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Abstract. Water-column nitrogen (N) loss, driven by anammox and denitrification, accounts for ~40% of global oceanic
N loss, but the relative contribution of the two pathways remains unresolved. Stoichiometry predicts that, at steady state,
anammox can account for at most 29% of N loss in anoxic waters, while observations from the Eastern Tropical Pacific
(ETP) show that anammox frequently dominates N loss. Knowing the relative contribution of each pathway matters because
only denitrification produces the potent greenhouse gas N,O as an intermediate. Here, we couple the regional model ROMS-
BEC with a nitrogen cycle module (NitrOMZ) to resolve the contribution of both pathways to N loss across the ETP. The
model reproduces the high anammox to denitrification ratio observed at the sampling locations but yields a ratio of 32:68
when integrated over the entire water column of the ETP, close to the stoichiometrically expected ratio of 29:71. Hence, the
apparent mismatch between the stoichiometrically expected and observed ratios in the ETP mainly arises from spatial and, to
a lesser extent, temporal sampling biases. Short-lived denitrification pulses missed by discrete sampling, previously proposed
to explain the low observed contribution of denitrification, account only partially for this mismatch. Overall, the anammox
to denitrification ratio is mainly controlled by oxygen and increases with oxygen concentration. In addition, we find that high
anammox to denitrification ratios locally coincide with net N,O production and low ratios with net N,O consumption, although
this relationship breaks down at larger spatial and longer temporal scales. These findings advance our understanding of N loss
and its implications for N,O production and highlight undersampled regions that may be important to monitor as oxygen

minimum zones change in extent and structure under global change.

1 Introduction

Fixed nitrogen (N) availability exerts a strong control on marine primary productivity, carbon export by the ocean’s biological
carbon pump, and thereby on the ocean’s role in the global carbon cycle (Falkowski, 1997; Moore et al., 2013). Here, fixed
N refers to all forms of biologically available N, except dinitrogen (N,). The oceanic inventory of fixed N is maintained by a
balance between N inputs from N, fixation, river input, and atmospheric deposition, and N losses through microbial processes
in the water column and sediments, and through burial (Gruber, 2008; Wang et al., 2019). The Eastern Tropical Pacific (ETP)
is a hotspot of N loss, with an estimated 39-70 Tg N y™' of N loss occurring in its two oxygen minimum zones (OMZs,
Deutsch et al., 2001; Bianchi et al., 2012; DeVries et al., 2013; Yang et al., 2017). In these low-oxygen environments, fixed N

is converted to inert N, through two microbially mediated pathways: anaerobic ammonium oxidation (anammox) and classical
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denitrification (Devol, 2008). Of these two pathways, only the multi-step denitrification process produces nitrous oxide (N,0),
a potent greenhouse gas, as an intermediate. With OMZs in the ETP projected to change in extent and structure (Busecke et al.,
2022), and anthropogenic N deposition increasing (Fowler et al., 2013), understanding the balance between anammox and
denitrification is critical for predicting future changes in marine N loss and the oceanic N,O budget.

Anammox and denitrification partially compete for the same substrates but differ in their metabolic requirements and oxygen
sensitivities. Anammox is a chemolithoautotrophic process that converts nitrite (NO,) and ammonium (NH;") to N, (Devol,
2008). Its activity depends on the local balance between processes that supply NH,", such as the remineralization of organic
matter, and those that supply NO,, such as nitrate (NO5') reduction to NO, and ammonium oxidation to NO, (Lam et al.,
2009). Denitrification, in contrast, is predominantly a heterotrophic process that stepwise reduces NO5 to N,, producing NO;,,
nitric oxide (NO), and N,O as intermediates (Devol, 2008). The final step of denitrification, the reduction of N,O to N,,
is particularly sensitive to oxygen, making complete denitrification more oxygen-sensitive than anammox (Dalsgaard et al.,
2014). These differences in substrate dependence and oxygen sensitivity mean that the two N loss pathways occupy distinct
niches and respond differently to changes in oxygen concentrations and substrate availability.

Stoichiometric arguments provide a first-order expectation for how the two pathways partition total N loss (Koeve and Kéh-
ler, 2010; Babbin et al., 2014; Zakem et al., 2020; Fadum et al., 2025). Under anoxic conditions, denitrification remineralizes
organic matter, releasing NH," as a byproduct. Assuming steady state, organic matter of Redfield composition, and that deni-
trification is the sole source of NH," and anammox its sole sink, which is consistent with the absence of NH," accumulation in
OMZs, anammox can sustain at most 29% of total N loss. However, observations rarely match this expected ratio. Instead, one
of the two pathways often dominates N loss, and in the ETP in particular, anammox has frequently been found to account for
most of the N loss (Kalvelage et al., 2013; Babbin et al., 2017; Karthéuser et al., 2021; Tracey et al., 2023; Cinay et al., 2022).
Some studies even attributed all N loss to anammox (Thamdrup et al., 2006; Hamersley et al., 2007).

The reason for the discrepancy between the stoichiometrically expected and observed anammox to denitrification ratio
remains unresolved, and several competing explanations have been proposed. One line of reasoning points to additional
NH," sources not captured by the stoichiometric framework, such as dissimilatory nitrate reduction to ammonium (DNRA)
(Lam et al., 2009), NH," excretion from vertically migrating zooplankton (Bianchi et al., 2014), or sedimentary NH,' release
(Kalvelage et al., 2013). A second line of reasoning instead suggests that denitrification is systematically underestimated by
observations: Dalsgaard et al. (2012) proposed that denitrification occurs only episodically, triggered by pulses of organic
matter export, and is therefore often missed by observations, whereas anammox proceeds at a comparatively steady rate. Rate
measurement biases are likely to contribute further to the discrepancy (Tracey et al., 2023). Anammox is inherently easier to
detect in incubations, as labeled NH, additions stimulate anammox more strongly than labeled NO5; or NO; additions stim-
ulate denitrification, and the low ambient NH," concentrations result in less dilution of the added label. Additionally, particles
are often filtered out or are less likely to be transferred into incubation bottles, removing an important habitat for denitrifying
communities. Observations are also concentrated in the oxycline and in nearshore regions, where anammox likely outcompetes

denitrification because it tolerates slightly higher oxygen concentrations (Dalsgaard et al., 2014; Zakem et al., 2020). Together,
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these methodological and spatial biases complicate attempts to infer the large-scale balance between the two pathways from
observations alone.

Here, we use a high-resolution coupled ocean physical and biogeochemical model of the ETP to resolve anammox and
denitrification in a complex, time-dependent environment. This allows us to determine and understand how the processes
controlling the two pathways interact with each other and how the anammox to denitrification ratio emerges from these in-
teractions. We identify where the anammox to denitrification ratio varies the most over time, determine on which timescales
this variability occurs, and examine which controlling variables underlie this spatiotemporal variability. We hypothesize that
the observed fraction of anammox-driven N loss is inflated by the spatial bias of sampling locations, and that when the entire
ETP is considered, rather than only the oxyclines and nearshore regions where measurements are concentrated, the anammox
to denitrification ratio is closer to the stoichiometrically expected ratio of 29:71. We also test the hypothesis of Dalsgaard et al.
(2012), who proposed that the observed contribution of denitrification to N loss is underestimated because denitrification often
occurs in short-lived, episodic pulses that are missed by observations. We further examine whether variability in the anammox

to denitrification ratio can explain variability in net N,O production across the ETP.

2 Methods
2.1 Model

To resolve the spatiotemporal variability of the anammox to denitrification ratio, we employ the Regional Ocean Modeling
System (ROMS, Shchepetkin and McWilliams, 2005) coupled to the Biogeochemical Elemental Cycling module (BEC, Moore
et al., 2001). Our model setup is identical to that described by Hirri et al. (2026a) and includes the NitrOMZ module, which
explicitly resolves N loss via anammox and denitrification under low-oxygen conditions (Bianchi et al., 2023; McCoy et al.,
2023). The telescopic grid configuration spans the entire Pacific Ocean, while providing enhanced resolution in the ETP.
Horizontal resolution reaches ~4 km along the Peruvian coast and gradually coarsens to ~40 km in the western Pacific,
allowing mesoscale eddies to be resolved across most of the ETP. The vertical grid consists of 64 topography-following layers,
with refined spacing near the surface and the seafloor. The model was run for 41 years, from January 1979 until December
2019, with a time step of 600 seconds. All of our analyses are based on the daily averaged model output.

