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Abstract Marine oxygen deficient zones (ODZs) have long been identified as sites of fixed nitrogen (N)
loss. However, the mechanisms and rates of N loss have been debated, and traditional methods for
measuring these rates are labor-intensive and may miss hot spots in spatially and temporally variable
environments. Here we estimate rates of heterotrophic nitrate reduction, heterotrophic nitrite reduction
(denitrification), nitrite oxidation, and anaerobic ammonium oxidation (anammox) at a coastal site in the
eastern tropical South Pacific (ETSP) ODZ based on high-resolution concentration and natural abundance
stable isotopemeasurements of nitrate (NO3

�) and nitrite (NO2
�). Thesemeasurementswere used to estimate

process rates using a two-step inverse modeling approach. The modeled rates were sensitive to assumed
isotope effects for NO3

� reduction and NO2
� oxidation. Nevertheless, we addressed two questions

surrounding the fates of NO2
� in the ODZ: (1) Is NO2

� being primarily reduced to N2 or oxidized to NO3
� in the

ODZ? and (2) what are the contributions of anammox and denitrification to NO2
� removal? Depth-integrated

rates from the model suggest that 72–88% of the NO2
� produced in the ODZ was oxidized back to NO3

�,
while 12–28% of NO2

� was reduced to N2. Furthermore, our model suggested that 36–74% of NO2
� loss was

due to anammox, with the remainder due to denitrification. These model results generally agreed with
previously measured rates, though with a large range of uncertainty, and they provide a long-term integrated
view that compliments incubation experiments to obtain a broader picture of N cycling in ODZs.

1. Introduction

Nitrogen (N) is thought to be a limiting nutrient in large expanses of the open ocean [Boynton et al., 1982;
Codispoti, 1989; Tyrell, 1999]. Most marine organisms can readily take up N in the forms of nitrate (NO3

�),
nitrite (NO2

�), and ammonium (NH4
+), which are collectively known as “fixed N,” but nitrogen gas (N2) can

only be utilized by a subset of marine organisms known as “diazotrophs.” Marine oxygen deficient zones
(ODZs) have long been identified as regions important for control of the fixed N budget [Thomas, 1966;
Cline and Richards, 1972; Codispoti and Christensen, 1985], where fixed N is converted into gaseous N2 under
low oxygen (O2) conditions, thus becoming biologically unavailable to most marine organisms (save for the
diazotrophs). While some have identified the upper concentrations of O2 allowing fixed N loss as 4–5μmol/kg
[Paulmier and Ruiz-Pino, 2009], recent advances in [O2] measurement technology have revealed that these
processes may be inhibited by dissolved [O2] as low as 10 nmol kg�1, the detection limit for the switchable
trace oxygen (“STOX”) sensor [Revsbech et al., 2009; Thamdrup et al., 2012; Ulloa et al., 2012; Tiano et al.,
2014; Dalsgaard et al., 2014].

Some previous studies have proposed that ODZs are likely to expand in a warmer climate [Stramma et al.,
2008; Keeling et al., 2010], though a recent study has found evidence for contraction of ODZs [Deutsch
et al., 2014]. The volume and areal extent of regions with nanomolar [O2] directly affects themarine N budget,
as dissolved [O2] controls the physical domain where fixed N can be converted to N2. Resolving the
magnitude and mechanisms of fixed N cycling and loss in ODZs will be crucial to understanding the
biogeochemical impacts of and feedbacks on changes in ODZ area and volume.
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One of the most prominent characteristics of marine ODZs is the accumulation of NO2
� in suboxic waters, a

feature known as the secondary NO2
� maximum (SNM). Thought to be produced by dissimilatory NO3

�

reduction [Brandhorst, 1959; Thomas, 1966; Goering, 1968; Cline and Richards, 1972; Lam et al., 2011], NO2
�

represents a key “branch point” in the marine N cycle, as it can either be reduced to N2 via denitrification
or anammox [Cline and Richards, 1972; Codispoti and Richards, 1976; Strous et al., 1998; Thamdrup et al.,
2006; Dalsgaard et al., 2012], reduced via dissimilatory NO3

� reduction to NH4
+ (“DNRA”) [Lam et al., 2009],

or it can be oxidized back to NO3
� via anammox or NO2

�-oxidizing bacteria [Anderson et al., 1982; Ward
et al., 1989; Lipschultz et al., 1990]. Reduction to N2 leads to fixed N “loss,” while NO2

� oxidation to NO3
�

and DNRA retain N in a fixed form. Thus, understanding the mechanisms of NO2
� consumption is important

for quantifying past and future changes in the marine N budget.

The most common way to measure the rates of these processes is through isotope tracer experiments. These
incubation-based experiments involve collecting water from specific depths, amending the water with a
heavy isotope enriched substrate (usually in the form of 99% 15N), and measuring the heavy isotope enrich-
ment of the product(s) over time. These methods have been employed to measure rates of NO3

� reduction,
denitrification, anammox, NO2

� oxidation, and DNRA in ODZs with substantial success [Ward et al., 1989;
Lipschultz et al., 1990; Hamersley et al., 2007; Lam et al., 2011; Fussel et al., 2012; Kalvelage et al., 2013;
Babbin et al., 2014]. However, measuring the rates of these biogeochemical processes with on-deck incuba-
tion experiments is very labor intensive and has proven to be a challenge, primarily due to the O2 sensitivity
of the processes in question and the difficulties of maintaining an O2-free incubation environment [Dalsgaard
et al., 2003; Shosky, 2005; Kalvelage et al., 2011; De Brabandere et al., 2012; Dalsgaard et al., 2014]. Additionally,
the bottle enclosure and addition of substrate during these experiments may inhibit or stimulate these pro-
cesses, resulting in unrepresentative rate measurements. Finally, natural spatial and temporal variability of N
cycle transformations can lead to difficulty in extrapolating point measurements over appropriate space and
time scales. Natural abundance isotope samples, on the other hand, are integrative measurements that
reflect the accumulated effects of N cycle processes over larger scales of time and space.

Interpretations of natural abundance isotope measurements make use of the fact that biogeochemical pro-
cesses change the ratios of 15N to 14N in NO3

� and NO2
� (reported as δ15N in units of per mil (‰), where

δ15N= [(15N/14N)sample ÷ (15N/14N)reference� 1] × 103). This isotopic fractionation arises from a difference in
the reaction rate constant for 15N (15k) and that of 14N (14k) that varies among biogeochemical processes.
The fractionation factor, α, for a given process is given by (14k/15k) and the isotope effect, ε, by (α� 1) × 103

in units of per mil (‰) [Mariotti et al., 1981]. For normal kinetic isotope fractionation, 14k will be larger than
15k, and thus α> 1 and ε> 0. For inverse isotope fractionation, 14k is lower than 15k (α< 1) and ε< 0. One
can use known isotopic effects to interpret natural abundance isotope measurements of NO2

� and NO3
�

and help disentangle the N cycle processes that have influenced N isotope distributions in a water parcel.

