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Abstract39

Oxygen Minimum Zones (OMZs) are key components of the climate system,40

where uncertainties persist regarding the microbial processes controlling oxygen41

consumption and nitrogen cycling. The dynamics of the anaerobic remineral-42

ization process Dissimilatory Nitrate Reduction to Ammonium (DNRA) remain43

poorly understood in OMZs. Here, we implement DNRA in a simple biogeo-44

chemical model coupled to a 3 km resolution hydrodynamic model of the Chilean45

coastal OMZ. While the large-scale OMZ structure remains governed by physical46

processes, DNRA redistributes nitrogen toward recycling, away from pathways47

leading to fixed-N loss with negligible effects on mean oxygen. Unexpectedly,48

DNRA decreases nitrite and ammonium concentrations (by a factor of 5 and49

2, respectively), due to a tight connection with nitrification oxidizing ammo-50

nium back to nitrate. This regenerated nitrate partly transported upward fosters51

growth of large phytoplankton and zooplankton. Results clarify DNRA contribu-52

tion to both OMZ nitrogen cycling and surface ecosystem dynamics, and guide53

future observations.54

Keywords: DNRA, microbial processes, nitrogen cycle, oxygen, OMZ,55

biogeochemistry, ecosystem, coupled model, central Chile56
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1 Introduction57

Marine life fundamentally depends on primary production, which is itself mainly58

controlled by the principal limiting nutrient, most often dissolved inorganic nitrogen59

(nitrate essentially). To date, significant uncertainties still remain regarding the bal-60

ance between nitrogen sources and sinks in the ocean. Sources include riverine inputs,61

atmospheric deposition, and biological nitrogen fixation (diazotrophy), whereas the62

dominant sinks are denitrification and anaerobic ammonium oxidation (anammox),63

resulting in an apparent imbalance in the nitrogen budget at basin scales that has64

further widened under Anthropocene conditions [1]. Approximately 30–50% of the65

total fixed nitrogen (N) loss in the ocean occurs within Oxygen Minimum Zones66

(OMZs) [1, 2]. Despite occupying about 0.1% only of the ocean volume, these regions67

account for a disproportionately large fraction of marine nitrogen loss. Consequently,68

even modest changes in OMZ extent under global warming could substantially alter69

the global N-cycle. Pioneering studies of N-loss processes, mainly canonical denitri-70

fication and anammox, in oxygen-deficient systems revealed a persistent imbalance71

between ammonium supply and demand, which might be adjusted by Dissimilatory72

Nitrate Reduction to Ammonium (DNRA) [3, 4], an anaerobic remineralization pro-73

cess that has been reported in situ within OMZs [5]. DNRA reduces nitrate (NO−

3 )74

to nitrite (NO−

2 ) and subsequently to ammonium (NH+
4 ), rather than to N2 as in75

canonical denitrification, thereby retaining bioavailable N within the system instead76

of removing it [3, 6, 7]. Consequently, DNRA may represent an important source77

of NH+
4 and has been proposed as one of the primary mechanism supplying the78

NH+
4 required to sustain anammox where denitrification alone cannot account for79

the NH+
4 demand [3, 4, 8]. Despite its potentially important role in the N cycle, the80

mechanisms that regulate DNRA, as well as its persistence and spatial extent, remain81

poorly understood.82

83

DNRA is a two-step anaerobic respiratory process that competes with den-84

itrification (Figure B1 in Supplemental material). The overall reaction reads :85

(CH2O)106(NH3)16H3PO4 + 53NO−

3 + 122H+ → 106CO2 + 69NH+
4 + 53H2O+H3PO4.86

The first step, the reduction of NO−

3 to NO−

2 , is shared with denitrification [3, 6, 9],87

whereas the second step reduces NO−

2 to NH+
4 and so competes with denitrification88

for NO−

2 . In the marine environment, organic matter is the dominant electron donor89

supporting DNRA [10, 11]. Under oxygen-depleted conditions, NO−

3 serves as the90

most energetically favorable terminal electron acceptor for heterotrophic organic91

matter oxidation [12]. DNRA therefore represents an additional source of NH+
4 in92

OMZs by coupling NO−

3 reduction to organic matter remineralization. Highly reduc-93

ing conditions were thought to generally favor DNRA over denitrification because94

they increase the availability of electron donors, including organic carbon, sulfide,95

and ferrous iron, thereby promoting DNRA activity [13]. Consequently, DNRA is96

expected to become increasingly important toward the core of the OMZ, where97

reducing conditions are most pronounced [3].98

99

The South East Pacific (SEP) OMZ was selected as the study region because100

DNRA activity has been quantified there using stable-isotope pairing experiments [4],101

corroborated by analysis of nrfA expression, the functional gene encoding cytochrome102

c nitrite reductase [3]. The SEP OMZ is one of the widest and most intense OMZs,103

extending offshore both Peru and Chile [14]. It is maintained by low ventilation rates104

and oxygen consumption associated with the decomposition of sinking organic matter105

from one of the most productive upwelling systems in the world’s ocean [15, 16]. The106

SEP OMZ experiences variability across multiple timescales. On the interannual scale,107

climate modes such as El Niño-Southern Oscillation (ENSO) modulate the depth of108
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its upper boundary through changes in coastal trapped waves and regional circula-109

tion, including the Peru-Chile Undercurrent (PCUC) [17]. On the seasonal scale, the110

volume of the OMZ fluctuates in response to changes in dissolved oxygen transport111

associated with the PCUC and alternating zonal jets [18–20]. At the mesoscale, anticy-112

clonic intrathermocline eddies generate pronounced vertical and horizontal variability113

in oxygen distribution and OMZ structure [21, 22]. In this study, we focus on mean114

state conditions during the 2007–2023 period, which is characterized by the occurrence115

of prolonged La Niña conditions conducive to the activation of anaerobic processes116

such as DNRA. In south-central Chile, particularly between 30°–38°S, the SEP OMZ117

reaches its shallowest coastal expression [19], with oxygen concentrations often falling118

below 1 µM in the OMZ core [23], creating favorable conditions for anaerobic nitrogen119

transformations such as DNRA. We therefore focused on the coastal upwelling system120

off Concepción (36.8°S) (Figure 1), where the seasonal intrusion of oxygen-depleted,121

nitrate-rich Equatorial Subsurface Waters (ESSW) fuels high primary production and122

intense organic matter remineralization [24–26], thereby reinforcing the reducing con-123

ditions ought to promote DNRA [4]. Together with the interannual ENSO variability124

described above, this seasonal forcing generates recurrent periods of intensified oxy-125

gen depletion, providing an ideal natural setting to investigate the role and dynamics126

of DNRA.127

offshore point 

Fig. 1 Map of South America with the model domain framed in red and station 18 marked by the
red dot (left). Model configuration area with station 18 and offshore point studied marked by the red
dots and glider transects ([27]) available to date, marked by the blue dots (right).