The spinup procedure consists of a 20-year physical spinup, followed by a 40-year spinup that includes the BEC and Ni-
trOMZ modules. “Normal” year forcing data was used during the spinup, as described by Koéhn et al. (2022). After the spinup,
the model was forced at the surface with ERAS reanalysis data (Hersbach et al., 2020), with corrections to incoming shortwave
and outgoing longwave radiation fields based on the Drakkar Forcing Set (DFS5.2) (Dussin et al., 2016). The initial, boundary,
and forcing conditions are identical to those described by Kohn et al. (2022) and Hirri et al. (2026a).
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2.2 NitrOMZ

The NitrOMZ module explicitly resolves anammox and a three-step denitrification pathway (Bianchi et al., 2023), as illustrated
in Fig. 1. It also resolves ammonium oxidation and nitrite oxidation, but does not include DNRA. We discuss the implications
of this omission for the anammox to denitrification ratio in Sect. 5. In the following, we describe in detail how anammox and
denitrification are implemented in NitrOMZ. For a full description of the NitrOMZ module, we refer to McCoy et al. (2023)
and Hirri et al. (2026a).

COy
/Rremin

100m

oMz

Oxygen minimum Zone

Denitrification Nitrification
N— —
S

1000m
Nitrogen loss

Figure 1. Schematic of the nitrogen cycle resolved by NitrOMZ. The anammox pathway is depicted in yellow (RY2). The pink pathways

.. . .. . . . .. NOJ .\ i .. . . . .
represent the three denitrification steps explicitly considered: (i) nitrate reduction to nitrite (R, 7 ), (ii) nitrite reduction to nitrous oxide

(Ré\gg), and (iii) nitrous oxide reduction to dinitrogen (Révfns). The nitrification pathways are shown in green, with ammonium oxidation to
.. NOj . . .. o . NOJ | o . . .
both nitrite (R4, 2 ) and nitrous oxide (Rﬂ?o) and nitrite oxidation to nitrate (R, ° ). Biological uptake of nitrite and air—sea exchange of

dinitrogen and nitrous oxide are not shown.

2.2.1 Anammox

Following Dalsgaard et al. (2014) and Bristow et al. (2016), anammox is parameterized in NitrOMZ as a Michaelis—Menten

function of the concentrations of NO, and NH,', with additional inhibition by oxygen. The anammox rate, R22, is given by:

ax
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where k,, is the maximum anammox reaction rate, K axoz and K, * are the half-saturation constants for NO, and NH,',
and K92 is the oxygen inhibition constant. The terms [NO,], [NH,'], and [O,] represent the concentrations of the respective
tracers. The anammox rate is illustrated as a function of oxygen, NO5, and NH," in Fig. 2A and 2B, and the parameter values

are listed in Table Al.
2.2.2 Denitrification

Denitrification is parameterized in NitrOMZ as a three-step process: NOj is first reduced to NO,, then to N,O, and finally
to biologically unavailable N,. As a heterotrophic process, denitrification is fueled by organic matter, for which the three
denitrification steps compete with aerobic remineralization. To ensure closure of the conservation equation of organic matter
in the model, the rate of each denitrification step is computed as a fraction of the total organic matter remineralization rate,
Rtet .. In our implementation of ROMS-BEC, R/ . results from the explicit modeling of particulate organic matter, which
is not only sinking, but also being advected and mixed, resulting in complex pathways of organic matter export (Frischknecht
etal., 2018).

The fraction of R!%! . attributed to each denitrification step is determined by its pseudo-specific rate, r g, relative to the

sum of the pseudo-specific rates of all four heterotrophic processes. The rate of each denitrification step, R}/I, is thus given by:

r

Y _ H tot N:C

RH - : Rremin “YWden ()
Tdenl + Tden2 T Tden3 + Tremin

where H denotes the denitrification step (H € {denl, den2, den3}), and Y is its product (Y € {NO; , N2O, Nao}). Tremin

N:C

den. 1s the N:C ratio used to convert the denitrification rates

is the pseudo-specific rate of aerobic remineralization, and Q)
from C units to N units. The pseudo-specific rate of each denitrification step depends on the concentrations of oxygen and its

respective substrate, following Dalsgaard et al. (2014), Bristow et al. (2016), and Ji et al. (2018):

[0y
Oy

Xl %o
K +[X] ’

3)

TH:]{ZH~

where ky is the maximum rate, [X] the substrate concentration, K J{I( the half-saturation constant for substrate uptake, and
K 22 the oxygen inhibition constant. The oxygen inhibition constant decreases for successive denitrification steps, making each
step more sensitive to oxygen than the previous one. This reflects that the steps are mediated by distinct enzymes and likely by
different microorganisms (Korner and Zumft, 1989; Kalvelage et al., 2011; Dalsgaard et al., 2014; Ganesh et al., 2014; Babbin
et al., 2015; Ji et al., 2015; Kuypers et al., 2018). The pseudo-specific rate of aerobic remineralization, 7, emin, 1S computed

similarly, but with oxygen as its substrate, following a Michaelis—Menten dependence on [O,], and without oxygen inhibition.
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Figure 2. Parameterization of the anammox and denitrification rates in NittOMZ. (A) Anammox rate as a function of oxygen (O,) and nitrite

(NO;) or ammonium (NH,"). (B) Contour plot of the anammox rate as a function of O, and NO; or NH,". (C & D) Same as A & B, but

for the rate of the last denitrification step as a function of O, and nitrous oxide (N,O). The colorbars indicate the concentrations at which

0,, NO;, N,0, and NH," occur in the study region where [O,] is below 10 mmol O, m> in the 41-year mean, with darker colors indicating

higher occurrence.

We use the rate of the last denitrification step, the reduction of N,O to N, to compute the anammox to denitrification ratio.

Its rate is shown as a function of oxygen and N,O in Fig. 2C and 2D, which illustrates that this step is strongly controlled
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by oxygen. This strong oxygen control results from the low oxygen inhibition constant Kdoe2n?>’ which was derived from ex-
perimental estimates (Dalsgaard et al., 2014) and subsequently tuned (Bianchi et al., 2023), making complete denitrification
considerably more sensitive to oxygen than anammox. The nitrate and nitrite reduction rates are shown as a function of oxygen

and their respective substrates in Fig. A1, and all parameter values are listed in Table A1.
2.3 Analysis Framework

2.3.1 Study Region

To determine the relative contribution of anammox and denitrification to N loss, we focus on the ETP and only consider grid
cells where both processes are present in the 41-year mean of our hindcast simulation. Within this volume, we distinguish
between three regions based on the mean oxygen concentration: (i) OMZ cores, where [O,] is below 5 mmol O, m™; (ii)

oxyclines, where [O,] ranges between 5 and 20 mmol O, m™; and (iii) OMZ edges, where [O,] ranges between 20 and 150

Depth [m]
[
w
=)

0 20 40
# Observations

O Sampling locations B Oxyclines (5-20 mmol 0O, m~3)
BN OMZ cores (<5 mmol O, m~3) @ OMZ edges (20-150 mmol O; m~3)

Figure 3. Map of the model domain, study region, and sampling locations. (A) In color, the three regions — OMZ cores, oxyclines, and
OMZ edges — used to differentiate parts of the OMZ are shown exemplarily at 200 m depth. Circles indicate sampling locations from
Kalvelage et al. (2013), Karthduser et al. (2021), and Tracey et al. (2023). The dotted line delineates the Eastern Tropical Pacific into a
northern and southern part. (B) Distribution of observations by depth, colored by region, assigned based on the 41-year mean modeled

oxygen concentration at each sample location.
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mmol O, m™. These three regions are shown exemplarily at 200 m depth in Fig. 3A. For some analyses, we further distinguish
between the northern OMZ, located in the Eastern Tropical North Pacific (ETNP), and the southern OMZ, located in the
Eastern Tropical South Pacific (ETSP), which we separate at the equator. Although the OMZ core extends from approximately
150 to 1200 m depth in the model, we restrict all analyses beyond the model evaluation to the upper 300 m, using data
interpolated from ROMS’ sigma layers onto regular depth levels with a 20 m vertical resolution. We focus on this depth range
because (i) most of the spatiotemporal variability in N loss occurs there, (ii) most observational studies reporting anammox
and denitrification rates have concentrated on this depth range (Kalvelage et al., 2013; Karthiuser et al., 2021; Tracey et al.,
2023), and (iii) it keeps the analysis of daily output over 41 years computationally feasible.