In interpreting the nutrient and isotope distributions, one must also account for the effects of physical pro-
cesses such as mixing and advection, which play an important role in setting NO3

� and NO2
� concentration

and isotope distributions in the ODZ regions [Codispoti and Richards, 1976; Liu and Kaplan, 1989; Brandes
et al., 1998; Voss et al., 2001; Casciotti et al., 2013; Bourbonnais et al., 2015], particularly along density horizons
[Luyten et al., 1983;Warner and Weiss, 1992; Ledwell et al., 1993]. In regions of coastal upwelling, such as Peru
and Chile, vertical advection also constitutes an important upward flux of nutrients [Chavez and Messie, 2009]
and vertical diffusion can operate when vertical nutrient gradients are strong [Anderson et al., 1982; Lam et al.,
2011; Banyte et al., 2012]. Sharp gradients in [NO3

�] and [NO2
�] are observed toward the base of the oxycline

in most ODZ environments, which should result in a vertical diffusive flux of these nutrients. In order for the
characteristic ODZ features to be maintained, biological production and consumption must counteract
physical transport.

In this study, we collected samples from two sites within the ETSP ODZ at high (~8m) vertical resolution for
stable isotope and concentration measurements of NO2

� and NO3
� using a pump profiling system (PPS).

Data from one of the sites were analyzed in a steady state 1-D vertical advection-diffusion-reaction inverse
model (Rate Estimation from Concentration (REC) model) [Lettmann et al., 2012], in order to obtain net rates
of biological production or consumption of NO3

� and NO2
� in the ODZ in the absence of horizontal

transport. These net rates were then decomposed into rates of dissimilatory NO3
� reduction, denitrification

(NO2
� reduction), NO2

� oxidation, and anammox required to balance steady state mass and isotope budgets
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at regular depth intervals throughout
the ODZ. Finally, we used the depth-
integrated rates of these processes
to estimate (1) the fraction of NO2

�

that is oxidized to NO3
� in the ODZ

and (2) the relative contributions of
anammox and denitrification to
NO2

� removal (and N2 production)
in the ODZ. The rates of the processes
included in the model are sensitive to
the assumed isotope effects for NO3

�

reduction and NO2
� oxidation.

Accordingly, the model yielded a
fairly large range of the fractions of
NO2

� oxidized and the relative con-
tributions of anammox and denitrifi-
cation. However, distinct trends
were identified in N cycling between
the upper and lower ODZ, as well as
between different isotope effect sce-
narios, and these are discussed
accordingly. Lastly, incubation-based
rate measurements were also con-
ducted at one of our two sites (A. R.
Babbin et al., submitted, 2016).
Comparison between the measured
rates and the model output provides
insights into the strengths and weak-
nesses of these approaches.

2. Materials and Methods
2.1. Study Site Description

Samples for this study were collected from two coastal sites in the ETSP in July 2013, which happened to coin-
cide with a weak La Niña. This highly productive region has been studied extensively over the past 40 years,
as Peruvian and Chilean coastlines are home to rich fisheries, and have proven to be relatively sensitive to
seasonal changes, as well as changes in El Niño/La Niña state [Barber and Chavez, 1983; Ulloa et al., 2001;
Escribano et al., 2004]. The ETSP is also home to a large permanent ODZ, where O2 is depleted at middepth
due to respiration of sinking organic matter and weak zonal currents that do not adequately resupply O2

[Wyrtki, 1962; Paulmier et al., 2006; Karstensen et al., 2008; Stramma et al., 2010; Czeschel et al., 2011]. The focus
of the study was site #1 (20.53°S, 70.71°W), which was located within the ETSP coastal upwelling regime
(Figure 1) [Wyrtki, 1967; Kessler, 2006; Pennington et al., 2006]. Site #2, located at 21.50°S, 70.58°W, was
investigated for comparison of NO3

� and NO2
� isotope distributions but not used in the model exercise

due to the absence of in situ ratemeasurements for comparison.We note that pump site #2 had concentration
and isotope profiles (Figure S1 in the supporting information) similar to pump site #1.

2.2. Concentration and Isotope Analysis

Samples for measurements of [NO2
�], [NO3

�], and [NH4
+] were collected in 30mL acid washed, high-density

polyethylene bottles from both casts of the PPS (supporting information). These samples were analyzed ship-
board shortly after collection using a custom autoanalyzer. WOCE-JGOFS protocols [Gordon et al., 2000] were
followed for standardization and analysis, including reagent preparation, calibration of lab ware, preparation
of primary and secondary standards, and corrections for blanks and refractive index. Measurements of
[NO3

�+NO2
�] and [NO2

�] were made using a modification of the red azo dye method [Armstrong et al.,
1967; Wood et al., 1967], and measurements of [NH4

+] used a modification of the indophenol blue method

Figure 1. Shading indicates concentrations of dissolved oxygen along
σ0 = 26.4 kgm�3, and contours give N* (N* = [NO3

�]� 16 × [PO4
3�]

+ 2.9 μmol kg�1) along the same density surface. Data was obtained from
World Ocean Atlas 2013 (note that [NO2

�] data are not available in WOA13,
and [NO2

�] is thus not included in the calculations of N* shown here). The
locations of the pump sites included in this study are indicated by stars.
Nutrient and isotope measurements were collected at both sites, but only
pump site #1 was used in the modeling exercise.
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[Slawyk and MacIsaac, 1972; Mantoura and Woodward, 1983; Environmental Protection Agency, 1984].
Detection limits of these measurements were not determined on this cruise, but the coefficient of variation
(or CV) was determined by replicate analyses. For measurements of [NO3

�]> 10μM, the CV was 0.08. For
measurements of [NO2

�]> 1μM, the CV was 0.007. [NH4
+] remained< 0.1μM throughout the ODZ, and

the CV was 0.07.