The study region offers important observations and available measurements for128

both key Essential Ocean Variables (EOVs) and microbial rates. Since 2002, the Uni-129

versity of Concepcion has maintained an oceanographic time series at Station 18130

(Figure 1), located on the mid-continental shelf (36° 30, 80’S and 73° 7.75’W; 92 m131

water depth). The station provides continuous observations of temperature, salinity,132

dissolved oxygen (DO), nutrients, greenhouse gases (CH4 and N2O) and phyto-133

plankton pigments [26]. Furthermore, eight autonomous glider deployments conducted134

between 2010 and 2012 sampled the physical structure of the water column along a135

zonal transect extending from the coast to the open ocean (-73°W to -75°W; [27]),136

providing an exceptional observational framework for model evaluation.137

4



These long-term observations have been complemented by extensive 15N tracer138

incubation experiments that have characterized the major nitrogen transforma-139

tion pathways in the region. Although planktonic anammox, mostly performed by140

members of the Candidatus Scalindua clade, is widely distributed throughout the141

water column year-round [28], canonical denitrification has been identified as the142

dominant pathway of fixed nitrogen loss in bottom waters [29]. During summer,143

when oxygen depletion reaches its maximum and anoxic conditions develop near the144

seafloor, sulfur-driven autotrophic denitrification becomes the predominant N-loss145

pathway [29]. More recently, DNRA has also been quantified in situ, demonstrating146

that ammonium regeneration through nitrate reduction co-occurs with nitrogen-loss147

processes in the oxygen-deficient waters (< 20 µmol.L−1) of the SEP OMZ [4]. Com-148

plementary benthic studies have further shown that nitrogen regeneration increases149

under low-oxygen conditions (about 2.68 µM O2), with enhanced ammonification150

and reduced denitrification in near-anoxic sediments [30], highlighting the importance151

of ammonium recycling across the coastal system. In addition, nitrogen fixation has152

been documented throughout the annual cycle, reaching maximum rates during late153

summer and autumn and being largely sustained by heterotrophic diazotrophs [31].154

Collectively, these observations provide one of the most comprehensive characteriza-155

tions of marine nitrogen cycling available for any eastern boundary upwelling system.156

157

The limited measurements of total DNRA rates, as well as of the individual158

nitrate- and nitrite-reduction steps available for the SEP OMZ (Table B1 in Supple-159

mental material), reveal pronounced spatiotemporal variability [3, 4, 9], while the160

environmental controls governing this variability remain poorly understood. Beyond161

the considerable challenges associated with measuring DNRA in the field, its role has162

also remained largely unexplored from a theoretical perspective because the process163

has not yet been incorporated into the coupled physical-biogeochemical models cur-164

rently used to investigate N-cycling in OMZs (e.g. [32, 33]). Currently none of the165

global Earth System Models participating to the CMIP include this process.166

167

In this study, we investigate how a more comprehensive representation of anaero-168

bic biogeochemistry, through the incorporation of the DNRA pathway into a regional169

coupled physical–biogeochemical ocean model, alters nitrogen fluxes and organic170

matter transformations within the Chilean Oxygen Minimum Zone. Beyond the171

direct production of NH+
4 , we demonstrate that DNRA modulates the availability of172

inorganic nitrogen species together with organic matter fluxes and stocks, generating173

cascading effects across the ecosystem. These effects extend from the reorganization174

of aerobic and anaerobic nitrogen cycling processes—including denitrification, anam-175

mox, and nitrification—to the restructuring of the surface planktonic community.176

177

This paper is organized as follows. Section 2 presents the results, structured around178

three themes: the mean effect of DNRA on nitrogen fluxes, the interactions between179

aerobic and anaerobic layers, and the restructuring of flux contributions. Section 3 dis-180

cusses these findings, first examining the reorganization of the nitrogen cycle induced181

by DNRA, then assessing the robustness of our results through a sensitivity analy-182

sis to a range of anaerobic thresholds and DNRA kinetics. Concluding remarks are183

provided in Section 4. Finally, Section 5 describes the model configuration and the184

experimental design, including the control and DNRA simulations.185
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2 Results186

A sensitivity analysis was performed with respect to the DNRA kinetics and the anaer-187

obic oxygen concentration threshold, as described in Section 5. Twelve configurations188

were tested (Table B2 in Supplemental material). For clarity we first focus here on189

the median configuration (i.e. Vmax combined with an anaerobic threshold of 45 µM)190

as it represents the central point of the explored parameter space. This choice allows191

us to interpret the main effects of DNRA under the same conditions as denitrifica-192

tion, before examining their sensitivity to parameter uncertainty in Section 3. Using193

this configuration, we compare the run incorporating DNRA to a control run without194

DNRA.195

2.1 Overall impact of DNRA196

In the following, to illustrate the cascading effects induced by DNRA, we focus on197

an offshore location (36°S ; 73.7°W) where the model simulates a particularly intense198

DNRA activity. Figure 2 shows the mean vertical profiles of the main biogeochemical199

fluxes and state variables for simulations with (solid lines) and without (control run,200

dashed lines) DNRA over the period 2008-2014. The gray shadow represents the201

depth where O2 is less than 60 µM . The simulated DNRA profiles show consistently202

higher rates of nitrite reduction than nitrate reduction. Maximum DNRA rates occur203

at approximately 100 m depth, near the upper OMZ boundary, where oxygen con-204

centrations begin to decline into the hypoxic range. Counterintuitively, DNRA does205

not significantly modify vertical NO−

3 distribution, and does not increase NO−

2 and206

NH+
4 stocks. Instead, the inclusion of DNRA led to a decrease of 0.3 µM (88%)207

in NO−

2 and 0.15 µM (55%) in NH+
4 at their respective shallow peak (primary208

relative maxima), located in the middle of the oxycline at approximately 30 m depth.209

A secondary deeper relative NO−

2 and NH+
4 maxima are also reported around the210

hypoxic-suboxic interface (≈ 100 m depth), which is consistent with DNRA occurence211

and maxima at similar depth. For NO−

2 , this secondary maxima is around 50 m shal-212

lower compared to the control run, whereas for NH+
4 , this secondary peak is new (no213

visible in the CTRL run). Similarly to the NO−

3 distribution, the O2 profile appears214

mostly unchanged. Figure 2 also shows that DNRA activation differentially impacts215

phytoplankton and zooplankton according to their size. Specifically, within the upper216

50 m, the nitrogen biomass of large phytoplankton (LPHY) and large zooplankton217

(LZOO) increases by nearly 0.55 and 0.45 µM , respectively, corresponding to relative218

increases of 44% and 60%. In contrast, small phytoplankton (SPHY) and zooplankton219

(SZOO) decrease by 60% and 18%, respectively. Regarding organic matter pools,220

the inclusion of DNRA reduces the near-surface peak concentration of small detritus221

(SDET) by approximately 50% and that of dissolved organic nitrogen (DON) by222

14%. In contrast, large detritus (LDET), which remained at low concentration and223

displayed a relative uniform vertical distribution with a deeper maximum (around 50224

m), increased within the oxygenated layer before declining to nearly zero within the225

oxygen-deficient layer.226

227

Figure 2 further shows that the addition of DNRA significantly impacts both228

anaerobic and aerobic processes in the nitrogen cycle. Maxima of both steps of deni-229

trification are displaced upward toward the upper OMZ boundary from 150 to 100 m230

deep, near the 60 µM O2 isopleth. Whereas the peak of the first step of denitrification231

(nitrate reduction) increases by 55% (0.3 10−7 µM.s−1) compared to the control run,232

the second step (nitrite reduction) undergoes a substantial reduction in its maximum233

activity (50%). The anammox peak also shifts upward from 150 m to 100 m, closer to234

the upper OMZ boundary, and is restricted to a narrow depth interval; its maximum235
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RemineralisationDenitrification

Organic matterPhytoplankton Zooplankton

NFlux_anammox DNRA
NFlux_anammox CTRL

O2

Fig. 2 Comparison between the DNRA (solid lines) and CR (dotted lines) runs at (36°S ; 73.7°W;
offshore point): Vertical profiles of nutrients, DO, phytoplankton, zooplankton, organic matter, rem-
ineralization, and the processes of nitrogen loss and nitrogen cycling from surface to 600m depth
time-averaged on 2008-2014 period. The DNRA run uses an anaerobic threshold (O2dn) at 45µM in
the Vmax formulation. The envelope around each profile corresponds to the temporal standard devi-
ation obtained using a bootstrap method (see Method section 5.2). The dark gray horizontal band
corresponds to depths where the time-averaged oxygen concentration is less than 60 µM, with the
standard deviation of this average shown in light gray.

rate decreases by 43%, from approximately 1.4 10−8 µM.s−1 to 0.8 10−8 µM.s−1.236

237

To quantify the net effect of DNRA on denitrification and anammox across the238

water column, vertical profiles were integrated over the 0–600 m depth interval.239

