µM (Nozaki, 1997; Lam and Kuypers, 2011), has 812 

been proposed and shown to stimulate NO2
– oxidation (Babbin et al., 2017).  However, since 813 

IO3
– is usually absent within the ODZ core (Moriyasu et al., 2020), its low concentration makes 814 

IO3
– mediated anaerobic NO2

– oxidation in that location unlikely (Babbin et al., 2020).  NO2
– 815 

oxidation via Mn4+ or Fe3+ is thermodynamically feasible, but only at low pH (<6) (Luther, 2010; 816 

Luther and Popp, 2002).  This pH constraint, combined with the fact that concentrations of these 817 

ions are on the order of a few nM in OMZs (Kondo and Moffett, 2015; Vedamati et al., 2015), 818 

makes these mechanisms unrealistic for the ODZ core.  Another proposed mechanism is that the 819 

observed NO2
– oxidation is due to anammox, which if true should result in an observed NO2

– 820 

oxidation to anammox ratio of 0.16 – 0.3 (Kuenen, 2008; Strous et al., 1998; Oshiki et al., 2016).  821 

Instead, the observed ratio is sometimes more than 10x this range and NO2
– oxidation is rarely 822 

observed to be less than anammox (Kalvelage et al., 2013; Babbin et al., 2020; Sun et al., 2021a).  823 

Another alternative hypothesis is based on the reversibility of the nitrite oxidoreductase 824 

(NXR) enzyme.  Since this enzyme has been suggested to both oxidize NO2
– and reduce NO3

–825 

(Kemeny et al., 2016; Koch et al., 2015; Wunderlich et al., 2013), NO3
– reduction by NXR could 826 

over time enrich the 15N-NO3
– pool since lighter 14NO3

– would be favored (Casciotti, 2009).  827 
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Even in 15NO2
–  tracer experiments, in which the NO2

– pool is highly labeled, this reversibility at 828 

the enzyme site could lead to an apparent transfer of 15N from the NO2
– to the NO3

– pool if NXR 829 

mediated NO3
– reduction was occurring.  This hypothesis is supported by observations of NO3

– 830 

reduction under low O2 in cultures from the NOB genera Nitrobacter (Freitag et al., 1987; Bock 831 

et al., 1990), Nitrospira (Koch et al., 2015), and in pure cultures of Nitrococcus mobilis (Füssel 832 

et al., 2017).  In addition, a recent study presented natural abundance isotopic evidence in pure 833 

Nitrococcus mobilis cultures consistent with this mechanism (Buchwald and Wankel, 2022).   834 

However, NXR reversibility has not been demonstrated for the abundant (Füssel et al., 835 

2011; Mincer et al., 2007) and sometimes predominant (Beman et al., 2013) OMZ NOB genera 836 

Nitrospina.  Furthermore, the sole source of the isotopic evidence for the enzyme reversibility 837 

hypothesis, Nitrococcus mobilis, has a cytoplasm facing NXR substrate binding domain 838 

(Buchwald and Wankel, 2022), a feature found to have an established evolutionary relationship 839 

to NAR (the known NO3
– reductase enzyme family) in other Nitrobacter studies (Starkenburg et 840 

al., 2008; Kirstein and Bock, 1993).  The NXR substrate binding domains in Nitrospina are 841 

oriented towards the periplasm and are not evolutionarily related to enzymes for NO3
– reduction 842 

(Buchwald and Wankel, 2022; Sun et al., 2019).  Due to these structural and phylogenetic 843 

differences among NOB NXR, it is possible that the Nitrospina NXR may be unable to perform 844 