Water samples for NO2
� and NO3

� isotopic analysis were collected from the PPS in a 60mL syringe, filtered
through a 0.22μm pore size Sterivex cartridge, and stored in 60mL high-density polyethylene bottles.
Subsamples were removed for preservation of N and O isotopes of NO2

� on board, while the remaining sam-
ple was placed in a �20°C freezer and stored frozen for NO3

� isotope analysis at Stanford University.
Subsamples for NO2

� isotope analyses were taken at depths where [NO2
�]> 0.3μM, which was restricted

to the depth range between ~82m and 369m. These samples were stored as N2O after treatment with
sodium azide [McIlvin and Altabet, 2005]. Briefly, seawater samples were added to 20mL vials, sealed with
gray butyl septa and aluminum crimp, and purged with N2 gas for 30min to remove background atmo-
spheric and dissolved N2O. Following this treatment, the sparged sodium azide/acetic acid reagent was
added to convert NO2

� to N2O. Where [NO2
�]> 2μM, the volume of seawater was subsampled in order that

azide treatment of the sample NO2
�will yield 20 nanomoles of N2O. Where [NO2

�] was< 2μM, 10mL of sea-
water was subsampled regardless of NO2

� concentration in order to maximize N2O yield, as this was the
maximum sample volume that could be added to sample vials. NO2

� isotope standards RSIL 23, 7373, and
10219 were prepared at sea by diluting 200μM stock solutions in 3mL of NO2

�-free seawater, then purged
with N2 gas, and reacted the same way as the samples. The product N2O was analyzed at Stanford University
on a Finnigan DeltaPLUS XP isotope ratio mass spectrometer. Samples and standards were analyzed in
parallel, with a set of standards analyzed before and after every nine samples. Values of δ15NNO2 =
(15N/14NNO2 ÷

15N/14Nreference �1) × 103 are reported in units of per mil (‰) versus the reference
atmospheric N2. Values of δ18ONO2 = (18O/16ONO2 ÷

18O/16Oreference �1) × 103, where the reference is
Vienna standard mean ocean water, were also measured but not included in the current study.

N and O isotopes of NO3
� were determined at each depth from frozen samples via the “denitrifier method”

[Sigman et al., 2001; Casciotti et al., 2002], which involves bacterial conversion of NO3
� and NO2

� to N2O.
Aliquots of bacteria were added to gas-tight 20mL vials and purged with N2 for 3.5 h to remove the back-
ground N2O. Following this step, the volume of seawater subsample added to the bacteria was determined
to yield 10 nmol of N2O or 20 nmol of N2O-N. For samples containing [NO2

�] greater than 0.1μM, addition of
10μL sulfamic acid reagent (4% sulfamic acid in 10% HCl) per 1mL of sample was necessary to remove NO2

�

prior to analysis [Granger and Sigman, 2009]. These samples were neutralized after 30min by adding 8.5μL of
2M NaOH per 1mL of sample and then injected into the prepared vials. NO3

� isotope standards USGS 32,
USGS 34, and USGS 35 were prepared from 200μM stock solutions and run in parallel with the samples, with
a set of the three standards analyzed before and after every nine samples. The product N2Owasmeasured via
isotope ratio mass spectrometry at Stanford [McIlvin and Casciotti, 2011], and values of δ15NNO3 are reported
in units of permil (‰) versus the reference atmospheric N2. δ

18ONO3 measurements were also made but not
included in the current study. All isotope samples were analyzed in duplicate and are reported as the average
value ± 1 standard deviation.

2.3. Model Set Up
2.3.1. Determining Concentrations of 15N and 14N in the Nitrate and Nitrite Pools
The first step in using the NO3

� and NO2
� isotope data to estimate process rates was to calculate the

concentrations of 15N and 14N in NO3
� and NO2

� for each sample using isotope ratio and concentration
measurements of NO3

� and NO2
� (Figure 2). This was done for each sample from site #1 utilizing the

following equations:

δ15Nsam zð Þ ¼

15N½ �sam zð Þ
14N½ �sam zð Þ
15N½ �ref
14N½ �ref

� 1

0
BB@

1
CCA�103 (1)

totalN
� �

sam zð Þ ¼ 15N
� �

sam zð Þ þ 14N
� �

sam zð Þ (2)
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In equation (1), δ15Nsam(z) is themeasured isotopic composition of the sample (either NO3
� or NO2

�) at depth z,
[15N]sam(z) and [14N]sam(z) are the concentrations of 15N and 14N in the sample at z, respectively, and [15N]ref/
[14N]ref refers to the ratio of 15N to 14N in the reference, atmospheric N2. In equation (2), [totalN]sam(z) refers to
the sum of the [15N] and [14N] at a given depth, which is equal to the measured concentration of NO3

� or
NO2

� at that depth. We can combine and rearrange equations (1) and (2) to solve for [14N]sam(z):

14N
� �

sam zð Þ ¼
totalN
� �sam zð Þ

1 þ 1þ δ15Nsam zð Þ
103

� �
�

15N½ �ref
14N½ �ref

� � (3)

We can then determine [15N]sam(z) from equation (2). By determining [14N] and [15N] of both NO3
� and NO2

�

at each depth, we generated four water column profiles: [14NO2
�](z), [

15NO2
�](z), [

14NO3
�](z), and [15NO3

�](z).

The lack of NH4
+ accumulation is a phenomenon that has been reported previously in the ETSP ODZ, and sug-

gests a tight coupling between ammonium production and consumption processes [Kalvelage et al., 2013].
NH4

+ concentrations determined during the pump cast were <0.1μM within the ODZ. As isotopic analyses
of NH4

+ were not possible at these low concentrations we did not include a mass balance equation for
15NH4

+ but instead assumed that [totalNH4
+] = [14NH4

+].
2.3.2. Modeling Net Rates of Nitrate, Nitrite, and Oxygen Production With the “Rate Estimation From
Concentration” Model
The rate of change in concentration of a solute, C, over time can be described by the reaction-diffusion-
advection equation:

dC
dt

þ u
dC
dx

� d
dx

Dx
dC
dx

� �
þ v

dC
dy

� d
dy

Dy
dC
dy

� �
þ ω

dC
dz

� d
dx

Dz
dC
dx

� �
¼ R (4a)

where u, v, and ω are the advection coefficients in the x, y, and z dimensions, respectively, Di is the diffusion
coefficient in dimension “i”, and R is the net rate of production (or consumption). If the horizontal transport
fluxes can be neglected (we discuss the implications of this assumption below), this equation simplifies to the
following form

dC
dt

þ ω
dC
dz

� d
dx

Dz
dC
dx

� �
¼ R (4b)

Figure 2. Flow chart of the modeling exercise.
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At steady state, dC/dt becomes zero, and the net rate of production or consumption (“R”) is equal to the
difference between the advective and diffusive fluxes in the vertical dimension:

ω
dC
dz

� d
dz

Dz
dC
dz

� �
¼ R (4c)

This leads to a nonzero net rate of production (or consumption) when the difference between the advective
and diffusive fluxes is nonzero.

A 1-D vertical advection-diffusion-reaction model inherently assumes that horizontal transport fluxes can be
neglected and is thus necessarily a simplification of the environment in which ODZs are found. However, this
assumption is justifiedhere,especially in theupperand lowerODZregionsbecause thestrongverticalgradients
overcomeweak vertical diffusivity to dominate the transport terms. Vertical gradients in NO2

� and NO3
� con-

centrations and isotopes areweaker in themiddle of theODZ, and it is possible that small horizontal transports
could be important here, as discussed below. The exclusion of horizontal processes in this modeling exercise
does not violate continuity because (1) the model is only run between 82m and 350m (that is, the model is
not run all theway to the surface), and (2) a constant vertical advection term (ω) is used throughout themodel.