Despite the local increase in the maximum activity of the first step of denitrifi-240

cation, its depth-integrated value is reduced by 52% in the simulation including241

DNRA relative to the control (from 5.251 10−6 to 2.498 10−6µM.m−2.s−1). More242

notably, the depth-integrated anammox rate decreases by 80% (from 2.6 10−7 to 1.3243

10−6µM.m−2.s−1), indicating that inclusion of DNRA substantially reduces the loss244

of total fixed-nitrogen through both denitrification and anammox across the water245

column.246

247

The rates of both nitrification steps increase markedly within the upper 150 m248

of the warter column. The maximum rate of the first step (ammonium oxidation)249

increases 5.5-fold, from 0.22 10−6 µM.s−1 to 1.2 10−6 µM.s−1, whereas the second250

step (nitrite oxidation) increases 11.5-fold, from 0.1 10−6 to 1.15 10−6 µM.s−1. In251

addition to the surface maximum at approximately 30-50 m depth, both nitrifica-252

tion steps develop a second, deeper maximum near 100 m, at the hypoxic-suboxic253

transition. This deep nitrification maximum occurs immediately above the depth of254

maximum DNRA rates and is approximately 50 times greater than the maximum255

anammmox rate. Over the water column (0-600m depth), the integration of the256

vertical profiles of the total nitrification shows an increase of nearly 300% (from 3.98257

10−5 in the control simulation to 1.58 10−4 µM.m−2.s−1 in the DNRA simulation).258

259
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Remineralization rates also increase for all organic matter pools (DON, SDET, and260

LDET; Figure 2). Within the upper 50 m depth, remineralization rates increase by261

approximately 4, 1.2 and 0.6 10−7 µM.s−1 for DON, SDET and LDET, respectively.262

These changes correspond to increases of approximately 100% for DON, 22% for SDET263

and 150% for LDET. The profiles integrated over 0-600m depth show an increase of264

73% of the total remineralization over the water column. Overall, the inclusion of265

DNRA modifies not only inorganic nitrogen pools but also organic matter remineral-266

ization, affecting the intensity of both anaerobic and aerobic nitrogen transformation267

processes in the suboxic and oxic layers.268

2.2 Oxic-suboxic layer exchanges269

To further interpret the changes induced by DNRA activation, the temporal mean270

(2008-2014) vertical advective and diffusive fluxes of NO−

3 , NO−

2 and NH+
4 are271

shown in Figure 3, for both simulations. The dominant vertical fluxes involve NO−

3 ,272

which are significantly higher (×10) than those of NO−

2 and NH+
4 .273

274

Fig. 3 Vertical profiles of the vertical advection (vadv, green) and diffusion (vmix, orange) tendency
terms for NH+

4
, NO−

2
and NO−

3
(columns) in the anaerobic–aerobic exchange layer (0–200 m) at the

offshore station (36°S, 73.7°W), comparing the DNRA simulation (top row) and the CTRL simulation
(bottom row). The red color filling part of the profile indicates upward flux for both advective and
diffusive terms, including upward flux in thin layer (boxed in red) around 100 m for NH+

4
and NO−

2
.

Dotted horizontal lines with depth labels mark the mean depth of the relative primary and secondary
NH+

4
and NO−

2
concentration maxima for each simulation, since the magnitude of their advective

and diffusive fluxes depends primarily on the vertical position of these peaks. Profiles are averaged
over 2008–2014.

For NH+
4 , the primary relative concentration maximum occurs at 24 m depth in275

the DNRA run (Figures 4 and 3), compared to 35 m depth in the control (CTRL)276

run, indicating that the peak shifts closer to the surface with DNRA. Moreover, a277

secondary relative maximum is observed at 98 m depth, signal of the DNRA activity.278

Diffusion is strongly positive near the surface (0 to ≈10 m depth; upward flux) and279

then becomes negative down to ≈ 90 m depth. In the surface layer between ≈ 0 m280

8



and 30 m, the advective term is positive with an upward transport for the CTRL281

run only. On the contrary, in the subsurface around a secondary relative maximum282

at ≈ 100 m, near the anaerobic–aerobic interface (cf. shaded area in Figure 2), a283

minor upward transport occurs across a very thin layer, as indicated by the positive284

advective term. This feature is observed only in the DNRA run and coincides with285

the relative maxima of DNRA and nitrification.286

287

For NO−

2 , the difference between the two simulations is the most pronounced.288

Although both runs have the same configuration with two relative maxima in NO−

2289

concentrations (Figures 2 and 3), these maxima are more intense in the CTRL run.290

Furthermore, these two relative maxima are shallower (24 m and 98 m, respectively)291

in the DNRA run than in the CTRL run. Upward diffusive flux occurs mainly in292

surface (0-20 m) as well as upward advective flux (above the primary relative max-293

imaum) but much more intense in the CTRL. In subsurface, above the secondary294

relative maxima, both runs show upward transport, which is more intense in the295

CTLR run. In the DNRA run, this transport is correlated to the secondary maximum296

at ≈ 100 m, near the anaerobic–aerobic interface (cf. shaded area in Figure 2), where297

relative maxima in DNRA and nitrification are observed. In this run, the amplitude of298

advective and diffusive fluxes greatly reduced throughout the water column, becoming299

virtually zero beyond ≈ 100 m depth, in the suboxic zone. This marked attenuation300

of vertical NO−

2 transport with DNRA reflects local consumption (nitrification) that301

occurs faster than transport, thereby limiting its vertical redistribution on a very thin302

layer at the anaerobic-aerobic interface. Therefore, NH+
4 and NO−

2 show a slight303

positive advective peak at a depth of about 100 m (red boxes in Figure 3), where304

the secondary maximum of NO−

2 and NH+
4 is observed. This induces a very local305

upward advection of both NH+
4 and NO−

2 to the aerobe boundary where the deep306

nitrification maxima occur.307

308

For NO−

3 , the DNRA and CTRL profiles are very similar in shape: positive dif-309

fusion near the surface and positive advection that increases with depth, dominating310

all other fluxes (up to 6-7 10−6µM.s−1 at 200 m depth). The upward advection of311

NO−

3 appears significantly more intense (+12.7%) in the DNRA run between 0 and312

80 m, confirming a consistent effect of the production of NO−

3 at a substantial sec-313

ondary relative nitrification maximum. To elucidate these dynamics and understand314

how DNRA modifies the balance among tendency terms, we examine the physical and315

biogeochemical source and sink terms governing each state variable.316

2.3 Sensitivity of nitrogen-related tracer budgets to DNRA317

activation318

To further understand how DNRA modulates nitrogen-related fluxes, we decompose319

the depth-integrated fluxes into their biological and physical advection+diffusion320

contributions for both the 0-150m and the 150-300m layers (Figure 4). Across almost321

all the biogeochemical variables, a consistent vertical pattern emerges over the upper322

300 m, characterized by surface layer peak followed by a gradual decrease with depth.323

Vertical physical transport thus contributes to a sink (always negative) for all the324

variables in 0-300 m but NO−

3 and O2, for which there is a vertical physical gain in325

the 150-300 m layer. The vertical contribution is always compensated by an opposite326

horizontal contribution, generally a gain from the coastal shallower area in 0-300 m,327

from the South in the upper 0-100 m layer and from the North in the lower (100-300328

m) layer associated with the PCUC, according to the mean latitudinal and longitu-329

dinal velocities (see Figure B3 in supplemental material). O2 and NO−

3 are largely330

controlled by physical processes, especially in the OMZ core (cf 150-300 m), whereas331

9



fluxes of the other variables result from relatively balanced influences of the physical332

and biogeochemical processes. In the DNRA run, the integrated fluxes of all variables333

decrease in the surface 0-150 m compared to the control run. This is most striking334

for NO−

2 , whose net biological production is divided by 10 in the aerobic layer and335

becomes near zero in the anaerobic layer, confirming that it is consumed in situ by336

nitrification rather than produced or exported at either depth; horizontal import and337

vertical export of NO−

2 are also strongly reduced (by up to two orders of magnitude)338

in the 150-300 m layer. Similarly, biological production of NH+
4 is weaker in the339