NO3
–  reduction  as easily as other NOB genera.  For all these reasons, it is not yet clear if the 845 

enzyme reversibility hypothesis can explain all NO2
– oxidation measured under low O2 846 

conditions and other hypotheses should continue to be explored.  847 

As a result of the above proposals’ shortcomings, this paper focused on the remaining, 848 

most plausible hypothesis: NO2
– dismutation.  Our tests for dismutation rested on three 849 

hypotheses: (1) that NO3
– additions would inhibit both NO2

– oxidation and 30N2 production by 850 
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LeChatelier’s principle, (2) that increasing 15NO2
– should energetically favor dismutation, 851 

especially in treatments with no additional NO3
–, and (3)  that the ratio of non-anammox 852 

mediated NO2
– oxidation to denitrification (30N2 production)  should be close to 3:1 if NO2

– 853 

dismutation explains most of the observed NO2
– oxidation.  We observed repeated inhibition of 854 

NO2
– oxidation by NO3

– but no inhibition of 30N2 production due to the fact that denitrification 855 

was consistently low and insignificantly different from zero across all treatments.  In treatments 856 

with 0 µM added NO3
–, increasing NO2

– generally increased NO2
– oxidation, but not 857 

denitrification.  In addition, the ratio of  anammox corrected NO2
– oxidation to observed 858 

denitrification deviated from dismutation’s 3:1 stoichiometry in almost all treatments. However, 859 

we did observe simultaneous inhibition of N2 and NO3
– production as well as good agreement 860 

between the anammox corrected NO2
– oxidation / denitrification ratio to the NO2

– dismutation 861 

stoichiometry in one treatment - the treatment most similar to in situ conditions (60m, 0.75 µM 862 

15NO2
–, 0 µM  NO3

–).  As a result, while our results show little evidence for dismutation overall, 863 

we recommend additional experiments at tracer levels similar to 0.75 µM 15NO2
– to further test 864 

for NO2
– dismutation.  865 

 866 

4.5 Relative balance of anammox and denitrification 867 

4.5.1 Are results consistent with past observations of slow, low, and steady anammox 868 

elevated above the predicted maximum of 29% of total N loss?  869 

According to predictions based on the composition of average marine OM (Dalsgaard et 870 

al., 2003, 2012) anammox should account for at most 29% of the total N loss flux in OMZ 871 

regions.  To test this hypothesis under a variety of conditions, regressions of denitrification vs. 872 

anammox rates were calculated for all samples from the SR1805, FK180624, TN278, and 873 
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NBP1305 cruises.  In order to compare our new data to a previous study (Babbin et al., 2020), 874 

which observed variations in the ratio of anammox and denitrification between samples from the 875 

ODZ top or above (σθ < 26.4, “shallow boundary waters,” (Babbin et al., 2020)) and samples 876 

from the deoxygenated ODZ core or below (σθ >26.4, “ODZ core,” (Babbin et al., 2020)), 877 

regressions for all data (ODZ core), all data (shallow boundary), 2018 only (ODZ core), 2018 878 

only (shallow boundary), 2012-13 (TN278, and NBP1305) only (ODZ core), and 2012-13 only 879 

(shallow boundary) were calculated (Table S64).  All regressions deviated from the predicted 880 

29% maximum anammox contour, although the regression from the 2012-13 cruises’ ODZ core 881 

samples was closest to the 30% anammox contour (Fig. 9A).  We observed large differences in 882 

the percent anammox contours near 2012-13 and 2018 regressions.  ODZ core samples from 883 

2012-13 regressed onto a line between the 40 and 50% anammox contours while ODZ core 884 

samples from 2018 regressed onto a line between the 70% and 80% anammox contours.  885 

Differences in contouring were smaller for the shallow boundary samples, although the 2018 886 

samples still regressed to a higher contour (just under 80%) than the 2013-13 samples (60%) 887 

(Fig. 9A).  Our observations that all year and density based regressions fell within contours well 888 

above the theoretical prediction (Fig. 9A) and that anammox accounted for as much as 100% of 889 

the total N loss at many depths in 2018 samples (Fig. 2, Fig. 9B) is consistent with the many 890 

previous studies that observed anammox as the predominant OMZ N loss pathway (Lam et al., 891 