The inverse “Rate Estimation from Concentration” (“REC”) model [Lettmann et al., 2012], which makes use
of the simplified reactive-transport equation (4c), was used to estimate net production (or consumption) rates
in the vertical dimension. The modeling exercise was conducted between 82m and 350m depth, which is
approximately the depth range at which [NO2

�] was sufficient for isotope analysis. For the remaining
discussion, the term “net production” refers to R (keeping in mind that negative net production indicates
net consumption). Inputs to the REC model included [14NO2

�](z), [
15NO2

�](z), [
14NO3

�](z), and [15NO3
�](z)

profiles from site #1, as well as vertical advection (ω) and diffusion (Dz) coefficients.

The [14NO2
�](z), [

15NO2
�](z), [

14NO3
�](z), and [15NO3

�](z) profiles between 82m and 350m depth (at 8m
resolution) were interpolated onto a computational grid to calculate rates of net production for each spe-
cies (R14NO2(z), R15NO2(z), R14NO3(z), and R15NO3(z); Figure 2) at 4m depth resolution. The second-order
advection-diffusion-reaction equation (4c) was solved as a two-point boundary-value problem using
Dirichlet boundary conditions, defining the value of the function (the concentration of a given chemical
species) at the top (82m) and bottom (350m) boundaries of each profile. The Neumann boundary condition
(defining the gradient of the function at the boundaries) is another option but was not pursued here. In order
to incorporate the lack of NH4

+ accumulation in the ODZ as a constraint on the model, we also made the
assumption that the net production rate of NH4

+ at each depth is equal to zero, i.e., R14NH4(z) = 0.

Weestimatedvertical advection anddiffusion coefficients touse in theRECmodel byfirst determining the ratio
of vertical diffusion to advection (Dz/ω) at steady state with a stable conservative tracer (temperature), accord-
ing to the procedure outlined by Craig [1969]. Since the “R” term in equation (4b) can be ignored in the case of
temperature, the equation for change in temperature over time in the vertical dimension simply becomes

dT
dt

¼ ω
dT
dz

� d
dz

Dz
dT
dz

� �
(5a)

At steady state, dT/dt=0, and the vertical diffusive and advection fluxes must balance one another:

0 ¼ ω
dT
dz

� d
dz

Dz
dT
dz

� �
(5b)

Solution of equation (5b) allows for Dz/ω to be determined from the observed temperature profile.

We then determined Dz values in the ODZ following the procedure outlined by Osborn [1980], Gargett [1984],
Gregg et al. [1986], Fennel and Boss [2003], Thorpe [2005], and others:

Dz ¼ Γε
N2 (6a)

where ε is the energy dissipation rate, Γ is themixing efficiency, and N2 is the Brunt-Vaisala frequency. Amean
Γε value of 3.7 × 10�10W kg�1 was estimated by Gregg et al. [1986] for the thermocline, which we use here. N2

can be determined from the observed density gradient:

N2 ¼ �g
ρ

�dρ
dz

(6b)
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where ρ is the observed density and g is the gravitational acceleration constant. By determining both Dz and
Dz/ω, we determined the value of ω to use in the REC model. The values obtained for Dz and ω using these
methods were 4 × 10�5m2 s�1 and �2× 10�7m s�1 (Table 1), respectively, which are in line with previous
estimates from the coastal ETSP and other upwelling zones [Pacanowski and Philander, 1981; Anderson
et al., 1982; Codispoti and Christensen, 1985; Chai et al., 2002; Canfield, 2006; Chavez and Messie, 2009].
Nonetheless, Dz and ω values were tested for sensitivity by rerunning the REC model with modest perturba-
tions around the obtained values.

In order to determine the potential flux of O2 into the ODZ, the [O2] data (dashed line in Figures 4a and 5)
were also analyzed using the REC model to estimate the distribution of net O2 consumption rates required
to balance physical supply of O2, using the standard case values for Dz and ω (4 × 10�5m2 s�1 and
�2× 10�7m s�1, respectively; Table 1).

While we recognize that steady state is an important assumption in our modeling exercise, we argue that it is
appropriate to use here since NO3

� and NO2
� natural abundance isotope measurements are geochemical

measurements that change relatively slowly despite active biogeochemical cycling. Furthermore, the NO3
�

and NO2
� concentration and isotope trends in our study are similar to those observed previously in relevant

regions of the ETSP ODZ [De Pol-Holz et al., 2009; Casciotti et al., 2013; Bourbonnais et al., 2015; Hu et al., 2016].
Lastly, as mentioned above, pump sites #1 and #2 had similar isotope and concentration profiles, suggesting
that the biogeochemical interpretations, discussed below, are somewhat representative of the coastal region.
2.3.3. Modeling the Rates of Individual Processes Using an Oxygen Deficient Zone
Biogeochemistry Model
The ODZ biogeochemistry model was used to find the linear combination of process rates that best fit the net
rates of production of the dissolved inorganic N species (NO3

�, NO2
�, and NH4

+). Specifically, the model
equations were constructed using the net production rates “Rz” of the

14N and 15N species of NO2
� and

NO3
� at each depth estimated from the REC model, along with our assumption that no net production of

NH4
+ occurs.

Conceptually, NO3
� reduction consumes NO3

� and produces NO2
� (FNAR) while oxidizing organic matter and

releasing NH4
+ (b×FNAR). NO2

� reduction via denitrification consumes NO2
� and produces N2 (FNIR) while

Table 1. Description of Physical Parameters, Stoichiometric Coefficients, and Isotope Effects Used in Model

Model Parameter†,‡ Description
Reported

Range of Values
Standard
Case Values Reference

Dz vertical diffusion coefficient 10�4 to 10�6m2 s�1 4 × 10�5 R. Sonnerup (personal communication, 2014),
Shaffer [1986], and Haskell et al. [2015];

ω vertical advection coefficient �10�6 to �10�8m s�1 �2 × 10�7 R. Sonnerup (personal communication, 2014),
Shaffer [1986], Chavez and Messie [2009], and

Haskell et al. [2015]
a mol of NH4

+ released per mol
of NO2

� reduced (NIR)
0.1 to 0.13 0.11 Anderson [1995] and Koeve and Kähler [2010]

b mol of NH4
+ released per mol

of NO3
� reduced (NAR)

0.06 to 0.1 0.07 Anderson [1995] and Koeve and Kähler [2010]

c mol of NO2
� oxidized per mol

of NO2
� reduced (AMX)

0.25 to 0.35 0.3 Strous et al. [1998]

αNAR (15εNAR) fractionation factor for
NO3

� reduction
1.01 to 1.025 (10 to 25‰) 1.018 (18‰) Granger et al. [2008] and Casciotti et al. [2013]

αNIR (15εNIR) fractionation factor for
NO2

� reduction
1.01 to 1.025 (10 to 25‰) 1.018 (18‰) Bryan et al. [1983]