2.3.2 Comparison to Observations

We compare simulated anammox and denitrification rates to observations from Kalvelage et al. (2013), Karthiuser et al. (2021),
and Tracey et al. (2023). We consider all observations from the top 300 m, corresponding to 270 of the 309 total observations.
Of these, we exclude three observations with denitrification rates close to or exceeding 1000 umol N m? d!, as we consider
them outliers, given that they exceed the maximum of all other observations more than fivefold. This leaves 267 observations
for the comparison. For each observation, we subsample the model on the same day, depth, and location, averaging over all
grid cells within a 0.25° radius. Most observations are located in the top 150 m and fall within the oxyclines or OMZ edges
(Fig. 3B). All three studies determined anammox and denitrification rates by incubating samples with isotopically labeled
substrates. However, sampling protocols and substrate additions varied between studies, limiting their direct comparability.
Nevertheless, these studies provide the most comprehensive set of paired anammox and denitrification rate measurements in

the ETP, and there is no straightforward way to standardize them across studies.
2.3.3 Definition of the Anammox to Denitrification Ratio

To compute the anammox to denitrification ratio for a given region and period, we first integrate anammox and denitrification
rates over the relevant volume V' and time interval (¢ to ¢3), and then calculate the fraction of N loss driven by anammox (f,.)

from these integrals:

Iy jf RNz dtdV

faac - .
f jf Npdtdv + [, jj RY2 . dtdV

“4)

Here, Rfl\;ﬁ denotes the local anammox rate, Ré\gn?) the rate of the last denitrification step, which yields N,, and V' the volume

of integration relevant to each analysis. f,, ranges from O (N loss entirely driven by denitrification) to 1 (N loss entirely driven
by anammox). In the text, we report the anammox to denitrification ratio as 100 - f,, : 100 - (1 — f4s), whereas figures show
faz directly.

Integrating rates over space and time before computing the ratio is equivalent to computing an N-loss-weighted ratio. It

ensures that grid cells and periods with high N loss rates contribute more strongly to the ratio than those where N loss is neg-
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ligible. This avoids biases from ratios in grid cells or at time steps with near-zero N loss. Because high N loss rates typically
co-occur with a low anammox to denitrification ratio, whereas anammox dominates at slightly elevated oxygen concentrations
where total N loss is low, this weighting gives more weight to denitrification-dominated grid cells and periods. As a conse-
quence, a ratio integrated over space is more sensitive to regional excursions toward a lower anammox to denitrification ratio
than toward a higher one, and a ratio integrated over time is more sensitive to short periods of denitrification-dominated N loss

than to periods dominated by anammox.
2.3.4 Time Series Decomposition

To determine on which timescales variability occurs in the anammox to denitrification ratio, we applied a seasonal-trend
decomposition using LOESS (STL), as implemented in the Python function STL from statsmodels.tsa.seasonal.
For spatially resolved analyses, we applied STL directly to the time series of the ratio at each grid cell. For spatially integrated
analyses, we first computed a single time series of the ratio and then applied STL to it. In both cases, STL decomposes the time
series into a trend, a seasonal, and a residual component, which we hereafter refer to as the interannual (1), seasonal (.5), and
subseasonal (I?) components, respectively. The subseasonal component thus comprises all variability not captured by the trend
or the mean seasonal cycle. To illustrate the relative importance of each timescale, we calculated the fraction of total variability

captured by each component, C € {I, S, R}, as:

_ Var(C)
~ Var(I) + Var(S) + Var(R)’

fc (5)

where Var(C') denotes the variance of component C' over the analysis period.

2.3.5 Controlling Variables of the Anammox to Denitrification Ratio

In order to develop a better understanding of what controls the anammox to denitrification ratio, we examine how this ratio
varies as a function of each of the six different controlling variables: O,, NO;, NH,, N,O, NOj5, and the rate of remineral-
ization. To keep things simple, we only analyze the local partial dependence. This means that while we vary the value of the
controlling variable of interest, we hold all other controlling variables constant at a reference value, given by their N-loss-
weighted median across all grid cells where both anammox and denitrification are present in the model. We thus explicitly
neglect the potential covariations between the variables in nature and in the model. To illustrate how sensitive the anammox to
denitrification ratio is to the values of the other controlling variables, we repeat this analysis for five reference values of each
of the other controlling variables, spanning their 45th to 55th percentiles, and compute the ratio for every combination. The
resulting response curves are shown in Fig. 4, with shading indicating the range of responses across all combinations, which
reflects interactions between the controlling variables. The underlying responses of the anammox and denitrification rates to
each controlling variable are shown in the appendix (Fig. A2).

In this idealized setting, oxygen controls the ratio most strongly, except under fully anoxic conditions. At [O,] = 0, oxygen

inhibition plays no role, and the ratio of roughly 27:73 depends fully on the other controlling variables. The ratio then increases
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rapidly with oxygen and reaches values close to 100:0 at around 4 mmol O, m™. At the same time, increases in [NO,] and
[NH,] raise the ratio, while increases in [N,O] and the remineralization rate lower it, but these effects diminish with increasing
oxygen. The dominant role of oxygen is also apparent from the shading in Fig. 4: the response curves of all other controlling
variables show a wide spread, which results mainly from varying [O,] within its 45th—55th percentiles, whereas the oxygen

response curve shows hardly any visible spread.
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Figure 4. Idealized analysis of the dependence of the anammox to denitrification ratio on the six controlling variables. Each line shows,
for one variable at a time, how the ratio changes as that variable varies. The other variables were fixed at five reference values spanning
their nitrogen-loss-weighted 45th—55th percentiles, including the median, and the response was computed for every combination. The thick
line gives the median response and the shading the minimum-to-maximum range across all combinations. Controlling variables are shown
from O to their 90th percentile, taking into account only regions where anammox and denitrification are present in the 41-year mean. The
histogram on each axis shows that variable’s distribution across these regions. The darker histogram bars and vertical line mark the nitrogen-
loss-weighted 45th—55th percentile range and median of that variable. Due to computational constraints, only every 5 day and every 3™

grid cell was considered.
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Assuming each controlling variable exhibits comparable relative variability and no strong covariations, we expect oxygen
to be the dominant control on the spatiotemporal variability of the ratio, structuring it spatially, with a lower ratio in the OMZ
cores and a higher ratio at the OMZ edges, and accounting for most of its variability over time. This strong oxygen control
arises from the exponential oxygen inhibition in our parameterization, in which the oxygen inhibition constant of the last
denitrification step (X gjﬁ = 0.506 mmol O, m™) is considerably smaller than that of anammox (K< = 6 mmol O, m™). As
a result, denitrification rates decline much more rapidly with increasing oxygen than anammox rates (Fig. 2). We discuss the
uncertainty of both constants and their implications for the anammox to denitrification ratio in Sect. 5.

While this idealized analysis provides a first indication of the main controls on the ratio, strong covariations and feedbacks
could alter these conclusions. For example, remineralization not only fuels denitrification but also releases NH,", and can thus
enhance both anammox and denitrification (Kalvelage et al., 2013). Moreover, substrate concentrations and remineralization
shift the ratio only slightly once oxygen rises above zero, but the idealized analysis holds them close to their median. Larger
simultaneous changes in substrate supply and remineralization could add up to an effect that rivals that of oxygen. This is

where the full dynamics of the simulation become crucial.