2009; Thamdrup et al., 2006; Kuypers et al., 2005; Hamersley et al., 2007; Jensen et al., 2011). 892 

Our new 2018 results do not contradict the idea (Dalsgaard et al., 2012) that anammox is 893 

often measured to be the bulk of total N loss but that large, episodic occurences of denitrification 894 

can dwarf the consistent albeit low anammox contribution to total N loss.  Under this view, these 895 

eruptions in denitrification return the time integrated balance of anammox and denitrification to 896 
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its expected 29 and 71% values.  In this scenario, our cruises’ sampling, like many but not all 897 

others, did not coincide with episodic high rates of denitrification.  898 

 899 

Figure 9: (A) All 2012, 2013, and 2018 denitrification and anammox rates (nM N2 d
-1), color-900 

coded by σθ.  ODZ core samples and lines are teal (σθ  > 26.4) while shallow boundary samples 901 

and lines are orange (σθ  < 26.4).  Solid, dashed, and dotted lines respectively show regressions 902 

for all data, 2018 only, and 2012-13 data only.  Dashed grey lines depict contours for percent 903 

anammox values. See Supplementary Table S64 for regression statistics.  (B) Percent anammox 904 

vs. ambient NO2
– for 2018 samples (left) and republished 2012 and 2013 samples (Babbin et al., 905 

2020) (right).  Points are colored according to the same scheme as panel A.  Lines show the 906 

average percent anammox values in shallow boundary waters (orange) and the deoxygenated 907 

ODZ core (teal).  (C) Percent anammox vs. all anammox (blue) and all denitrification (red) rates 908 

(nM N2 d
-1).  Regression lines shown for % AMX vs. anammox and denitrification rates follow 909 

the same color scheme as the data points.  Error bars represent the standard error of the 910 

regression.  (D) Percent anammox vs. anammox (blue) and denitrification (red) rates (nM N2  d
-1) 911 

for 2018 only (left) and 2012-13 (right).  Points and regression lines follow the same color 912 

scheme as in panel C.  Data shown in the 2012-13 only panel are republished (Babbin et al., 913 

2020).  914 

 915 

 916 

4.5.2 Do results support a connection between rapid NO3
–  reduction and elevated 917 

anammox? 918 
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Our 2018 results question the previously proposed view (Babbin et al., 2020) that rapid 919 

NO3
– reduction produces NH4

+ that in turn elevates anammox in oxycline and upper ODZ 920 

waters.  While our data (Fig. 2) did find high rates of NO3
– reduction in shallow boundary 921 

waters, the 2018 N loss data do not show elevated shallow boundary (as compared to ODZ core) 922 

percent anammox values as would be expected if high NO3
– reduction were fueling elevated 923 

anammox in the oxycline and ODZ top. This difference between our 2018 data and some 924 

previous data (Babbin et al., 2020) in support of a connection between rapid NO3
– reduction and 925 

elevated anammox in the oxycline and ODZ top can be seen through a comparison of shallow 926 

boundary (σθ < 26.4 (Babbin et al., 2020)) and ODZ core (σθ >26.4 (Babbin et al., 2020)) percent 927 

anammox values in the 2018 SR1805 and FK180624 cruises against the 2012-13 TN278 and 928 

NBP1305 cruises (Fig. 9B).  2012-13 samples showed a clear partitioning between the ODZ core 929 

and shallow boundary waters in terms of percent anammox values.  In 2012-13, as would be 930 

expected if high oxycline and ODZ top NO3
– reduction were supplying NH4

+ to anammox, 931 

shallow boundary samples have a higher average percent anammox value than ODZ core 932 

samples (Fig. 9B).  In 2018, this partitioning was not present - the difference between the 933 

average percent anammox values in ODZ core and shallow boundary samples was much smaller 934 