αNXR (15εNXR) fractionation factor for
NO2

� oxidation
0.988 to 0.968 (�12 to �32‰) 0.978 (�22‰) Casciotti [2009] and Casciotti et al. [2013]

αAMX (15εAMX) fractionation factor
for anammox (NO2

� reduction)
1.012 to 1.02 (12 to 20‰) 1.016 (16‰) Brunner et al. [2013]

αNXRAMX (15εNXRAMX) fractionation factor for NO2
�

oxidation during anammox
0.97 to 0.968 (�30 to �32‰) 0.969 (�31‰) Brunner et al. [2013]

†α = 14k/15k.
‡(15ε) = (α� 1)x103.
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oxidizing organic matter and releas-
ing NH4

+ (a×FNIR) (Figure 3). We
assumed the organic matter has a
composition described by Anderson
[1995] and the reaction stoichiometry
follows Koeve and Kähler [2010] such
that 0.113mol of NH4

+ is released
for every mole of NO2

� reduced dur-
ing denitrification and 0.07mol of
NH4

+ is released for every mole of
NO3

� reduced, giving the coeffi-
cients a and b, respectively (Figure 3
and Table 1). NO2

� oxidation
consumes NO2

� and produces NO3
�

(FNXR), and anammox converts NO2
�

and NH4
+ to N2 in a 1:1 ratio (FAMX),

while oxidizing a portion of NO2
� to

NO3
� (FNXRAMX = c×FAMX). The

amount of NO2
� oxidized to NO3

�

during anammox has been consis-
tently observed to occur in a ratio of
0.3mol of NO2

� oxidized per mole
of NO2

� reduced [Strous et al., 1998; Brunner et al., 2013]. Thus, the coefficient (c) was set to 0.3 (Table 1),
and this additional flux was added to the model without adding an unknown term.

If it is assumed that the net production rates of the 14N pools of NO3
�, NO2

�, and NH4
+ (“R14(z)”) are made up

of the fluxes associated with the ODZ biogeochemistry described above, the following equations for each
model depth (z) can be generated:

R14NH4 zð Þ ¼ a�14FNIR zð Þ þ b�14FNAR zð Þ�14FAMX zð Þ (7a)

R14NO2 zð Þ ¼ 14FNAR zð Þ–14FAMX zð Þ– c�14FAMX zð Þ–14FNXR zð Þ–14FNIR zð Þ (7b)

R14NO3 zð Þ ¼ c�14FAMX zð Þ þ 14FNXR zð Þ�14FNAR zð Þ (7c)

where 14F(z) is the flux of 14N for each N cycle process in our model defined above, calculated at depth z. By
solving these equations at each model depth (4m depth resolution from the REC model), the vertical
distribution of these processes in the water column can be estimated.

Since rates of net production of 15N-containing NO2
� and NO3

�were also calculated with the RECmodel (R15(z)),
two additional equations can be derived:

R15NO2 zð Þ ¼ 15FNAR zð Þ�15FAMX zð Þ – c�15FAMX zð Þ �15FNXR zð Þ�15FNIR zð Þ (8a)

R15NO3 zð Þ ¼ c�15FAMX zð Þ þ 15FNXR zð Þ – 15FNAR zð Þ (8b)

The 15N fluxes can be related to the 14N fluxes in themodel using kinetic fractionation factors (α) (Table 1). α is
related to the rate of change of [15N] and [14N] during a reaction by the following equation:

α ¼
14F
15F

�
15N
� �
14N
� � (9)

where 14F and 15F are the fluxes of 14N and 15N, respectively, for a particular reaction (NO3
� reduction, NO2

�

reduction, etc.), and [15N] and [14N] are the concentrations of 15N and 14N of the substrate for the reaction
[Mariotti et al., 1981]. Since measurements of [14N] and [15N] for NO3

� and NO2
� were obtained at each

depth, equation (9) can be rearranged to solve for 15F at depth z:

15F zð Þ ¼
14F zð Þ
α

�
15N
� �

zð Þ
14N
� �

zð Þ
(10)

Figure 3. A schematic of the biogeochemical ODZ model describing the
nitrogen cycle in marine oxygen deficient zones. The fluxes shown here are
NO3

� reduction (FNAR), NO2
� reduction (FNIR), NO2

� oxidation (FNXR), and
anammox (FAMX). The coefficients a and b represent the moles of NH4

+

released during NO2
� reduction and NO3

� reduction, respectively, while c
refers to the moles of NO2

� oxidized to NO3
� per mole of NO2

� reduced
during the anammox reaction. Thus, c×FAMX represents the flux of NO2

�

oxidized to NO3
� during anammox, while FNXR is the flux of NO2

� oxidation
to NO3

� carried out by NO2
�-oxidizing bacteria.
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Equation (10) can then be substituted into equations (8a) and (8b), such that

R15NO2 zð Þ ¼ 14FNARðzÞ
αNAR

�
15N O3

�� �
zð Þ

14N O3
�� �

zð Þ
– 14FAMXðzÞ

αAMX

�
15N O2

�� �
zð Þ

14N O2
�� �

zð Þ
– c�14F AMXðzÞ

αNXRAMX

�
15N O2

�� �
zð Þ

14N O2
�� �

zð Þ

� 14FNXRðzÞ
αNXR

�
15N O2

�� �
zð Þ

14N O2
�� �

zð Þ
– 14FNIRðzÞ

αNIR
�

15N O2
�� �

zð Þ
14N O2

�� �
zð Þ

(11a)

R15NO3 zð Þ ¼ c�14F AMXðzÞ
αNXRAMX

�
15N O2

�� �
zð Þ

14N O2
�� �

zð Þ
þ 14FNXRðzÞ

αNXR
�

15N O2
�� �

zð Þ
14N O2

�� �
zð Þ
� 14FNARðzÞ

αNAR
�

15N O3
�� �

zð Þ
14N O3

�� �
zð Þ

(11b)

The subscripts for each α use the same convention as their respective fluxes, with the exception of NO2
� oxi-

dation to NO3
� during anammox, where αNXRAMX is used to refer to the isotope fractionation that occurs dur-

ing that reaction (note that this is distinct from the fractionation that occurs during the simultaneous
reduction of NO2

� to N2 by anammox, which is denoted as “αAMX”).

Lastly, a system of five equations including (7a), (7b), (7c), (11a), and (11b) was used to construct a rectangular
matrix to solve for the four unknown flux terms in the model at each depth (14FNAR(z),

14FNIR(z),
14FNXR(z), and

14FAMX(z)) and a residual flux that cannot be explained by the linear combination of processes described
above. The nonnegative least squares (NNLS) optimization routine in MATLAB® [(called “lsqnonneg”)
Lawson and Hanson, 1974] was used to find the best fit solution, with the constraint that the fluxes must
be nonnegative. We believe this is an appropriate application of NNLS, since the rates of individual N cycle
processes in a real environment cannot be negative.