DNRA run at both depths, consistent with enhanced consumption via nitrification340

rather than lateral export. The planktonic compartments confirm the size-structured341

response already seen in the concentration profiles (Figure 2): small phytoplankton342

and zooplankton show reduced biological, horizontal and vertical fluxes in the DNRA343

run, whereas large phytoplankton and zooplankton are sustained by intensified lateral344

(horizontal) and vertical transport despite stronger local biological losses, particularly345

in the aerobic layer. For NO−

3 in the 0-150 m layer, NO−

3 advective and diffusion346

uwpard flux is slightly higher in DNRA than CTRL run, with an increase of diffusive347

term mainly between 25 and 50 m, mitigating the effect of NO−

3 upward advection348

enhancement (Figure 4). In the deeper layer, O2 shows a modest increase in supply349

(less negative biological flux, more positive vertical flux) in the DNRA run. Finally,350

on both layers (0-150 m and 150-300 m), large organic and planktonic compartments351

(LDET, LPHY, LZOO) show enhanced horizontal and vertical transport with little352

change in their biological fluxes, indicating that their dynamics at depth are primarily353

transport-driven.354

355

To examine in detail the individual biogeochemical processes underlying this356

reorganization, we now turn to the full flux budget decomposition for each state357

variable (Figures 5, 6 and Figure B4 in Supplemental material). The biogeochemical358

budgets integrated over 0-150 m and 150-300 m layers provide a consistent picture359

of how DNRA reshapes nitrogen cycling and ecosystem functioning at this offshore360

location. Within the aerobic layer, the clearest fingerprint of DNRA activity, reach-361

ing 10−5 − 10−6µM.m.s−1, is the appearance of substantial nitrogen fluxes through362

the increased consumption of LDET, SDET, DON and NO−

3 , and channeling NO−

3363

toward NH+
4 production. Despite an intensified nitrification in the DNRA run,364

NO−

3 is diverted away from phytoplankton assimilation and the resultant, increased365

competititive assimilation for the remaining NO−

3 appears to be in favor of large366

phytoplankton (Figure 5a, Figure B4 a in Supplemental material ). Within the367

lower surface layer (75-150 m) (Figure 2) that shows suboxic conditions, DNRA368

efficiently competes with denitrification. But despite this additional NH+
4 source,369

concentrations of NH+
4 are paradoxically lower throughout the water column in370

the DNRA run (Figure 2). The budget analysis resolves this apparent contradiction371

by revealing that the produced NH+
4 is rapidly re-oxidized through an intensified372

nitrification flux (Nitrif1 and 2, ≈ 10−4µM.m.s−1), leaving little time for local accu-373

mulation of NH+
4 or NO−

2 (Figure 6a). The secondary nitrite maximum at 100–150374

m is also substantially reduced (-88%) in the DNRA run relative to the control375

run, (Figure 2), consistent with a faster downstream consumption of NO−

2 through376

the intensified nitrification pathway rather than its accumulation. Associated with377

an increase of the advective upward NO−

3 transport in 0-150 m layer (+6%), this378

NO−

3 → NH+
4 → NO−

2 → NO−

3 short circuit comes at a direct cost for primary379

producers with a response clearly size-structured. SPHY concentrations are visibly380

reduced throughout the aerobic zone in the DNRA run relative to the control (-67%)381

(Figure 2), consistent with reduced production in the budget differences (Figure 6a).382

In contrast, LPHY concentrations are higher (+52%) in the DNRA run (Figure 2).383

The budget analysis indicates that this increase is mainly driven by stronger local384
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(a)

(b)

Fig. 4 Budgets of biogeochemical tracers at (36° S, 73.7° W): Total mean (2008-2014) biogeochemical
and physical (advection + diffusion) contributions to the rate of change in tracers’ concentration in
the (solid bars) DNRA and (hatched bars) control simulations at (a) 0–150 m and (b) 150–300 m
depth. Positive values represent net gains in the corresponding layer, and negative values indicate net
losses. All y-axes are shown on a logarithmic scale. Vertical segments represent the RMSE about the
mean, reflecting intra to inter-annual variability. Because O2 and NO3 flux magnitudes exceed those
of the other variables by one to two orders of magnitude, they are plotted on a separate sub-panel
with its own y-axis to preserve the resolution of the smaller fluxes.

production, complemented by enhanced horizontal advective import from the coast385

(Figure 6a).386

387
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(a)

(b)

Fig. 5 Vertically integrated biogeochemical budgets at the offshore point (lat = 36.0°S, lon =
73.7°W). Contributions of individual processes to the net tendency of each tracer are shown for the
DNRA run (Vmax with anaerobic threshold (O2dn) at 45µM) for the upper aerobic layer (0-150 m)
(a) anaerobic layer (150-350 m) (b) . Bars represent the mean integrated fluxes (µMs−1) computed
over the 2008–2014 period, while error bars indicate the error in the mean estimated via bootstrap
resampling. Colors denote process categories (i.e., biological production, nitrification, denitrification,
DNRA, remineralization, metabolism (excretion), mortality, anammox, grazing, advection, and dif-
fusion). Positive (negative) values indicate sources (sinks) of the considered tracer. The y-axis is
displayed on a symmetric logarithmic scale to emphasize both small and large contributions.
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(a)

(b)

Fig. 6 Differences of vertically integrated biogeochemical budgets at the offshore point (lat = 36.0°S,
lon = 73.7°W) between the DNRA run (Vmax with anaerobic threshold (O2dn) at 45µM) and the
control run. For each process term, the bar represents ∆F = |FDNRA| − |FCTRL| where F is the
vertically integrated flux over the aerobic layer (0–150 m, panel a) and the anaerobic layer (150–350
m, panel b). A positive bar indicates that the process is more intense in the DNRA run, regardless
of its sign (source or sink); a negative bar indicates a weaker process in the DNRA run. The hatched
bar (NET) shows |ΣFDNRA| − |ΣFCTRL| i.e. the difference in the amplitude of the total budget:
positive when the net tendency is larger in magnitude in DNRA than in CTRL, negative otherwise.

13



This size-based reorganization extends consistently through the food web. SZOO388

biomass decreases together with SPHY, as shown by Figure 2. This pattern agrees389

with the reduced grazing fluxes identified in the budget analysis (Figure 6a). In390

contrast, LZOO biomass increases in the DNRA run (2), following the greater avail-391

ability of LPHY. The organic matter pools show a differentiated response depending392

on particle size. While LDET shows higher net flux in the DNRA run than in CTRL,393

SDET and DON show lower net fluxes in the DNRA run than in CTRL (Figures 5a,394

Figure B4 a in Supplemental material , Figure 6a), consistent with the reduced solid-395

line profiles visible in Figure 2. This reduction reflects a weakening of their primary396

biological sources: lower SPHY mortality, reduced SZOO metabolic excretion, and397

diminished fecal pellet production collectively curtail the supply of both particulate398

and dissolved organic nitrogen across all size classes. Increased LDET production,399

resulting from LZOO and SZOO grazing, increased LZOO mortality, and horizontal400

advective import of LDET in the DNRA run (Figure 5a) are inducing higher hydrol-401

ysis as well as aerobic and anaerobic (denitrification and DNRA) remineralisation.402