3 Evaluation of Anammox and Denitrification Rates

Integrated over the entire water column and averaged over the 41-year simulation, the model estimates a total N loss of 84.7 Tg
N y! for the ETP, slightly exceeding previous estimates of 39—70 Tg N y'! (Deutsch et al., 2001; Bianchi et al., 2012; DeVries
et al., 2013; Yang et al., 2017). Of this, a bit less than half, namely 36.6 Tg N y!, is lost within the upper 300 m.

Of the 36.6 Tg N y™! lost in the upper 300 m, anammox contributes 5.4 Tg N y'! in the ETSP and 8.3 Tg N y*! in the ETNP,
while denitrification contributes 8.5 Tg N y*! in the ETSP and 14.4 Tg N y'! in the ETNP. Of these estimates, we can only
compare anammox-driven N loss in the ETSP to observations, as comparable estimates for the ETNP or for denitrification are
unavailable. Extrapolations of observations over the entire water column of the ETSP suggest that anammox removes about 10
Tg N y'! (Kalvelage et al., 2013). Integration over the entire water column of the ETSP raises our estimate to 12.7 Tg N y!,
which is close to the observation-based estimate and indicates that the model reproduces realistic anammox-driven N loss, at
least in the ETSP.

The temporally averaged spatial pattern of anammox reveals the highest rates along the Central American and Peruvian
coasts (Fig. 5A—C, shown exemplarily at 200 m), reaching almost 100 umol N m™ d'! in the top 300 m in the 41-year mean.
Anammox rates decline by several orders of magnitude with distance from shore (Fig. 5D, Fig. A3A—C). Within the region
sampled by Kalvelage et al. (2013), both the model and observations show a decline of about two orders of magnitude in
depth-integrated anammox rates from east to west. Across the full simulation period, modeled anammox rates range from 0
to 507 umol N m d'!, encompassing the range of 3-279 umol N m™ d'! observed by Lam et al. (2009) and Kalvelage et al.
(2013), with higher modeled maxima expected, as the model covers the entire ETP at daily resolution over 41 years. Vertically,
anammox rates peak around 100 m depth (Fig. SE), consistent with observed peak anammox rates in the oxyclines (Lam et al.,

2009; Tracey et al., 2023).
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Figure 5. Evaluation of anammox and denitrification rates. (A) Anammox rates averaged over 41 years at 200 m, with circles indicating

sampling locations; (B) and (C) show zooms of the northern and southern Eastern Tropical Pacific, respectively. (D) Anammox rates along the

8°S transect. (E) Depth profile of anammox rates averaged over the regions where both anammox and denitrification are present in the model;

shading indicates the standard deviation over time of the spatially averaged rates over 41 years. (F-J) Same as (A-E), but for denitrification

rates. The solid and dotted contours depict the 5 and 20 mmol O, m™ thresholds in the 41-year mean, respectively, delineating the boundaries

between the OMZ cores, oxyclines, and OMZ edges. Comparison of observed and modeled (K) anammox rates, (L) denitrification rates,

and (M) fraction of anammox-driven nitrogen loss (faz), with lines depicting the median. Modeled values are shown on the left of each

subplot and measurements on the right, with greater symmetry indicating better agreement between observations and model. Observations

were compiled from Kalvelage et al. (2013), Karthduser et al. (2021), and Tracey et al. (2023).
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Temporally averaged denitrification rates exhibit a similar spatial pattern, peaking along the Central American and Peruvian
coasts (Fig. SF-H, shown exemplarily at 200 m), though slightly more offshore than anammox, reaching almost 60 pmol N m
d"! in the top 300 m in the 41-year mean. Similarly to anammox rates, denitrification rates decline with distance from shore
(Fig. 51, Fig. A3D-F). Throughout the full simulation period, modeled denitrification rates range from 0 to 8682 pumol N m™3
d"! — far exceeding the time-averaged peak of 60 umol N m™ d"! — indicating that such extreme values occur only briefly.
Vertically, denitrification rates peak slightly deeper than anammox rates, between 150 and 200 m depth (Fig. 5J). This vertical
separation of anammox and denitrification is consistent with Babbin et al. (2017), who found that anammox drives more than
50% of total N loss in the top 150 m, while denitrification becomes increasingly important below. It also agrees with the finding
that anammox persists at higher oxygen concentrations than denitrification (Dalsgaard et al., 2014; Zakem et al., 2020).

Observed and individually subsampled modeled anammox rates are significantly correlated (r = 0.46, p < 0.05). In contrast,
no such correlation exists for denitrification rates, likely because both observations and the model show non-zero denitrification
rates only sporadically. Because such a point-to-point comparison is subject to several scale mismatches — for example, the
model output represents a daily average over a 0.25° radius and 20 m depth interval — we additionally compare observed and
modeled rates across depth bins (Fig. 5K & L). This comparison shows that the model captures a similar depth distribution for
both anammox and denitrification rates, including the spread in rates at different depth intervals. The model also reproduces the
anammox-dominated N loss observed at sampling locations, with a similar decrease in the relative contribution of anammox
to N loss with depth (Fig. SM). Averaging the ratio computed for each sample yields an observed value of 83:17, with an
interquartile range from 82:18 to 100:0, compared to a modeled value of 78:22, with an interquartile range from 56:44 to 100:0.
When weighting each sample by its N loss rate instead (Eq. 4), the discrepancy between model and observations increases,
with a modeled ratio of 63:37 compared to an observed ratio of 86:14. This weighting by N loss lowers the anammox share
in the model, where high N loss rates coincide with denitrification, but not in the observations, where the highest N loss rates
are dominated by anammox, possibly reflecting measurement biases favoring the detection of anammox (Tracey et al., 2023).
Computing the ratio from the 41-year mean rates at each sampling location instead of the subsampled model output lowers the
modeled ratio further, to 60:40 when averaging across sampling locations and to 54:46 when weighting each location by its N

loss rate. This indicates that discrete sampling might miss denitrification pulses, as hypothesized by Dalsgaard et al. (2012).

4 Results and Discussion
4.1 Comparison of the Local and ETP-wide Anammox to Denitrification Ratio

In strong contrast to the anammox-dominated N loss at the sampling locations described in Sect. 3, the extension of the analysis
to the entire ETP reveals a system where N loss is dominated by denitrification with an anammox to denitrification ratio of
37:63. Concretely, anammox and denitrification contribute 13.7 and 22.9 Tg N y!, respectively, to the 36.6 Tg N y! lost in
the top 300 m. The anammox to denitrification ratio is slightly higher in the ETSP, at 39:61, than in the ETNP, at 37:63, but
denitrification drives the majority of N loss in the top 300 m in both regions. Integrated over the entire water column, the

ETP-wide ratio decreases further to 32:68. This ratio is far closer to the stoichiometrically expected ratio than to the anammox-
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dominated N loss reported by most observational studies (Thamdrup et al., 2006; Hamersley et al., 2007; Kalvelage et al.,
2013; Babbin et al., 2017; Karthduser et al., 2021; Tracey et al., 2023; Cinay et al., 2022).

The comparison of the anammox to denitrification ratio at sampling locations and across the entire ETP supports our hy-
pothesis: spatial, and to a lesser extent temporal, biases in sampling lead to an overestimation of the relative contribution of
anammox to N loss when observations are taken as representative of the ETP. Once these sampling biases are accounted for,
the apparent mismatch between stoichiometric expectations and observations resolves: observations capture the anammox-
dominated N loss at sampling locations but are not representative of the ratio across the ETP as a whole. Our results, therefore,
highlight that broader spatial sampling coverage, combined with repeated sampling over time, is needed to resolve the ETP-
wide balance between the two pathways.