We note that FAMX in the model was used to represent the rates of both NH4
+ reduction and NO2

� reduction
during anammox, since NO2

� and NH4
+ are consumed in equal proportions to produce N2 [Strous et al.,

1998]. Given that nearly all incubation measurement studies report anammox rates in terms of the N2 pro-
duced (in units of nMNd�1), those components of FAMX that derive from NO2

� and NH4
+ were added

together when reporting the modeled rates of N2 production by anammox. This allows for a direct compar-
ison of our modeled anammox rates with other rate measurements.

For the purposes of estimating the sensitivity of the rates of modeled biogeochemical processes to isotope
effect values, the isotope effects for N cycle processes were varied within the ODZ biogeochemistry model
using a Monte Carlo routine. That is, for each N cycle process, the isotope effect was varied over a range of
values taken from the literature (Table 1) while holding the other isotope effects constant. The results of
the sensitivity analyses are presented below.

3. Results
3.1. Observed Concentration and Isotope Profiles

O2 concentrations (as measured by the SBE-43 dissolved O2 sensor) at site #1 decreased rapidly from 180μM
at the surface, down to the detection limit of the instrument (~1μM) at 95m (Figure 4a). [O2] remained at or
below the detection limit between 95m and 300m and gradually increased below 300m. STOX sensor data
from previous cruises in this region [Revsbech et al., 2009; Thamdrup et al., 2012] and the Eastern Tropical
North Pacific (ETNP) [Tiano et al., 2014] suggest that [O2] was likely lower than 10 nmol kg�1 (the detection
limit of the STOX instrument) in the waters containing NO2

�.

At 100m, near the top of the ODZ, N* (defined as [NO3
�+NO2

�]� 16× [PO4
3�] + 2.9μM; modified from

Deutsch et al. [2001]) reached a minimum value of �28μM, characteristic for regions where N2 is produced
by denitrification and anammox (Figure 4a). The upper part of the ODZ also marks a transition between
low salinity sub-Antarctic water (SAAW) and higher salinity equatorial subsurface water (ESSW) below the
N* minimum (Figure 4b) [Llanillo et al., 2013].

[NO3
�] increased from 3μM at the surface to 25μM at 70m (coincident with the salinity minimum) and then

decreased sharply to 12μM at 100m (Figure 5a). The decrease in [NO3
�] between 70m and 100m coincided

with the bottom of the oxycline and the minimum in N* (Figure 4a). An increase in [NO2
�] was also observed

in this depth range, as [NO2
�] rose from < 1μM at 75m to 3μM at 100m (Figure 5b). These observations
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indicate consumption of NO3
� with

production of NO2
� and N2 near the

top of the ODZ. Between 100–
150m, [NO3

�] remained constant
while [NO2

�] continued to increase,
reaching a maximum of ~8μM at
150m. Below 150m, [NO3

�]
increased gradually to 300m, before
experiencing a sharper increase
below 300m (Figure 5a). [NO2

�]
remained high (~6 to 7μM) down to
300m and then decreased sharply
below 300m, falling below 1μM by
370m (Figure 5b). The sharp decline
in [NO2

�] between 300m and 400m
occurred where [O2] began to rise at

Figure 4. Vertical profiles of (a) N* (calculated as [NO3
� +NO2

�]�
16×[PO4

3�] + 2.9) (solid line) and dissolved oxygen (dashed line), and (b) tem-
perature (solid line) and salinity (dashed line) at site #1 (20.53°S and 70.71°W).
These temperature and salinity profiles were used to generate an estimate of
vertical diffusion and advection.

Figure 5. Concentrations of (a) NO3
� and (b) NO2

�, and the δ15N values of (c) NO3
� and (d) NO2

� at pump cast site #1.
Concentration and isotope measurements are indicated by closed circles, while [O2] is indicated by a dashed line.
Standard deviations are included for δ15NNO3 (n = 2) but not for δ15NNO2 (n = 1). Note that in most cases the error bars are
smaller than the data points.
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the base of the ODZ (the presence of NO2
� is likely the best indicator of functional anoxia in this study

[Thamdrup et al., 2012]).

δ15NNO3 increased sharply from 15‰ at 75m to 28‰ at 100m (Figure 5c), coincident with the decrease in
[NO3

�] in that depth range. Below 100m, δ15NNO3 increased to 31‰ at 150m and then gradually decreased
in two sections, reaching 22‰ at 300m and 9‰ at 390m. δ15NNO2 measurements were restricted to the
depths between 82m and 369m, where [NO2

�] was high enough for δ15NNO2 analysis. δ
15NNO2 showed char-

acteristically low values throughout the SNM, decreasing (i.e., became increasingly negative) from �7‰ at
90m down to �38‰ at 369m (Figure 5d). Between 100m and 150m, where [NO3

�] remained constant
and [NO2

�] began to accumulate below the N* minimum, δ15NNO3 continued to increase while δ15NNO2

decreased. Below 150m, δ15NNO3 and δ15NNO2 decreased in parallel.

Concentration and isotope profiles of NO2
� and NO3

� from site #2 (Figure S1) were similar to those at site
#1 (Figure 5), suggesting that the observed trends in isotopes and concentrations may be regionally repre-
sentative of the ETSP coastal ODZ.

Figure 6. Net production rates of 14NO3
� and 14NO2

� at site #1 varying (a and b) diffusion coefficient (Dz) values and
(c and d) advection coefficient (ω) values. The standard case, which is defined as the scenario where Dz = 4 × 10�5m2 s�1

and ω =�2 × 10�7m s�1, is shown with a solid line in each panel. In Figures 6a and 6b the value of Dz was increased to
4 × 10�4m2 s�1 (dashed line) and decreased to 4 × 10�6m2 s�1 (dotted line) while ω was held at�2 × 10�7m s�1. In
Figures 6c and 6d the value ofωwas increased to�2 × 10�6m s�1 (dashed line) and decreased to�2 × 10�8m s�1 (dotted
line) whileDzwas held atDz = 4 × 10�5m2 s�1. Zero net production is indicated by the thin gray line. Note that the scales of
the x axis are different for each panel.
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3.2. Rates of Net Nitrate, Nitrite,
and Oxygen Production

Net consumption of NO3
� (i.e., where

R14NO3(z) and R15NO3(z)< 0) was found
between 82m and ~150m, with a
maximum in consumption rate at
100m (Figures 6a and 6c).
Consumption of NO3

� in this depth
range is consistent with the sharp
decrease in [NO3

�] (Figure 5a),
increase in [NO2

�] (Figure 5b), and
the minimum in N* (Figure 4a). Slight
production of NO3

� (R14NO3(z) and
R15NO3(z)> 0) was found between
150m and 200m when the highest
diffusion rate (Dz=4×10

�4m2 s�1,
dashed line in Figure 6a) was used,
while negligible net production was
apparent with the two lower diffusion

rates (Dz=4×10
�6m2 s�1, dotted line and 4×10�5m2 s�1, solid line). Net consumption of NO3

�was predicted
again, albeit at lower rates, between 250m and 325m where the slope of [NO3

�] versus depth changed
(Figure 5a).