These processes consume LDET and therefore mitigate its increase compared to403

the CTRL run. Anammox activity is also slightly reduced in the DNRA run (6a),404

consistent with the faster upstream consumption of NO−

2 through the intensified405

nitrification pathway, which limits NO−

2 availability for anammox bacteria.406

407

Deeper in the water column, between 150 and 300m, DNRA fluxes are two orders408

of magnitude weaker (Figure 2) due to the organic substrate limitation; yet this layer409

is not left unaffected. A strengthened vertical oxygen advection (AdvZ) emerges as410

the dominant difference between both runs at this depth (Figure 6 b), producing a411

slightly better-oxygenated mesopelagic environment in the DNRA run. This signal412

is too subtle to translate into a noticeable difference in oxygen concentration in the413

O2 profiles (Figure 2) but is robustly captured by the integrated budget approach.414

The organic matter pools also show a consistent, though attenuated, response at this415

depth: SDET, LDET, and DON budgets remain slightly lower in the DNRA run416

compared to the CTRL (Figures 5b, 6b), consistent with the profiles of those pools in417

Figure 2. The modest improvement in oxygen conditions is associated with elevated418

metabolic and grazing fluxes of large zooplankton in the 150–300 m budget of the419

DNRA run (Figure 5b). However, given the small magnitude of the oxygen difference420

and the absence of an unambiguous signal in the concentration profiles (Figure 2),421

this potential ecological response should be interpreted with caution, and no direct422

causal link between the slight oxygen increase and the zooplankton response can be423

firmly established.424

425

3 Discussion426

The present study examines how incorporating DNRA into the BioEBUS ecosystem427

model reshapes the balance between nitrogen recycling and fixed-nitrogen loss. We428

first identify a bypass effect associated with DNRA, whereby nitrogen is diverted from429

pathways leading to permanent nitrogen loss and redirected toward recycling within430

the system. We also assess the sensitivity of this response to the oxygen threshold431

activating anaerobic processes and to DNRA kinetics parameters.432
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3.1 Revisiting the N cycle: strengthening anaerobic–aerobic433

microbial coupling within 75–200 m434

3.1.1 DNRA-nitrification coupling435

Although DNRA has long been suggested as an important player in the biogeochem-436

istry of OMZs, its system-wide effects on the nitrogen budget have remained difficult437

to describe, quantify, and disentangle from other proceses. Our simulations show that438

incorporating DNRA into the BioEBUS model shifts the balance between nitrogen439

retention and fixed-nitrogen loss, with effects that propagate throughout the system440

and extend to trophic interactions.441
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Fig. 7 Summary diagram of the impact of DNRA on the nitrogen cycle and the food chain. A color
code is used to indicate the processes at work. Arrows shown as solid thick lines indicate an increase
in the rate of change of the corresponding tracer, whereas dotted arrows indicate a decrease

The summary diagram (Figure 7) synthesizes the full architecture of the way443

DNRA reshapes nitrogen cycling across the OMZ, in both the aerobic and anaer-444

obic layers. DNRA channels NO−

3 and NO−

2 reduction toward NH+
4 rather than445

N2. Moreover, for simplicity, we use maps of mean gradient (Figure 8) of key state446

variables to interpret the results, assuming that non-linear advection has a secondary447

role. Those maps provide a clear and immediate signature of the competition on the448

nitrite field.449

450

Horizontally, the control run displays intense and spatially heterogeneous NO−

2451

gradients (Figure 8e), reaching up to ≈4-5 10−6µM m−1, with the strongest values452

concentrated along the northern and eastern boundaries, a pattern consistent with453

active nitrite accumulation driven by remineralisation and incomplete denitrification454
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Fig. 8 Horizontal mean gradient magnitude |∇C| of NH+

4
(panels a to c) and NO−

2
(panels d

to f) averaged over 2008–2014 within the 0–150 m layer, around the offshore point (36°S, 73.7°W).
Panels (a, d) show the DNRA simulation (including the dissimilatory nitrate reduction to ammonium
process), panels (b, e) the control run (CTRL), and panels (c, f) their difference (DNRA - CTRL);
the red star marks the offshore point.

in the coastal upwelling system [34]. Vertically, this same accumulation manifests as a455

broad depth-concentration distribution, with NO−

2 extending up to 0.10-0.12µM L−1
456

between approximately 100 and 400 m (Figure 9), consistent with the secondary457

nitrite maximum typically observed in OMZs [35]. DNRA suppresses both signatures458

at once: lateral gradients collapse and the depth-concentration distribution shifts459

toward negligible values throughout the water column, up to 88% lower than in the460

control run. Our budget analysis confirms that this depletion results from faster461

downstream consumption of NO−

2 through an intensified nitrification pathway, which462

limits the secondary maximum. This depth-persistent depletion results from active463

competition for NO−

2 among DNRA, denitrification, anammox and nitrification, in464

which DNRA and nitrification dominate.465

466

The most counterintuitive result of this study is that while DNRA adds a source of467

NH+
4 to the system, the model ultimately shows lower NH+

4 concentrations through-468

out the water column, indicating that this additional production is rapidly reprocessed469

rather than accumulated. Three lines of evidence support this interpretation. First,470

the NH+
4 gradient maps (Figure 8) show that intense and spatially structured gradi-471

ents in the control run (exceeding 3×10−6 µM ·s−1) become markedly attenuated and472

spatially smoothed in the DNRA run. Second, our budget analysis of NH+
4 sources473

and sinks shows that the NH+
4 produced by DNRA is almost immediately consumed474

through two competing pathways: rapid re-oxidation via an intensified nitrification475

flux, and lateral export driven by enhanced horizontal advection. Third, the density476

distributions (Figure 9) corroborate this pattern: in the DNRA run (Figure 9c), the477

NH+
4 distribution is slightly more compressed than in the control run (Figure 9d),478

with the density peak shifting toward a shallower depth, consistent with faster con-479

sumption of NH+
4 within the aerobic layer. Together, this fast reprocessing prevents480

any local accumulation of NH+
4 , effectively masking its DNRA source. This rapid481

recycling, due to an intensified nitrification flux (represented by thick, solid arrows in482
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(a) (b)

(c) (d)

Fig. 9 Probability density function of NO−

2
(a, b) and NH+

4
(c,d) concentration at (36°S, 73.7°W)

as a function of depth for the DNRA run (a, c) and the control run (b, d) for the period 2008-2014.
The average profile appears as a white dotted line

Figure 7), establishes a NO−

3 → NO−

2 → NH+
4 → NO−

2 → NO−

3 short circuit.483

484

3.1.2 From a nitrogen-losing toward a nitrogen-conserving regime485

One direct consequence of the short circuit is a decline in anammox and denitrifica-486

tion (second step) activities, whose peaks also shift upward, from around 150 to 100487

m. The starting point is the diversion of NO−

3 and NO−

2 away from denitrification488

and toward NH+
4 production via DNRA. Indeed, in the 0-150m layer, the conversion489

of NO−

3 to N2 (the ratio of N2 produced by denitrification and anammox to NO−

3490

reduced by the first stage of denitrification and DNRA in the simulation with DNRA)491

decreases by 81%. Furthermore, at these depths, the biogeochemical production of492

NH+
4 increases from 8.35 10−5µM.m.s−1 in the control to 1.43 10−4µM.m.s−1 in the493

DNRA simulation, the DNRA flux accounting for 16.9 % of it. This contribution alone494

shifts the metabolic balance of the upper oxygen minimum zone, with the anaerobic495

fraction of NH+
4 production fluxes rising from 5.5% in the control to 21.4% in the496

DNRA run. Deeper, between 150 and 300m, the conversion of NO−

3 to N2 decreases497

even further, falling by 95%. Also in this layer, the biogeochemical production of498