We next examine the spatial pattern of the anammox to denitrification ratio and its temporal variability to identify where
broader sampling is most needed to resolve the ETP-wide balance between anammox and denitrification, and to identify
regions of high temporal variability, where pulses in denitrification are most likely to cause snapshot measurements to miss the

long-term balance between the two pathways.
4.2 Spatial and Temporal Variability in the Anammox to Denitrification Ratio

The spatial structure of the anammox to denitrification ratio closely follows oxygen concentrations within the OMZs, as shown
exemplarily at 200 m (Fig. 6A—C) and along the 8°S transect (Fig. 6D). In the OMZ cores, denitrification dominates, contribut-
ing more than 70% of N loss (Fig. 6A-D). The fraction of anammox-driven N loss increases gradually toward the edges of the
OMZs, where anammox drives almost 100% of the N loss, consistent with the idealized oxygen dependence of the anammox
to denitrification ratio shown in Fig. 4. However, absolute N loss at the OMZ edges is low (Fig. 5), meaning that this strong
anammox dominance contributes little to total N loss across the ETP.

This spatial structure of the anammox to denitrification ratio is consistent with previous studies showing that anammox
persists at higher oxygen levels than denitrification (Dalsgaard et al., 2014; Zakem et al., 2020). The oxygen dependence of
the ratio remains visible even when we compute the depth-resolved anammox to denitrification ratio from spatially integrated
anammox and denitrification rates (Fig. 6E). Anammox drives more than half of the total N loss in the top 150 m, where oxygen
concentrations are higher, while denitrification drives the majority of N loss below 150 m, where oxygen concentrations are
lower. This vertical switch is consistent with the depth distribution of anammox and denitrification rates described in Sect. 3
and with observations by Babbin et al. (2017).

Temporal variability in the anammox to denitrification ratio is highest in the oxyclines, where mean oxygen concentrations
range between 5 and 20 mmol O, m™. There, the standard deviation of the anammox to denitrification ratio reaches 0.5,
meaning the ratio can swing across the full range from entirely anammox- to entirely denitrification-driven N loss (Fig. 6F-I).
In the OMZ cores and at the OMZ edges, variability is much lower, reaching a standard deviation of at most 0.2. When we
depth-resolve the temporal variability by computing the standard deviation of the ratio from spatially integrated rates (Fig. 6J),
we partially retain this pattern: variability is highest in the top 150 m, where oxygen concentrations are higher, and remains

low at greater depths, consistent with persistently near-anoxic conditions there. The low variability we find at the OMZ edges,
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Figure 6. Spatial and temporal variability in the anammox to denitrification ratio. (A) Fraction of anammox-driven nitrogen loss (faz),
computed from rates integrated over 41 years, at 200 m, with circles indicating sampling locations; (B) and (C) show zooms of the northern
and southern Eastern Tropical Pacific, respectively. (D) fa. along the 8°S transect. (E) Depth profile of f,., anammox rates, and denitrifi-
cation rates, computed from rates integrated over the regions where both anammox and denitrification are present in the model. (F-I) Same
as (A-D), but for the temporal standard deviation of the daily f,, over the 41 years. (J) Depth profile of f,., with shading indicating its
temporal standard deviation over the 41 years. The solid and dotted contours depict the 5 and 20 mmol O, m™ thresholds in the 41-year

mean, respectively, delineating the boundaries between the OMZ cores, oxyclines, and OMZ edges.

however, is not reflected in the depth-resolved variability, likely because N loss rates there are low and contribute little to the
spatially integrated signal.

These findings carry three implications for how N loss observations should be collected and interpreted when used to infer
the long-term balance between anammox and denitrification. First, they reinforce our earlier finding that most measurements
were taken in regions where anammox dominates N loss. This likely reflects a focus on regions of high N cycling activity,
which are well suited to studying the processes and organisms involved, as well as logistical constraints that favor sampling
close to the coast. As a result, the mean of all observations is strongly biased toward anammox compared to the ETP-wide ratio.
Capturing the ETP-wide ratio therefore requires sampling locations that span the full range of oxygen concentrations found
within OMZs, including the OMZ cores. Second, individual measurements likely do not represent the temporal mean either,
because the ratio also varies strongly over time. This is particularly true in the oxyclines, where N loss swings between fully
anammox-driven and fully denitrification-driven, and where about a third of all observations were taken (Fig. 3B). Capturing

the long-term ratio therefore requires repeated sampling at the same location. Third, given the strong link between the ratio and
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oxygen concentration, measurements should always be interpreted together with the in situ oxygen concentration, as this may
shape the ratio at a given snapshot in time more strongly than the sampling location itself. This oxygen dependence also has
consequences for incubation experiments: if oxygen concentrations are not maintained at their in situ level during sampling or
incubation, measured rates could be biased toward one pathway, which is a known technical challenge (Garcia-Robledo et al.,
2021).

So far, we have identified where the anammox to denitrification ratio varies over time, but not on which timescales this
variability occurs. Since short-lived denitrification pulses (Dalsgaard et al., 2012) would appear as subseasonal variability,
identifying where this timescale dominates allows us to assess where snapshot measurements are most likely to miss such

pulses. The timescales of variability also indicate how often a location needs to be sampled to capture its long-term mean.
4.3 Timescales of Variability in the Anammox to Denitrification Ratio

The decomposition of the time series of the anammox to denitrification ratio into subseasonal, seasonal, and interannual com-
ponents reveals a low contribution of the seasonal timescale overall, but distinct differences between the regions of the OMZ. In
the OMZ cores and at the OMZ edges, subseasonal variability dominates, explaining more than 80% of the variability, whereas
in the oxyclines, interannual variability dominates, explaining more than 80%.

Subseasonal changes are responsible for most of the temporal variability in the anammox to denitrification ratio in both the
OMZ cores and at the OMZ edges (Fig. 7A & B). The magnitude of this subseasonal variability differs markedly between
the two regions: in the OMZ cores, the ratio stays within a narrow 27:73 to 37:63 range, while at the OMZ edges, it swings
between 34:66 and 100:0 (Fig. 7C & D), although such excursions are brief, consistent with the low standard deviation at
the OMZ edges (Fig. 6F-I). Note, however, that because the spatially integrated ratio is N-loss-weighted (Sect. 2.3.3), brief
excursions toward more anammox-dominated ratios in the OMZ cores may be underrepresented, so local variability could be
higher than the time series suggest.

On seasonal timescales, the anammox to denitrification ratio shows only weak variability, mostly confined to coastal up-
welling regions (Fig. 7E & F), possibly related to seasonal changes in upwelling. In both the ETNP and the ETSP, the ratio is
higher during the respective local winter and lower during local summer. Seasonal variability in the ratio is most pronounced
at the OMZ edges (Fig. 7G & H).

Interannual changes are responsible for most of the temporal variability in the anammox to denitrification ratio in the oxy-
clines (Fig. 71 & J), although variability on interannual timescales is also present at the OMZ edges (Fig. 7K & L). Much of
this interannual variability can be attributed to the El Nifio—Southern Oscillation (ENSO), as indicated by a significant positive
correlation between the ratio and the ENSO index in each region (p < 0.05). During El Nifio events, the relative contribution
of anammox increases, while during La Nifa events, the relative contribution of denitrification increases. The ENSO-driven
variability in the anammox to denitrification ratio coincides with changes in total N loss in the top 300 m, which decreases
by ~11 Tg N y'! during El Nifio and increases by a similar magnitude during La Nifia (Figs. A4K & L, A5K & L). This
ENSO-driven change in N loss is comparable to the ~13 Tg N y'! estimated by Yang et al. (2017) for the entire water column,
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Figure 7. Subseasonal, seasonal, and interannual variability in the anammox to denitrification ratio. Panels (A) and (B) show the fraction

of variability explained by subseasonal variability at 200 m and along the 8°S transect, respectively. Panels (C) and (D) show subseasonal

variability in the OMZ cores, oxyclines, and OMZ edges of the ETNP and ETSP, respectively. Panels (E-H) and (I-L) show the same

decomposition for seasonal and interannual variability, respectively. The solid and dotted contours depict the 5 and 20 mmol O, m™ thresholds

in the 41-year mean, respectively, delineating the boundaries between the OMZ cores, oxyclines, and OMZ edges.

suggesting that our estimate for the top 300 m, where most of the variability occurs, captures the bulk of the ENSO-driven

variability in N loss.