Net NO2
� production was found between 82m and ~200m, with a maximum at 150m (Figures 6b and 6d),

just below the maximum in NO3
� consumption. This is also consistent with the strong gradient in [NO2

�]
observed in this depth range (Figure 5b) and the minimum in N* above it. Negligible production of
14NO2

� and 15NO2
� occurred between 200m and 225m (R14NO2(z) and R15NO2(z) ~ 0), although net produc-

tion of NO2
� was found again between 225m and 350m, with a local maximum present at 300m where a

change in slope of [NO2
�] versus depth occurred (Figure 5b).

The net rates of 14NO3
� and 14NO2

� production at each depth were sensitive to Dz values between 4 × 10�4

and 4× 10�6m2 s�1 (Figures 6a and 6b), and less sensitive to ω variations of the same order of magnitude
(Figures 6c and 6d). Variations in ω and Dz affected the magnitude of the net rates but not the sign (produc-
tion versus consumption). The net rates were not sensitive to the small uncertainties in measured concentra-
tions or isotope ratios (Figure S3). Net production of 15NO3

� and 15NO2
� showed similar patterns as the 14N

species but with different magnitudes related to the correspondingly lower concentrations of 15N species
and the isotopic fractionation factors (Figure S2).

Net consumption of O2 occurred between 25 and 200m, extending within the ODZ, with a maximum rate of
�60 nMO2d

�1 at 80m depth (Figure 7). Slight production of O2 was suggested by the model between 225
and 350m (less than 5 nMO2 d

�1), although this is likely an artifact, and slight consumption of O2 was
inferred between 350 and 400m (up to �5 nMO2 d

�1), where O2 concentrations began to increase below
the ODZ. Instrument error of the oxygen sensor was up to 2% of O2 saturation, which would result in error
of only ± 1.7 nMO2d

�1 for the net rates of O2 production. Uncertainty associated with Dz and ω values leads
to uncertainty in the magnitude of the fluxes, but not the distribution with depth, as discussed for N trans-
formations. So long as O2 supply and N fluxes are estimated using the same Dz and ω values, the fluxes
are directly comparable.

3.3. Modeled Rates of Individual Nitrogen Cycle Processes

Sensitivity of individual N process rates toω andDzwas also tested (Figure S4). Like the net rates, the individual
process rates from theODZbiogeochemistrymodel weremore sensitive toDz thanω. Modeled rates varied by
less than ~30% for variations inω over 2 orders ofmagnitude. In contrast, modeled rateswere negligiblewhen
Dz= 4× 10�6m2 s�1 and reached unrealistically high values whenDz=4× 10�4m2 s�1 (up to 560 nMd�1 and
304 nMd�1 for NO3

� reduction and NO2
� oxidation, respectively; these are excluded from the figure).

Figure 7. Profile of net production rates of O2 from site #1 obtained with the
REC model (solid line) using the standard case values for Dz (4 × 10�5m2 s�1)
and ω (�2 × 10�7m s�1). Zero production is indicated by the dotted line.
Instrument error of the oxygen sensor was up to 2% of O2 saturation, which
would result in error of ± 1.7 nMO2 d

�1 for the net rates of O2 production.
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However, while themagnitude of modeled rates was sensitive toDz, the shape of the rate profiles was not. For
the remaining analyses theDz andω values obtained from theobserved temperature and salinity profiles in the
pump cast (4 × 10�5m2 s�1 and�2× 10�7m s�1, respectively) were used.

In addition to sensitivity to physical parameters Dz and ω, modeled N transformation rates were sensitive to
isotope effects for NO3

� reduction and NO2
� oxidation, with the rates of NO3

� reduction and NO2
� oxidation

being particularly sensitive to changes in isotope effects for these processes (Figures 8 and S5). Sensitivity to
isotope effects of other processes was negligible (Figures S6–S8). To test the sensitivity of process rates to
variations in 15εNAR (Figure 8), we ran the ODZ biogeochemistry model 100 times with a Monte Carlo type
simulation, varying 15εNAR around a standard value of 18‰ (solid black line), between 13‰ (dashed line)
and 23‰ (dotted line) while keeping all other isotope effects at standard values (Table 1). The gray lines
in Figure 8 represent results from each of the individual runs. In each case there were peaks of activity in
the upper ODZ (100–150m) and in the lower ODZ (250–325m), with little activity in the core of the ODZ
(150–250m) (Figure 8). When 15εNAR = 18‰, NO3

� reduction in the upper ODZ reached 225 nMNd�1, with
200 nMNd�1 NO2

� oxidation, 40 nMNd�1 anammox, and 15 nMNd�1 NO2
� reduction (denitrification).

When 15εNAR was decreased to 13‰, rates of NO3
� reduction and NO2

� oxidation in the upper ODZ
increased to ~400 nM and 350 nMNd�1, respectively, while anammox rates reached ~60 nMNd�1.
Increasing 15εNAR to 23‰ produced the lowest rates of NO3

� reduction and NO2
� oxidation in the upper

ODZ (~100 nMNd�1), as well as the lowest rate of anammox (20 nMNd�1). This scenario did, however, yield
the highest rate of denitrification (up to 20 nMNd�1).

Figure 8. Sensitivity ofmodeled rates of (a) NO3
� reduction, (b) NO2

� oxidation, (c) total N2 production, (d) anammox, and (e)
denitrification to the isotope effect for NO3

� reduction (15εNAR), determined from aMonte Carlo simulation. Isotope effects for
the other N cycle processes are held constant at intermediate values (15εNXR =�22‰, 15εNIR = 18‰, 15εAMX = 16‰, and
15εNXRAMX=�31‰). 15εNAR is initially set to 18‰ (solid black line, the standard case scenario) and disturbed by ± 5‰. The
rates fromeach individual ensemble run (n= 100) are shown in gray. The dashed line indicates when 15εNAR is set to 13‰ (low
15εNAR scenario), and the dotted line denotes when 15εNAR is set to 23‰ (high 15εNAR scenario). (f) The sum of the residuals,
which is an estimate of the error of the fit for the nonnegative least squares solution to the biogeochemical ODZ model
equations. We report anammox and denitrification rates in terms of N2 produced (in units of nMNd�1), which requires that
FAMX bemultiplied by 2.Measured rates of NO3

� reduction, NO2
� reduction, andN2 production from incubation experiments

by A. R. Babbin et al. (submitted, 2016) are indicated by the closed circles in Figures 8a–8c.