NH+
4 decreases from 9.52 10−6µM.m.s−1 in the control to 4.54 10−6µM.m.s−1 in499

the DNRA simulation, representing a 52% decrease. Nevertheless, DNRA becomes500

the dominant NH+
4 source, accounting for 72.5% of ammonium production. At this501

depth, anaerobic processes already dominated in the control run (85.9%), but DNRA502

pushed further to 92.2%, consolidating the suboxic character of the mesopelagic OMZ503
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layer. Another important message of Figure 7 diagram however lies in what is nega-504

tively impacted. Anammox is not stimulated despite an increased NH+
4 availability,505

contrary to what was proposed by Lam et al. 2009 [3]. Instead, the near-complete506

depletion of NO−

2 by DNRA, documented in Section 2, in the gradient map (Figure507

8 d-f) and in the density distribution (Figure 9 a and b), imposes a strong substrate508

limitation to anammox bacteria that constrains their activity. Denitrification turns509

out to be similarly NO−

2 -limited. Nevertheless, despite this decrease in anammox510

and the second stage of denitrification, the contribution of anammox to nitrogen loss511

increased from 36% in the control run to 41% in the DNRA run. This is due to a512

greater decrease in denitrification than in anammox, and highlights the competition513

between the second stages of DNRA and denitrification.514

515

3.1.3 Assessing the robustness of the results across parameter516

ranges: A sensitivity analysis517

We investigated whether the nitrogen-conserving effect of DNRA and the consequent518

competitive reorganization of anaerobic pathways held across a range of anaerobic519

thresholds and DNRA kinetics within the studied spatial domain. The sensitivity520

analysis conducted over the whole study area is synthesized in Figure 10. Overall,521

model results when adding DNRA are sensibly equivalent across all combinations of522

oxygen threshold (24, 45 and 60 µM) and DNRA maximum rate (Vmax/2, Vmax523

and Vmax*2), indicating model robustness with regard to these parameters.524

525

It is important to note that the oxygen threshold is a model parameter that allows526

anaerobic processes to be triggered below a certain oxygen concentration. This thresh-527

old is the same for all anaerobic processes (anammox, denitrification, and DNRA).528

We had to make this approximation given the limited number of measurements529

available in the study area and the range of oxygen concentrations observed in those530

measurements [4, 30]. The decision to study the thresholds of 25, 40, and 60 µM also531

takes into account the positive bias of O2 in the model described in the supplementary532

material, which also led us to limit the study period in order to encounter the lowest533

possible oxygen concentrations, conducive to the activation of the DNRA process.534

535

Accounting for DNRA consistently reroutes NO−

2 fluxes across all threshold536

configurations, while denitrification and anammox rates decline in response, confirm-537

ing that competition for NO−

3 and NO−

2 is a robust feature of the model rather538

than an artifact of a particular parameter choice. Nitrification and remineralisation539

rates remain broadly stable across the entire parameter space, indicating that these540

fundamental processes are modulated, but not fundamentally disrupted, by DNRA.541

The stock responses follow the same pattern, NH+
4 and NO−

2 concentrations decline542

systematically as DNRA kinetics increase, regardless of the threshold applied, con-543

firming our previous interpretation.544

The anaerobic threshold modulates the absolute magnitude of anaerobic process545

rates, but leaves the competitive hierarchy between DNRA, denitrification and546

anammox unchanged. Indeed, higher thresholds expand the suboxic volume and547

produce stronger baseline anaerobic activities. At 25, 45, and 60 µM alike, the same548

dynamic appears: DNRA increases, while denitrification and anammox decrease,549

and the system shifts toward nitrogen conservation over nitrogen loss. This consis-550

tency across the parameter space strengthens the main conclusion of the study: the551

nitrogen-conserving signature of DNRA is not contingent on a specific parametric552

configuration, but reflects a fundamental reorganization of anaerobic nitrogen pro-553

cessing that any model incorporating DNRA is likely to capture.554

555
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Fig. 10 Comparison of domain-averaged nitrogen fluxes (left panel) and stocks (right panel) across
the full spatio-temporal domain, evaluated under a range of kinetic parameterizations (Vmax, Vmax/2
and Vmax∗2) and dissolved oxygen thresholds (O2dn). Values represent the average rates and concen-
trations computed over all spatial locations and time steps (between 2008 and 2014) for each scenario.

This study does, however, have certain limitations. The modeling framework is556

based on a limited domain, exhibits a positive bias in the average oxygen concentra-557

tion, and suffers from low resolution as well as the omission to account for riverine558

inputs, which limits its comparability with observed data. Furthermore, the lack of559

high-temporal-frequency observational data prevents a full assessment of the model560

realism.561

562

3.2 Strengthened coupling with plankton dynamics in the563

surface layer (0–75 m)564

The rapid NO−

3 → NO−

2 → NH+
4 → NO−

2 → NO−

3 short circuit, combined with565

the vertical transport of NO−

3 , stimulates phytoplankton NO−

3 uptake. This reorga-566

nization of the inorganic nitrogen pool propagates through the food web in a clearly567

size-structured manner: the NO−

3 transported to the surface layer fertilizes large568

primary producers (diatoms, LPHY), which grow faster than SPHY despite their569

lower nitrate uptake efficiency, with corresponding repercussions on large versus small570
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grazers. Accordingly, LPHY and LZOO both increase in the DNRA run, sustained571

by both stronger local production and enhanced horizontal advection import. NH+
4572

produced by DNRA is converted into NO−

3 by nitrification. NO−

3 will then be trans-573

ported into the productive surface layer, and fertilize large plankton communities,574

with NO−

3 uptake by LPHY increasing by 66% between the control run and the575

DNRA run. In return, the production of organic matter, especially large detritus,576

sinking in the lower layer, will stimulate a recycling into NH+
4 by enhancing both577

aerobic and anaerobic remineralization processes. As a result, DNRA stimulates pri-578

mary production. In fact, a 16% increase in total primary production was observed579

between the control run and the DNRA run (total uptake of NO−

3 , NO−

2 , and NH+
4580

by small and large plants). This increase is driven by LPHY, with total uptake of581

nitrogen species rising by 42% between the control run and the DNRA run, while582

that of SPHY decreases by 62%. Finally, primary production relies predominantly on583

NO−

3 uptake rather than on NO−

2 or NH+
4 uptake. Indeed, NO−

3 uptake by total584

phytoplankton (SPHY+LPHY) increases by 37% between the control and DNRA585

runs, despite a decrease in SPHY NO−

3 uptake, whereas NO−

2 and NH+
4 uptake586

decreases by 66% and 26%, respectively.587

588

3.3 Role of the physical transport589

Results highlight a close coupling between biogeochemical processes and physical590

transport, which shapes matter fluxes between the surface and the subsurface. Vertical591

fluxes are primarily controlled by the physical components (Figure 4), with advective592

transport contributing far more than diffusion, particularly for the upward transport593

of nitrate. This advective transport thus redistributes NO3 from subsurface waters594

to the surface, particularly around the thermocline/oxycline (≈ 30–50 m), but also595

between the anaerobic layers, where DNRA is active, and the aerobic layers, where596

nitrification dominates, around 100 m. A comparison between horizontal and vertical597

transport also highlights a compensatory effect linked to mass conservation, as both598

components jointly contribute to the redistribution of matter (Figure 4, Figure 8, and599