Interestingly, Mogoll6n and Calil (2017) found the opposite relationship between the anammox to denitrification ratio and

ENSO for the coastal ETSP, with anammox dominating during La Nifia and denitrification during El Nifio. We recover this
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opposite relationship when computing the ratio across the entire ETP without distinguishing between the regions of the OMZ:
while the ratio correlates positively with the ENSO index within each region, it correlates negatively when integrated across
all regions. This reversal arises because ENSO also changes the relative contribution of each region to total N loss, so that
the integrated ratio can shift in the opposite direction from the ratio within each region. This underscores the importance of
resolving the ratio separately across different parts of the OMZ.

In summary, the anammox to denitrification ratio and its timescales of variability follow a layered, onion-like spatial pattern.
In the OMZ cores, where mean oxygen concentrations remain below 5 mmol O, m~, total N loss rates are highest and largely
driven by denitrification. Temporal variability here is weak and occurs mainly on subseasonal timescales. Moving outward to
the oxyclines, where mean oxygen concentrations range between 5 and 20 mmol O, m™, the fraction of anammox-driven N
loss increases, and temporal variability in the ratio is highest, occurring mainly on interannual timescales. At the OMZ edges,
where mean oxygen concentrations range between 20 and 150 mmol O, m, N loss is anammox-dominated, but total N loss
rates are small. Temporal variability here is again weak and occurs mainly on subseasonal timescales, though a non-negligible
interannual signal is also present.

For observations, our findings have different implications for each region. In the OMZ cores, the ratio varies mainly on
subseasonal timescales, so repeated measurements over a single year that resolve this variability likely suffice to capture its
long-term mean. In the oxyclines, multi-year measurements are needed to capture the long-term ratio because the ratio varies
on interannual timescales. At the OMZ edges, non-negligible variability of the ratio on interannual timescales similarly calls
for multi-year measurements. Additionally, high-frequency sampling might be especially relevant at the OMZ edges, since
the dominant subseasonal variability there may be driven by short-lived denitrification pulses, which, if missed, lead to an
overestimation of the contribution of anammox to N loss.

In the following, we identify the controlling variables of the spatiotemporal variability in the anammox to denitrification ratio
in more detail. Identifying the dominant control may matter beyond the ratio itself. The last denitrification step, which we use
to compute this ratio, consumes N,O and is more oxygen-sensitive than the step that produces it. This mirrors the difference in
oxygen sensitivity between this last step and anammox (Dalsgaard et al., 2014). If oxygen is the dominant controlling variable,

the anammox to denitrification ratio might therefore covary positively with net N,O production.
4.4 Controls on Variability in the Anammox to Denitrification Ratio

Extending the idealized analysis described in Sect. 2.3.5, we compute the ratio at the 10th to 90th percentiles of each controlling
variable for each region, while holding all other controlling variables at their regional median (Fig. 8). This reveals oxygen as
the dominant control on the anammox to denitrification ratio in all three regions of the OMZ. In the OMZ cores, variability in
[O,] has the largest effect on variability in the ratio, followed by variability in [NO, ] and [N,O] (Fig. 8A & B). The interquartile
range of [O,] spans only O to 3 mmol O, m™, but this range falls exactly where the response of the ratio to [O,] is steepest
(Fig. 4). While [O,] thus sets the baseline of the ratio, variability in [NO; ], [N,O], [NH,'], and remineralization modulates it

slightly in either direction, an effect that becomes stronger the lower [O,] is.
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In the oxyclines and at the OMZ edges, the median [O,] exceeds 10 mmol O, m™ in both regions (Fig. 8C—F). In the absence
of variability in [O,], such high concentrations would keep N loss fully anammox-dominated, albeit at extremely low absolute
rates. Spatiotemporal variability in [O,] is therefore the primary controlling variable of variability in the ratio in these regions
as well. However, whenever [O,] drops toward near-zero, [NO; ], [N,O], [NH,'], and remineralization play the same secondary
role in shaping the ratio as identified for the OMZ cores. Such near-zero oxygen excursions occur regularly in both regions, as

reflected in the large variability in [O,] shown in Fig. 8C & E.
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Figure 8. Spatiotemporal variability of the controlling variables (first row, A, C, & E) and its effect on the anammox to denitrification ratio
(second row, B, D, & F). (A & B) show the results for the OMZ cores (less than 5 mmol O, m*), (C & D) the oxyclines (5 to 20 mmol O,
m?), and (E & F) the OMZ edges (20 to 150 mmol O, m™). Percentiles are computed over space and time within each region. The effect
on the ratio is computed by varying one controlling variable across its percentiles while holding all others at their regional median. Darker
shading shows the 25th—75th percentile range and lighter shading the 10th-90th percentile range, for both the controlling variables and the
resulting ratio. Ammonium ([NH,]), nitrite ((NO,]), and nitrous oxide ([N,O]) are shown in units of mmol N m>, oxygen ([O,]) in units of

mmol O, m™, and particulate organic carbon (POC) remineralization in units of mmol C m™ d™'.
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Our findings refine the hypothesis of Dalsgaard et al. (2012), who proposed that denitrification, unlike anammox, occurs in
short, intense pulses triggered by pulses in organic matter export. They further hypothesized that, since such pulses are easily
missed by discrete sampling, observations underestimate denitrification and thus overestimate the anammox to denitrification
ratio. Our model supports the pulsed nature of denitrification, with transient rates exceeding 8000 umol N m™ d'!, while 41-
year mean rates reach at most ~60 umol N m d"'. The model also suggests that snapshots are likely to miss these pulses,
partially explaining the mismatch between the observed and stoichiometrically expected ratios. However, these pulses are
not determined by organic matter export alone: they occur only when high remineralization rates, fueled by organic matter
export, coincide with non-limiting N,O concentrations and anoxic conditions. Organic matter export is thus necessary but not
sufficient, and oxygen is the primary control on these pulses.

In the following, we test whether the anammox to denitrification ratio covaries with net N,O production and examine what

drives the underlying oxygen variability on subseasonal and interannual timescales.
4.5 Covariation of the Anammox to Denitrification Ratio with Net Nitrous Oxide Production

In a representative snapshot of the anammox to denitrification ratio and net N,O production at 200 m depth on 31 January
2004, a high anammox to denitrification ratio coincides with positive net N,O production, while a low ratio coincides with net
N,O consumption (Fig. 9A & B). The ratio, however, does not scale with the magnitude of net N,O production and therefore
only indicates whether N,O is produced or consumed. The magnitude of net N,O production likely depends more strongly on
remineralization rates and on the concentrations of NO, and N,O.

On subseasonal timescales, both the anammox to denitrification ratio and net N,O production are strongly shaped by oxygen
(Fig. 9C), which is consistent with our driver analysis (Fig. 8). Higher [O,] allows anammox to outcompete denitrification, and
N,O production to exceed N,O consumption, while lower [O,] favors the opposite in both cases. Oxygen variability is primarily
driven by mesoscale dynamics, especially by jets, filaments, and mesoscale eddies (Bettencourt et al., 2015; Margolskee et al.,
2019; Kohn et al., 2022; Lee-Sanchez et al., 2026). In the ETNP, North Equatorial Undercurrent jets ventilate the region with
oxygenated waters (Margolskee et al., 2019), driving oxygen intrusions such as the one at around 12°N. This intrusion raises
[O,] enough to temporarily shift N loss to being fully anammox-dominated and results in N,O production, supporting the
hypothesis of Babbin et al. (2015) that oxygen intrusions lead to N,O production. Anticyclonic eddies originating from the
Gulf of Tehuantepec, such as the one we identified at about 100°W, 14°N, deepen the oxycline and elevate [O,], whereas
cyclonic eddies, such as the one we identified at about 100°W, 10°N, shoal it and further lower [O,] (Lee-Sanchez et al.,
2026). Accordingly, the anticyclonic eddy shifts N loss toward anammox and produces N,O, with the highest N,O production
occurring near its margin, which agrees with observations by Monreal et al. (2022). The cyclonic eddy, in contrast, increases
the relative contribution of denitrification to N loss and drives N,O consumption. Similar eddies have been reported in the
ETSP, but with the opposite effect on oxygen: anticyclonic eddies are generally associated with low [O,] and cyclonic eddies
with high [O,] (Stramma et al., 2013; Thomsen et al., 2016). The spatial patterns of the other controlling variables are shown

in Fig. A6 for comparison.
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Figure 9. Spatial distribution of (A) the anammox to denitrification ratio (faz), (B) net nitrous oxide (N,0O) production, and (C) oxygen
([O,]), with velocity streamlines overlain. Fields show a snapshot at 200 m on 31 January 2004 and are only shown for the Eastern Tropical

North Pacific. The black boxes highlight an oxygen intrusion, an anticyclonic eddy (AE), and a cyclonic eddy (CE).