(Fig. 9B).  Interestingly, the total number of samples found to be 100% anammox also sharply 935 

diverged between 2012-13 and 2018.  In the 2012-13 samples, only one shallow boundary 936 

sample was found to be 100% anammox.  In 2018, many samples from both shallow boundary 937 

waters and the ODZ core were 100% anammox (Fig. 9B, Fig. S6).  938 

These observed differences in the partitioning of anammox and denitrification between 939 

shallow boundary waters and the ODZ core across different years and places do not support the 940 

view that NH4
+ from rapid NO3

– reduction of oxycline and ODZ top OM always elevates 941 
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anammox rates.  Instead, they suggest that other factors play an important role in setting the 942 

balance of anammox and denitrification.  Interestingly, NO2
– concentrations spanned a much 943 

narrower range in the two 2018 SR1805 and FK180624 cruises than the 2012-13 TN278 and 944 

NBP1305 cruises (Fig. 9B), a clue that the biogeochemical environment of the OMZ is subject to 945 

interannual variability.  Observed differences in environmental variables like NO2
– and percent 946 

anammox partitioning between 2012, 2013, and 2018 suggest that the partitioning of total N loss 947 

must depend on additional yet to be identified environmental or biological  interactions.  948 

 949 

4.5.3 Correlations of percent anammox values to anammox and denitrification rates - 950 

comparison to previous literature 951 

In order to re-examine the result (Babbin et al., 2020) that enhanced fractions of 952 

anammox are correlated to greater anammox rates and not lower dentrification (Fig. 9D right), 953 

we created percent anammox vs. anammox and denitrification regressions with the 2018 SR1805 954 

and FK180624 data.  In 2018, unlike in 2012-13 (Babbin et al., 2020), we observed significant 955 

relationships between percent anammox values and both the anammox and denitrification rates 956 

(Fig. 9D left).  Regressions for the 2012-13 data showed that increases in % anammox values are 957 

correlated only to increases in anammox values, not decreases in denitrification (Babbin et al., 958 

2020) (Fig. 9D right).  The 2018 regressions, on the other hand, indicate that increases in % 959 

anammox are correlated with both increasing anammox and decreasing denitrification rates.  The 960 

influence of this difference in the 2018 samples can be seen in regressions of % anammox 961 

against anammox and denitrification from all three cruises where a similar pattern to the 2018 962 

data is observed (Fig. 9C).  As above, this indicates a clear difference in the partitioning of 963 

anammox and denitrification between the 2018 SR1805 and FK180624 ETNP cruises and the 964 
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2012-13 TN278 and NBP1305 cruises to the ETNP and ETSP.  Despite the significance of the 965 

relationships, the low R2 values indicate that these relationships do not explain most of the 966 

variation in the anammox to denitrification ratio.  As above, the causal mechanisms behind this 967 

variability remains to be elucidated.  968 

 969 

4.5.4 Caveats about measurements of anammox and denitrification rates 970 

One bias of our sampling scheme for N loss rates is that we do not capture particle 971 

adhering denitrifiers.  Most denitrifiers that encode the last two steps of denitrification are found 972 

on large particles (Ganesh et al., 2013, 2015; Fuchsman et al., 2017).  As a result, measurements 973 

of complete denitrification from 15NO2
– to 30N2 that do not capture large particle communities 974 

will underestimate the rate.  Unfortunately, due to the hydrodynamics of the CTD rosette it is 975 

unlikely that large particles will be trapped inside the Niskin bottle.  In addition, the nipple of 976 

each Niskin is above the bottom of the bottle.  As a result, the large particles that are successfully 977 

sampled by the CTD sink to the bottom of the Niskin and are not transferred into the experiment 978 

(Suter et al., 2017).  979 

AnotherOne important caveat to some of the above conclusions in section 4.5 is that the 980 

detection limits for anammox and denitrification rates are not identical.  It is easier to detect 981 

anammox for a variety of reasons.  For example, anammox from a 15NH4
+ tracer  is more easily 982 

detected due to low background NH4
+ across most of the OMZ.  Anammox from the 15NO2

– 983 

tracer is more detectible due to its reliance on incorporation of only a single 15N atom into the 984 