9). At the same time, downward fluxes of organic matter—particularly LDET, SDET,600

and LPHYTO—close the loop between the surface and the subsurface by enabling601

the transfer of organic matter to deeper layers and its recycling. This transfer notably602

fuels NH4 production through remineralization and can thus indirectly stimulate603

subsurface DNRA via the input of organic matter, particularly LDET. An increase604

in LDET (large particles) could potentially lead to greater bacterial activity within605

these particles (not accounted for in this model).606

607

Some of this organic matter is transported into the subsurface and then stimulates608

heterotrophic activity in oxygen-poor waters, promoting anaerobic processes such as609

denitrification (Denit1) and DNRA (Figures 2 and 6). This suggests a possible positive610

feedback loop between surface biomass production and subsurface anaerobic recycling:611

the stimulation of DNRA promotes nitrate availability and primary production, which612

in turn increases the export of organic matter to the subsurface, fueling heterotrophic613

processes and potentially reinforcing DNRA in turn.614

Thus, DNRA shifts the OMZ from a nitrogen-losing toward a nitrogen-conserving615

regime. While the control simulation channels reactive nitrogen toward N2 via den-616

itrification and anammox, the DNRA simulation retains it as NH+
4 and recycles it617

internally through nitrification. A system where nearly 17% of surface-layer NH+
4 pro-618

duction and over 72% of deep-layer NH+
4 production originate from DNRA is a system619

where the classical picture of OMZ nitrogen loss needs to be revised. Models that620

omit this process will systematically overestimate denitrification and anammox rates,621
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underestimate internal recycling, and ultimately misrepresent the nitrogen balance of622

one of the ocean’s most biogeochemically active environments.623

4 Conclusion624

This study demonstrates that DNRA, once active, does not simply add an extra625

nitrogen pathway but changes the nitrogen cycle and OMZ paradigms, especially the626

fact that DNRA could stimulate anammox by providing additional NH+
4 . On the627

contrary, by diverting NO−

3 and NO−

2 toward NH+
4 production, DNRA activates628

coupling mechanisms leading to unexpected diagnostics and triggers a cascade that629

intensifies internal nitrogen recycling through nitrification, reduces substrate avail-630

ability for denitrification and anammox, fertilizes the surface layer increasing the total631

primary production while restructuring the planktonic community toward larger size632

classes, and weakens the biological pump efficiency by increasing the organic matter633

aerobic remineralization. These effects are robust across a wide range of anaerobic634

threshold and kinetic configurations. Taken together, they suggest that oxygen mini-635

mum zones are not solely hotspots of nitrogen loss but also, when DNRA is locally636

active, sites where nitrogen conservation and internal recycling can dominate.637

638

Despite its limitations, this study provides valuable insights into a process that639

remains poorly documented. These results open up new avenues for strategies to640

monitor oxygen minimum zones: higher-frequency measurements, particularly of641

NH+
4 in both the surface and subsurface layers, appear necessary to confirm these642

results and better characterize the DNRA in situ dynamics.643

644

The cumulative effects of DNRA need to be evaluated based on a tailored model645

setup, avoiding in particular excessive constraints of boundary conditions on the646

model solution, which is certainly the case here. As mesoscale eddies transport low-647

oxygen waters off-shore [22], our results call for investigating how DNRA modulates648

the nitrogen cycle from near-shore to off-shore, and rectify the mean state. Last,649

temporal intra- and inter-annual DNRA activation and coupling /decoupling mecha-650

nisms, and their propagation, time lag, or synchronicity with the surface planktonic651

dynamics are other issues for future studies.652

653

5 Materials and Methods654

5.1 Model Configuration655

For this study, we used the Regional Ocean Modelling Systems (ROMS; [36, 37]), in656

its Coastal and Regional Ocean COmmunity (CROCO) version [38], coupled to the657

BioEBUS biogeochemical model [39, 40]. CROCO uses a terrain-following vertical658

coordinate to solve the primitive equations, applying the Boussinesq and hydrostatic659

approximations. BioEBUS is a biogeochemical model based on the nitrogen cycling.660

It derives from the N2P2Z2D2 (two comparments for Nutrients, Phytoplnakton, Zoo-661

plankton and Detritus) model of Kone et al. 2005 [41] and was specifically developed662

for Eastern Boundary Upwelling Systems (EBUS) and OMZ systems [39, 40]. BioE-663

BUS represents the ecosystem using ten nitrogen-based state variables, in which all664

living and detrital compartments are expressed in units of nitrogen. These include two665

size classes for phytoplankton (small flagellates, large diatoms), zooplankton (small666

ciliates, large copepods), and detritus (small and large). Additionally, four other com-667

partments represent dissolved organic nitrogen (DON) and three pools of dissolved668

inorganic nitrogen (DIN): NO−

3 , NO−

2 and NH−

4 . In addition to nitrification and669

remineralization, BioEBUS also explicitly accounts for specific microbial processes670
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in the OMZ that interact with the DIN pool, such as denitrification and anammox671

[40]. For this study, we used the version tuned for the Peru upwelling system [42], to672

which we first incorporated the DNRA process. A schematic representation of the673

BioEBUS model is shown in Figure 11). The domain extends from 35.5°S to 38.5°S674

and from the coast to 76.5°W with a 1/36° horizontal resolution.675
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Fig. 11 Updated schematic representation of the BioEBUS model adapted from [40]

5.1.1 Control simulation677

A control simulation was first run without the DNRA process, serving as a base-678

line to assess the effect of the DNRA process in a subsequent sensitivity experiment.679

This control run was performed on the configuration domain between 2007 and 2023.680

The model is forced at the surface using atmospheric fields from the ERA5 reanaly-681

sis [43–45], provided by the European Centre for Medium-Range Weather Forecasts682

(ECMWF). The applied forcing includes wind stress, surface heat fluxes, and freshwa-683

ter fluxes. Open boundary conditions for the physical variables (temperature, salinity,684

sea level, and horizontal velocities) are obtained from a Mercator ocean reanalysis685

product [46]. Biogeochemical boundary conditions are prescribed using climatological686

fields from the CARS 2009 dataset [47] for NO−

3 and O2 distributions, while surface687

chlorophyll concentrations are derived from SeaWiFS satellite observations to con-688

strain the biological state at the open boundaries. The control run was validated from689

available observations, exhibiting reasonable skill in accounting for the main features690

of the circulation in this region. The validation procedure of this control run is detailed691

in the Supplemental material.692
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5.1.2 DNRA simulations693

The nitrogen cycle in the model with DNRA is schematically shown in Figure 11.694

Both stages of DNRA are implemented in the model as follows:695

DNRA = DNRA1+DNRA2, DNRAi = DNRAi(DON)+DNRAi(Ds)+DNRAi(Dl)
(1)

With DON being the dissolved organic matter (in mmol N m−3), Ds (SDET) the696

small detritus pool and Dl (LDET) the large detritus pool corresponding to the697

particulate organic matter.698

DNRA follows a Michaelis-Menten kinetics ([11]), which we chose to model like the699

denitrification parametrization in [48].700

701

First step: NO−

3 reduction to NO−

2 :702

DNRA1 = KDNRA1 × Fdnox ×
NO−

3

NO−

3 +K
mNO

−

3

× [DET ] (2)

Second step: NO−

2 reduction to NH+
4 :703

DNRA2 = KDNRA2 × Fdnox ×
NO−

2

NO−

2 +K
mNO

−

2

× [DET ] (3)

KDNRAi is the maximum, specific rate of DNRA step i expressed in day−1. We704

initially assigned the denitrification values to KDNRAi and then adjusted them with705

a sensitivity analysis. KmNOi is the half-saturation constant of NOi use for DNRA,706

expressed in mmol N m−3. DET represents all useable organic matter (LDET, SDET707

or DON). As stated in the introduction, few measurements of DNRA rates are available708

to date in the literature (Table B1 in Supplemental material). These measurements709

do not allow us to identify either the maximum rate for this activity or its oxygen710

sensitivity. However, they do provide information on the order of magnitude of the711

effective DNRA rate, which will be precious to assess how plausible simulations are.712

Without clearer knowledge on the oxygen sensitivity of the organisms that operate713

DNRA, we decided to attribute the same oxygen dependence to all anaerobic pro-714

cesses, not to introduce any a priori bias in the model that would favor one process715

over another.Fdnox is thus the same oxygen dependence as that in the denitrification716

equation (without units), and it is currently modeled as in [49]:717

Fdnox =











0, si [O2] > O2dn,

1−
[O2]

O2dn× (O2dn+ 1− [O2])
, si [O2] ≤ O2dn.