On interannual timescales, the anammox to denitrification ratio and net N,O production are only partially coupled (Fig. 10).
In the OMZ cores and oxyclines, both increase during El Nifio and decrease during La Nifia, driven by higher [O,] during
El Nifio due to a contraction of the OMZs and lower [O,] during La Nifia due to their shoaling and expansion (Fig. A7A;
Yang et al., 2017). At the OMZ edges, however, this relationship breaks down: while the anammox to denitrification ratio still
increases during El Nifio and decreases during La Nifia, net N,O production decreases during El Nifio and increases during
La Nifia. The anammox to denitrification ratio is thus not a reliable predictor of ENSO-driven changes in net N,O production.
This edge-like response of net N,O production also dominates at larger scales: integrated over the entire ETP down to 1000 m

depth, net N,O production decreases during El Nifio and increases during La Nifia (Hérri et al., 2026a).
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The results are composited for 115 El Nifio months, the 41-year mean, and 116 La Nifia months, and shown separately for the OMZ cores,

oxyclines, and OMZ edges.

Nonetheless, ENSO might illustrate how the ratio and net N,O production diverge under future change. By 2100, the OMZ
edges, where N loss is anammox-dominated, are projected to expand in volume, while the OMZ cores and oxyclines slightly
contract (Busecke et al., 2022). These diverging fates would likely increase the relative contribution of anammox to total N loss,
and are expected to result in more N,O production at the OMZ edges and less N,O consumption in the OMZ cores (Hirri et al.,
2026a). El Nifio events are also projected to intensify under continued warming (Cai et al., 2023), which would further increase
the relative contribution of anammox within each region of the OMZ. However, an intensification of El Nifio is expected to
decrease net N,O production when integrated over the entire ETP (Hirri et al., 2026a). Thus, while the future trajectory of the
anammox to denitrification ratio appears clear, with both OMZ restructuring and El Nifio intensification favoring anammox
within each region of the OMZ, the future trajectory of net N,O production remains uncertain, as the two drivers act in opposite

directions.

5 Caveats and Limitations

A key limitation of this study is the scarcity of observations available to evaluate the modeled N loss pathways. Critically,

existing measurements are biased toward regions and periods where anammox dominates N loss, which prevents us from
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evaluating our central finding that denitrification drives the majority of N loss when integrated over the entire ETP. Targeted
offshore observations, repeated over time, are therefore needed, particularly in the OMZ cores, where our model suggests that
denitrification dominates N loss. Observations that resolve ETP-wide N loss dynamics are also needed to track how N loss
responds as OMZs change in extent and structure (Busecke et al., 2022).

The oxygen inhibition constants of anammox and denitrification, which set how strongly oxygen controls the anammox
to denitrification ratio, are a further source of uncertainty. In NitrOMZ, these constants were initially based on experimental
estimates by Dalsgaard et al. (2014) and then tuned jointly with the other model parameters to reproduce observed profiles of
nitrogen species and rates of the nitrogen cycle processes represented in the model (Bianchi et al., 2023). While the resulting

K92

dons 18 of the same order of magnitude as the experimental estimate, K 92 is considerably higher, making anammox in

the model less sensitive to oxygen than suggested by these experiments. These experimental estimates carry considerable
uncertainty, so that the contrast in oxygen sensitivity between the two pathways remains poorly constrained. A smaller contrast,
as suggested by the experimental estimates, would make the transition from denitrification- to anammox-dominated N loss more
gradual and would increase the influence of substrate supply and remineralization on the ratio and its variability. Adopting
the experimental constants, however, would substantially reduce anammox rates, preventing the model from reproducing the
observed profiles of anammox and denitrification rates, and, since all processes in NitrOMZ are interconnected, would also
affect the other nitrogen cycle processes.

A shortcoming of our model is that it does not resolve three processes proposed to supply additional NH," and thereby
increase the relative contribution of anammox to N loss: DNRA (Lam et al., 2009), NH," excretion by vertically migrating
zooplankton (Bianchi et al., 2014), and NH,' release from sediments (Kalvelage et al., 2013). DNRA is important in sediments
but has only been observed sporadically in OMZs (Lam et al., 2009; Kalvelage et al., 2011; De Brabandere et al., 2014), and
its role in the water column remains debated (Bianchi et al., 2023). Zooplankton excretion has been estimated to increase the
fraction of anammox-driven N loss by about 0.1, depending strongly on the assumed fraction of active zooplankton transport
(Bianchi et al., 2014). Even with such a shift, denitrification would still dominate N loss across the ETP, unlike the anammox
dominance reported by observations. Sedimentary NH," release only affects the water column where the OMZs are in direct
contact with the seafloor, which in the ETP is limited to a narrow band along the continental shelf. Including it would likely raise
the modeled anammox share at the predominantly coastal sampling locations, bringing the model closer to the observations
with little effect on the ETP-wide ratio. Overall, these missing NH," sources may shift the mean anammox to denitrification
ratio toward anammox. Our findings on where the ratio varies, on which timescales, and what controls this variability are,
however, unlikely to change qualitatively, since this variability arises primarily from oxygen fluctuations.

Our model also does not resolve the sinking and remineralization of individual particles, which have been hypothesized
to create localized, particle-associated hotspots of denitrification-driven N loss (Bianchi et al., 2018; Tracey et al., 2023).
Instead, our model represents remineralization as a process averaged over each grid cell, which may underestimate the role
of organic matter pulses in triggering denitrification pulses, as proposed by Dalsgaard et al. (2012). This limitation might
therefore lead our model to underestimate the relative contribution of denitrification to total N loss, particularly during such

particle-associated events. The bias from missing NH," sources toward underestimating anammox and the bias from unresolved
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particle-scale remineralization toward underestimating denitrification may partially offset one another. However, the extent to

which they compensate for each other is unknown.

6 Conclusions

Here, we employ a recently developed nitrogen-cycling module to constrain total N loss in the ETP and to quantify the relative
contributions of anammox and denitrification. Despite decades of effort, stoichiometric expectations and observations of the
anammox to denitrification ratio have remained at odds. We show that this mismatch arises mainly from spatial sampling bias
combined with a pronounced spatial pattern in the ratio itself, and to a lesser extent from temporal sampling bias. Our model
reproduces the anammox-dominated N loss observed at sampling locations while simulating a ratio of 32:68 across the entire
ETP — approaching the stoichiometric expectation of 29:71. Our results highlight that broader sampling coverage across the
ETP is needed to capture the ETP-wide anammox to denitrification ratio.

To test whether the anammox to denitrification ratio at sampling sites is further biased toward anammox because denitri-
fication occurs infrequently and in strong pulses, as hypothesized by Dalsgaard et al. (2012), we compared snapshots with
long-term means and examined the timescales on which the ratio varies. At the sampling locations, the ratio is higher in the
subsampled model output than in the long-term mean, indicating that snapshots are likely to miss denitrification pulses and
thus partially explaining the mismatch between observed and stoichiometrically expected ratios. Such pulses are most likely
to bias the ratio at the OMZ edges, whereas the ratio varies little in the OMZ cores and mainly on interannual timescales in
the oxyclines. Refining the hypothesis of Dalsgaard et al. (2012), we find that these pulses are not set by organic matter export
alone, but occur only when high remineralization rates coincide with anoxic conditions, so that most of the variability in the
ratio is controlled by oxygen. Since oxygen also controls the balance between N,O production and consumption, the anammox
to denitrification ratio can indicate where N,O is produced or consumed, though this relationship breaks down when integrated
spatially.