29N2 product.  Denitrification, on the other hand, is more difficult to detect because of higher 985 

background NO2
– concentrations and because definitive denitrification requires the rarer 986 

combination of two 15NO2
– molecules (Babbin et al., 2017).   987 
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We suspect that our sampling bias against particle based denitrification and 988 

denitrification’s higher detection limit may have played a role in our observations of 989 

denitrification rates in the 2012, 2013, and 2018 cruises where, for example, significant 990 

denitrification rates were only detected at four of the thirty depths sampled during SR1805 991 

(Supplementary Table S3).  As a result, while the comparisons made above are helpful to 992 

examine differences in N biogeochemistry across years and stations, the true biogeochemical 993 

role of denitrification is likely greater than our tracer experiments suggest.  994 

An additional important consideration is the possibility that anammox was stimulated by 995 

our tracer additions, which substantially enriched the NO2
– and especially the NH4

+ 996 

concentrations above their in situ values (see Table S7 for enrichment factors for these two 997 

nutrients’ concentrations).  As mentioned above, the differential control of anammox and 998 

denitrification by substrate concentration may affect the observed ratio of the two rates in tracer 999 

incubations.  Tracer additions above ambient nutrient levels are necessary to detect a mass 1000 

spectrometric signal but often can result in rates above true in situ levels.  Data on the kinetic 1001 

responses of anammox and denitrification are scarce, yet another area where further research 1002 

would be very useful. 1003 

 1004 

 1005 

4.6 Possibility of N loss via AOA and other N cycling processes 1006 

A recent paper (Kraft et al., 2022) reported that dense cultures of the ammonium 1007 

oxidizing archaea (AOA) Nitrosopumilus maritimus can support the O2 dependent process of 1008 

NH4
+ oxidation in deoxygenated waters via NO disproportionation to O2 and N2.  This 1009 

mechanism would be a third N loss process that, if occuring in OMZs, would be measured as 1010 
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anammox or denitrification.  In order to investigate the possible significance of this N loss 1011 

pathway in ODZ waters, we calculated the maximum possible N loss from NH4
+ oxidation – the 1012 

N loss that would result if all of the 15N-NO2
– produced in our NH4

+ oxidation experiments was 1013 

converted into N2 via the proposed NO disportionation reaction.  These maximum NH4
+ 1014 

oxidation derived N loss rates were a small fraction of the total N loss rates at most depths 1015 

(Supplementary Table S55).  As a result, even these unrealistically high estimates of N2 1016 

production from AOA do not suggest that AOA are significant agents for fixed N loss.  The 1017 

depths where this was not the case are all either oxic or upper oxycline depths where NH4
+ 1018 

oxidation rates peak and do not require NO disproportionation to supply O2, or depths where 1019 

equally low NH4
+ oxidation, anammox, and denitrification rates would allow a higher percentage 1020 

of the total N loss to be due to NH4
+ oxidation.  As a result, our calculation argues that N loss 1021 

derived from NH4
+ oxidation is not a significant N loss flux in ODZs.  Thus, we argue that our 1022 

conclusions regarding the relative balance of anammox and denitrification, as well as the 1023 

relationship of these two N loss processes to other parts of the N cycle, do not need to be revised 1024 

to account for N loss via NO disproportionation in AOA.  1025 

 We note that an additional N recycling pathway, dissimilatory nitrate/nitrite reduction to 1026 

ammonium (DNRA) can occur under low O2 conditions similar to those preferred by anammox 1027 

and denitrification.  While some OMZ studies have found rates and nrfA abundances comparable 1028 

to anammox, denitrification, and NH4
+ oxidation rates and marker gene abundances (Lam et al., 1029 

2009; Jensen et al., 2011), DNRA is best described as an extremely variable process.  Other past 1030 

OMZ studies have often found negligible rates (De Brabandere et al., 2014; Kalvelage et al., 1031 