(4)

O2dn is the oxygen threshold below which anaerobic processes are triggered.718

719

We performed a sensitivity analysis on the oxygen threshold O2dn and on the720

kinetic parameters for DNRA (KDNRA1 and KDNRA2 in equations 2 and 3). We chose721

the values 25, 45 and 60 µM (60 µM is the hypoxic threshold) for O2dn. In the OMZs,722

anammox bacteria can remain active in an environment containing up to ≈ 20 µM723

of O2, and the NO−

3 to NO−

2 reduction can remain fully active until at least 25µM .724

This provides an empirical basis for setting a model threshold of approximately 25725

µM when seeking to allow for the coexistence of aerobic and anaerobic pathways726
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[50]. For kinetics with DNRA competing with denitrification, we initially started727

with KDNRA1 and KDNRA2 identical to denitrification KDenitr1=KDNRA1=1.2 d−1728

and KDenitr2=KDNRA2=2 d−1 (we will refer to this configuration as Vmax), then729

we also tested Vmax/2 and Vmax ∗ 2 to explore non-linear behavior. We analyzed730

all state variables relevant for understanding the sensitivity of the OMZ dynamics731

to DNRA, as well as their physical and biogeochemical fluxes. For biogeochemical732

fluxes, a positive value corresponds to the production of the variable in question. For733

physical fluxes, zonal advection (u) is positive toward the east, meridional advection734

(v) is positive toward the north, and vertical advection is positive toward the surface.735

736

The validation of our control run (see Supplemental material) shows that the model737

overestimates the mean oxygen concentration in the OMZ core by ≈ 20 µM , thereby738

triggering an inactivation of DNRA since this process is bound to an oxygen thresh-739

old (Equation 2). To ensure that DNRA could be meaningfully activated across the740

different threshold configurations tested, we performed a temporal sub-sampling of741

our simulation period, selecting only the periods when modeled oxygen concentra-742

tions fall below each threshold (Figure B2 in supplemental material). This approach743

is preferable to running additional short sensitivity experiments, as it preserves the744

physical-biogeochemical coherence of the coupled model and exploits the natural vari-745

ability of the system. We selected a study period spanning 2008–2014 for several746

reasons. First, it is the period during which oxygen concentrations fall below all three747

thresholds with frequency that allows robust statistics (Figure B2 in supplemental748

material). Indeed, while the 25 µM and 45 µM thresholds (Figure B2 in supplemen-749

tal material (b) and (d), respectively) appear to show a period with a large number of750

occurrences of oxygen concentrations below the threshold between 2017 and 2023, this751

does not hold true for the 60 µM threshold. Second, this period coincides with strong752

to moderate La Niña events (2008, 2010–2012), which are characterized by enhanced753

coastal upwelling, a shallower oxycline, and a thicker OMZ core [51]. These conditions754

promote increased organic matter inputs and remineralization, driving enhanced oxy-755

gen consumption and lower O2 concentrations — conditions particularly favorable for756

DNRA activity. Last, in situ observations are available over this period.757

5.2 Statistical method: The bootstrap method758

Uncertainties associated with the mean budgets calculated Figures 5, Figure B4 in759

Supplemental material and Figure 6 were quantified using a non-parametric bootstrap760

procedure [52]. The bootstrap method estimates the sampling variability of a statistic761

by repeatedly resampling values from the original model output with replacement. For762

each variable, missing values were first excluded, and 500 bootstrap sample of equal763

size to the original dataset were generated by random resampling with replacement.764

The mean was then calculated for each bootstrap replicate, yielding an empirical765

distribution of the mean. The standard deviation of this bootstrap distribution was766

used as an estimate of the uncertainty associated with the mean budget estimate.767
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Garçon, Boris Dewitte, Sophie Rabouille, and Camila Fernández contributed to pro-785

vide financial support for this study, with Malaëka Robo and Sophie Rabouille786
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pathways mediating nitrogen loss (N2 and N2O production) across the oxygen820

gradient in a coastal upwelling ecosystem. Biogeosciences 14, 4795–4813 (2017).821

URL https://bg.copernicus.org/articles/14/4795/2017/. Publisher: Copernicus822

GmbH.823

[5] Kartal, B. et al. Anammox bacteria disguised as denitrifiers: nitrate reduction824

to dinitrogen gas via nitrite and ammonium. Environmental Microbiology 9,825

635–642 (2007). URL https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/826

j.1462-2920.2006.01183.x.827

[6] Bonin, P. Anaerobic nitrate reduction to ammonium in two strains isolated from828

coastal marine sediment: A dissimilatory pathway. FEMS Microbiology Ecology829

19, 27–38 (1996). URL https://doi.org/10.1111/j.1574-6941.1996.tb00195.x.830

[7] An, S. & Gardner, W. S. Dissimilatory nitrate reduction to ammonium (DNRA)831

as a nitrogen link, versus denitrification as a sink in a shallow estuary (Laguna832

Madre/Baffin Bay, Texas). Marine Ecology Progress Series 237, 41–50 (2002).833

URL https://www.int-res.com/abstracts/meps/v237/meps237041.834

[8] Kraft, B. et al. Oxygen and nitrogen production by an ammonia-oxidizing835

archaeon. Science 375, 97–100 (2022). URL https://www.science.org/doi/10.836

1126/science.abe6733.837

[9] Kalvelage, T. et al. Nitrogen cycling driven by organic matter export in the south838

pacific oxygen minimum zone. Nature Geoscience 6, 228–234 (2013).839

[10] Behrendt, A., de Beer, D. & Stief, P. Vertical activity distribution of dissimilatory840

nitrate reduction in coastal marine sediments. Biogeosciences 10, 7509–7523841

(2013). URL https://bg.copernicus.org/articles/10/7509/2013/.842

[11] Bonaglia, S. et al. Denitrification and DNRA at the Baltic Sea oxic–anoxic843

interface: Substrate spectrum and kinetics. Limnology and Oceanography 61,844

1900–1915 (2016). URL https://onlinelibrary.wiley.com/doi/abs/10.1002/lno.845

10343.846

[12] Froelich, P. N. et al. Early oxidation of organic matter in pelagic sediments of847

the eastern equatorial Atlantic: suboxic diagenesis. Geochimica et Cosmochimica848

Acta 43, 1075–1090 (1979). URL https://www.sciencedirect.com/science/article/849

26

https://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/684
https://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/684
https://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/684
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/97GB00077
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/97GB00077
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/97GB00077
https://www.pnas.org/doi/abs/10.1073/pnas.0812444106
https://bg.copernicus.org/articles/14/4795/2017/
https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/j.1462-2920.2006.01183.x
https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/j.1462-2920.2006.01183.x
https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/j.1462-2920.2006.01183.x
https://doi.org/10.1111/j.1574-6941.1996.tb00195.x
https://www.int-res.com/abstracts/meps/v237/meps237041
https://www.science.org/doi/10.1126/science.abe6733
https://www.science.org/doi/10.1126/science.abe6733
https://www.science.org/doi/10.1126/science.abe6733
https://bg.copernicus.org/articles/10/7509/2013/
https://onlinelibrary.wiley.com/doi/abs/10.1002/lno.10343
https://onlinelibrary.wiley.com/doi/abs/10.1002/lno.10343
https://onlinelibrary.wiley.com/doi/abs/10.1002/lno.10343
https://www.sciencedirect.com/science/article/pii/0016703779900954
https://www.sciencedirect.com/science/article/pii/0016703779900954
https://www.sciencedirect.com/science/article/pii/0016703779900954


pii/0016703779900954.850

[13] Roberts, K. L., Kessler, A. J., Grace, M. R. & Cook, P. L. M. Increased851

rates of dissimilatory nitrate reduction to ammonium (DNRA) under oxic con-852

ditions in a periodically hypoxic estuary. Geochimica et Cosmochimica Acta853

133, 313–324 (2014). URL https://www.sciencedirect.com/science/article/pii/854

S0016703714001525.855

[14] Stramma, L., Johnson, G., Sprintall, J. & Mohrholz, V. Expanding oxygen-856

minimum zones in the tropical oceans. Science (New York, N.Y.) 320, 655–8857

(2008).858
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