Taken together, this work provides a detailed picture of the two principal N loss pathways in the ETP, covering their spatial
distribution, relative magnitudes, temporal variability, and controlling variables — advances that carry broader significance
given ongoing changes in the structure and volumes of the OMZ. By resolving the long-standing mismatch between the
stoichiometrically expected and observed anammox to denitrification ratio, and by identifying the spatiotemporal controls
on N loss partitioning, this work lays the groundwork for better anticipating how the ocean N cycle will respond to future
environmental change. By 2100, the OMZ edges are projected to expand while the OMZ cores and oxyclines might slightly
contract (Busecke et al., 2022), a redistribution that, based on our findings, might increase the relative contribution of anammox
to total N loss, with associated increases in N,O production at the OMZ edges and a reduced volume for N,O consumption in

the OMZ cores.
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510 Data availability. The data underlying the results and figures are stored on the ETH Research Collection (Hrri et al., 2026b): https://doi.
org/10.3929/ethz-c-000806407.

Appendix A

A1l Model Parameterization

Table A1. Overview of the most important NitrtOMZ parameters.

Parameter Description Units Value
Kremin Maximum aerobic remineralization rate mmol C m™ d! 0.08
Kao Maximum NH," oxidation rate mmol N m™ d! 0.05
kno Maximum NO, oxidation rate mmol N m™? d! 0.05
Kkden1 Maximum NOj reduction rate mmol C m> d! 0.016
Eden2 Maximum NO, reduction rate mmol C m> d’! 0.008
Kdens Maximum N,O reduction rate mmol C m> d"! 0.0496
kax Maximum anammox rate mmol N, m3d'  0.441
K . O, half-saturation constant for aerobic remineralization ~mmol O, m™ 1
+
K li\f,H‘* NH," half-saturation constant for NH," oxidation mmol N m™ 0.305
K92 O, half-saturation constant for NH," oxidation mmol O, m™ 0.333
K 711\;0; NO; half-saturation constant for NO, oxidation mmol N m? 0.509
K92 O, half-saturation constant for NO, oxidation mmol O, m* 0.778
K ;\22{’7 NOj; half-saturation constant for NO; reduction mmol N m 1
K ‘Zgg NO,; half-saturation constant for NO, reduction mmol N m™ 0.01
K éi%g N,O half-saturation constant for N,O reduction mmol N, m 0.159
+
K 2;H4 NH," half-saturation constant for anammox mmol N m™ 1
K ‘11\;02 NO, half-saturation constant for anammox mmol N m? 1
K doe":ﬂ O, exponential inhibition for NOj;™ reduction mmol O, m* 6
K 232”2 0, exponential inhibition for NO, reduction mmol O, m? 2.3
K (?62"3 O, exponential inhibition for N,O reduction mmol O, m* 0.506
K92 O, exponential inhibition for anammox mmol O, m 6

25



https://doi.org/10.5194/egusphere-2026-6541
Preprint. Discussion started: 29 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

A2 Additional Figures Supporting Methods

1.0 1.0 g
9 0.8 o 081
e [
e —
'8%046‘ .SEO.G-
O = o=
35 ®© 35 ©
TE SE
25041 S 504
3 c o C
£ 5
= 0.21 = 0.21
0.0 T T T T 0.0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
0,/NO5 [mmol m~3] 02/NO; [mmol m~3]
= NOj3 limitation NO; limitation
= (), limitation = (0, limitation
0 2 4 6 8 10 40 0 2 4 6 8 10
10 'E NOs NI‘ 10 10 'E ~-10
—. 81 -8 . 81 -8
T T
€ €
S ) 6 -6
g 2
g ‘g 4 7 = 4
o) <)
2 _ )
0 0 )
0 2 4 6 8 10 0 2 4 6 8 10
NO3 [mmol N m~3] NO5 [mmol N m~3]
| | B | | B
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Nitrate reduction rate Nitrite reduction rate
[normalized] [normalized]

Figure A1l. Parameterization of the nitrate (NO3 ) and nitrite (NO, ) reduction rates in NitrOMZ. (A & B) Nitrate and nitrite reduction rates
as a function of oxygen (O,) and the respective substrate (NO5 ", NO,). (C & D) Contour plots of the NO;™ and NO, reduction rates as a
function of O, and the respective substrate. The colorbars indicate the concentrations at which O,, NO5", and NO, occur in the study region

where [O,] is below 10 mmol O, m™ in the 41-year mean, with darker colors indicating higher occurrence.
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Figure A2. Idealized analysis of the dependence of the (A) anammox and (B) denitrification rates on the six controlling variables. Each

line shows, for one variable at a time, how the rate changes as that variable varies. The other variables were fixed at five reference values

spanning their nitrogen-loss-weighted 45th—55th percentiles, including the median, and the response was computed for every combination.

The thick line gives the median response and the shading the minimum-to-maximum range across all combinations. Controlling variables

are shown from O to their 90th percentile, taking into account only regions where anammox and denitrification are present in the 41-year

mean. The histogram on each axis shows that variable’s distribution across these regions. The darker histogram bars and vertical line mark

the nitrogen-loss-weighted 45th—55th percentile range and median of that variable. Due to computational constraints, only every 5" day and

every 3" grid cell was considered.
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515 A3 Additional Figures Supporting Results
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Figure A3. Anammox and denitrification rates integrated over the top 300 m and averaged over 41 years. (A) Depth-integrated anammox
rates, with circles indicating sampling locations; (B) and (C) show zooms of the northern and southern Eastern Tropical Pacific, respectively.

(D-F) Same as (A—C), but for denitrification rates.
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Figure A4. Subseasonal, seasonal, and interannual variability in the anammox rate. Panels (A) and (B) show the fraction of variability

explained by subseasonal variability at 200 m and along the 8°S transect, respectively. Panels (C) and (D) show subseasonal variability in

the volume-integrated anammox rates in the OMZ cores, oxyclines, and OMZ edges of the ETNP and ETSP, respectively. Panels (E-H) and

(I-L) show the same decomposition for seasonal and interannual variability, respectively. The solid and dotted contours depict the 5 and 20

mmol O, m™ thresholds in the 41-year mean, respectively, delineating the boundaries between the OMZ cores, oxyclines, and OMZ edges.
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Figure A5. Subseasonal, seasonal, and interannual variability in the denitrification rate. Panels (A) and (B) show the fraction of variability

explained by subseasonal variability at 200 m and along the 8°S transect, respectively. Panels (C) and (D) show subseasonal variability in the

volume-integrated denitrification rates in the OMZ cores, oxyclines, and OMZ edges of the ETNP and ETSP, respectively. Panels (E-H) and

(I-L) show the same decomposition for seasonal and interannual variability, respectively. The solid and dotted contours depict the 5 and 20

mmol O, m™ thresholds in the 41-year mean, respectively, delineating the boundaries between the OMZ cores, oxyclines, and OMZ edges.
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Figure A6. Spatial distribution of the (A) nitrite ((NO, ]), (B) ammonium ([NH,]), (C) nitrous oxide ([N,O]), and (D) particulate organic
carbon (POC) remineralization rate. Fields show a snapshot at 200 m on 31 January 2004 and are only shown for the Eastern Tropical North

Pacific. The black boxes highlight an oxygen intrusion, an anticyclonic eddy (AE), and a cyclonic eddy (CE).
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Figure A7. Impact of El Nifio and La Nifia on (A) oxygen ([O,]), (B) nitrite ((NO5]), (C) ammonium ([NH,4']), (D) nitrous oxide ([N,O]),

and (E) particulate organic carbon (POC) remineralization rate. The results are composited for 115 El Nifio months, the 41-year mean, and

116 La Nifia months, and shown separately for the OMZ cores, oxyclines, and OMZ edges.
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