2013; Füssel et al., 2011) and little genetic evidence for DNRA (Kalvelage et al., 2013; 1032 
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Fuchsman et al., 2017).  Due to this variability we chose to focus this study on what are arguably 1033 

the most consistently relevant rates for OMZ N biogeochemistry. 1034 

 1035 

5 Conclusions 1036 

Nitrogen is an essential component of life and as a result, its availability can function as a 1037 

cap on biological productivity in many marine ecosystems.  Since all the ocean is linked through 1038 

an intricate web of currents that span the globe, the N biogeochemistry of small regions can 1039 

affect the biogeochemistry of the rest of the ocean.  Although OMZs account for just 0.1 - 1% of 1040 

the ocean’s total volume (Lam and Kuypers, 2011; Codispoti and Richards, 1976; Naqvi, 1987; 1041 

Bange et al., 2000; Codispoti et al., 2005) they account for 320-540% of all total marine N loss 1042 

(DeVries et al., 2013).  As a result, developing an understanding of N cycling within OMZs is 1043 

critical for comprehending the total marine N budget.  Here we presented measurements from the 1044 

ETNP OMZ of five microbial N cycling metabolisms, all of which have NO2
– as a product, 1045 

reactant, or intermediate.  Understanding the magnitudes of these rates is key to determining the 1046 

OMZ inventory of N species as well as an important piece of understanding the marine N 1047 

budget.  1048 

Our results add to the growing evidence that the N recycling process of NO3
– reduction is 1049 

the largest OMZ N flux followed by the recycling process of NO2
– oxidation back to NO3

–.  1050 

These two processes peaked in the oxycline or ODZ top and were usually much greater than the 1051 

two N loss processes of anammox and denitrification, a departure from the established view that 1052 

understanding N loss processes alone is the key to understanding OMZ biogeochemistry.  We 1053 

also add further evidence to the body of literature that supports the occurrence of anaerobic NO2
– 1054 

oxidation in OMZ regions, most strikingly through a series of O2 manipulation experiments that 1055 
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show NO2
– oxidation at putative O2 concentrations as low as 1 nM, an O2 concentration so low 1056 

that the experimental conditions are functionally anoxic.  We conducted experiments on waters 1057 

from two deoxygenated depths to evaluate if NO2
– dismutation provides the oxidative power for 1058 

observed anaerobic NO2
– oxidation and found no evidence of NO2

– dismutation except in one 1059 

treatment – the closest to in situ NO2
– conditions.  Further exploration of the dismutation 1060 

hypothesis might therefore usefully focus on conditions near in situ NO2
– concentrations.  Across 1061 

our experiments, the percent of N loss due to anammox was consistently above the theoretical 1062 

prediction of at most 29% anammox.  Our observations that NO3
– reduction and NO2

– oxidation 1063 

greatly surpass N loss, especially in shallow boundary waters, further reinforce the view that 1064 

NO2
– in the SNM is sourced from NO3

– reduction.  1065 

Together, these observations provide additional data that supports several new views of 1066 

OMZ biogeochemistry.  We hope that our work inspires additional isotopic experiments, 1067 

culturing efforts, or genomic studies, especially those that seek to further test the occurrence of 1068 

NO2
– oxidation under functionally anoxic conditions and to examine alternative oxidants for this 1069 

process.  However, additional work is especially needed to further validate the occurrence of 1070 

NO2
– oxidation under functionally anoxic conditions, explore alternative oxidants for this 1071 

process, In addition, we emphasize the importance of integrating our experimental results into 1072 

future OMZ N and C biogeochemical modelsand comprehend how OMZ biogeochemistry , 1073 

especially our results showing the predominance of NO3
– reduction and NO2

– oxidation over N 1074 

loss.  The development of an accurate model of OMZ N cycling is essential towards forecasting 1075 

future changes in marine productivity and ecology as OMZs respond tocould change with  1076 

climate change and other anthropogenic human-caused environmental changes.  1077 

 1078 
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