Global Biogeochemical Cycles 10.1002/2016GB005415

PETERS ET AL. 1-D MODELING WITH NO2 AND NO3 ISOTOPES 1673



The sensitivity of the modeled rates to the isotope effect for NO2
� oxidation (15εNXR) was tested by varying

15εNXR around a standard value of �22‰ between �17‰ and �27‰ (Figure S5) while holding the isotope
effects for other processes at their standard case values (Table 1). Increasing 15εNXR to�17‰ resulted in rates
of NO3

� reduction and NO2
� oxidation that were 27% higher than the standard scenario and nearly indistin-

guishable from those achieved when 15εNAR was decreased to 13‰. Decreasing 15εNXR to �27‰ resulted in
rates that were 50% lower than the standard scenario and nearly indistinguishable from those when 15εNAR
was increased to 23‰. Given that these scenarios produced similar rates to our tests of 15εNAR, we decided to
group the 15εNXR and

15εNAR tests into three scenarios: (i) the “standard case” scenario with intermediate iso-
tope effect values for both 15εNXR (�22‰) and 15εNAR (18‰), (ii) a “low 15εNAR” scenario where 15εNAR was
decreased to 13‰ or 15εNXR was increased to �17‰, and (iii) a “high 15εNAR” scenario where 15εNAR was
increased to 23‰ or 15εNXR was decreased to �27‰.

Residuals between 82–150mwere near zero (Figure 8f), suggesting the processes included in our model capture
the primary sources and sinks of NO3

� and NO2
� in that region. Residuals were higher (5–10nMNd�1) in the

core of theODZ, where vertical gradients of NO2
� andNO3

�wereweakest. One possible explanation for the high
residuals in the ODZ core is simple overfitting; that is, the model struggles to find a solution when the net rates
are negligible. Alternatively, while our model includes many of the key N cycle processes in the ODZ, the high
residuals in the middle of the ODZ could have also resulted from excluding certain N cycle processes from the
model. Residuals could also arise if horizontal transport fluxes are more important in the middle of the ODZ,
although a high transport flux would likely require high horizontal velocities, as the concentration gradients in
the horizontal dimensions are generally much weaker than those in the vertical dimension. Nonetheless, it is
plausible that rates of N cycle processes in the ODZ core could be more accurately modeled if appropriate sam-
pling is performed in the horizontal direction (i.e., along isopycnals), as well as the vertical dimension.

3.4. Comparison of Model Results to Rate Measurements From Incubation Experiments

Rates of NO3
� reduction and NO2

� oxidation were measured during the same cruise from 15N incubations at a
CTD cast at site #1 (A. R. Babbin et al., submitted, 2016). High-resolution rates of N2 production were also deter-
mined from 15N incubation experiments conducted from the pump cast (A. R. Babbin et al., submitted , 2016).
Measured rates of NO3

� reduction were ~125nMNd�1 in the upper ODZ and decreased with depth through
the ODZ (Figure 8a). These measured rates of NO3

� reduction best fit the modeled rates of NO3
� reduction

under the high 15εNAR scenario but were exceeded by modeled rates under the standard case and low 15εNAR
scenarios (Figure 8a). Measured rates of NO2

� oxidation reached 20nMNd�1 in the upper ODZ (Figure 8b),
which was slightly lower than previous rate measurements from the ETSP ODZ (65nMNd�1) [Kalvelage et al.,
2013]. Modeled rates of NO2

� oxidation exceeded measured rates in all scenarios but were closest in the high
15εNAR scenario (75nMNd�1). Modeled NO2

� oxidation rates in the standard case and low 15εNAR scenarios
yielded even higher rates of NO2

� oxidation in the upper ODZ (Figure 8b). Rates of N2 production in 15N incu-
bation experiments measured using water samples collected from the same PPS deployment peaked at
18 nMNd�1 between 100 and 150m (Figure 8c). Modeled rates of N2 production again exceeded measured
rates in all scenarios but were closest (46 nMNd�1) in the high 15εNAR scenario (Figure 8c).

Modeled rates of anammox showedpeaks at 100mand280mand reachedvaluesof 23, 38, and62 nMNd�1 in
the upper ODZ for the high 15εNAR, standard case, and low 15εNAR scenarios, respectively. Themodeled rates of
anammox from this study were similar to the median anammox rate measured by Kalvelage et al. [2013]
(21 nMNd�1) andDeBrabandere et al. [2014] (up to~36 nMNd�1) in the coastalODZof theETSP. Rates of deni-
trification (NO2

� reduction) from theODZbiogeochemistrymodel reached 23 nMNd�1 in the upper ODZ and
7 nMNd�1 in the lower ODZ but showed negligible denitrification between 150 and 250m (Figure 8e).
Previous studies in this region have also found denitrification rates to be low (<20 nMNd�1 [De Brabandere
et al., 2014]), or evenabsent [Thamdrup et al., 2006], althoughpatches of higher denitrificationactivity havealso
been observed in this region of the ETSP (~30 nMNd�1 [Dalsgaard et al., 2012; Kalvelage et al., 2013]).

These comparisons between measured and modeled rates of NO3
� reduction and NO2

� oxidation suggest
that 15εNAR values of 18 to 23‰ and/or 15εNXR values of �22 to � 27‰ may be more appropriate for the
ETSP ODZ than the low εNAR scenario. Furthermore, since O2 is thought to be the primary electron acceptor
required for NO2

� oxidation, it might be expected that NO2
� oxidation rates would be lowest in the ODZ
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core, where O2 concentrations and supply rates are likely to be lowest. Both the measurements and model
results suggest that this is the case.

3.5. Examining the Fate of Nitrite in Oxygen Deficient Zones

One of the primary goals of this study was to assess the fate of NO2
� produced in the ODZ. Specifically, we

aimed to determine how much NO2
� was being lost, via NO2

� reduction to N2 by anammox (FAMX) and
denitrification (FNIR), versus how much NO2

� was being retained, via oxidation back to NO3
� by NO2

� oxida-
tion (FNXR) and anammox (FNXRAMX). In order to accomplish this, the depth-integrated rates of each process
(IX, where “X” indicates a specific process) were calculated across the upper ODZ (90 to 150m) and across the
lower ODZ (260 to 320m). For each zone, the percentage of reacted NO2

� that was lost by reduction was
determined using the depth-integrated rates:

INIR þ IAMX

INXR þ c�IAMX þ INIR þ IAMX
�100 (12a)

A similar calculation was also performed to determine the percentage of NO2
� that was oxidized back to

NO3
�, representing the retention of fixed N:

INXR þ c�IAMX

INXR þ c�IAMX þ INIR þ IAMX
�100 (12b)

All scenarios resulted in high percentages of NO2
� retention in the upper ODZ (72–88%; Table 2). In the lower

ODZ, the standard case scenario and high 15εNAR scenario resulted in high fractions of NO2
� retention (87%

and 88%, respectively), while only 7% of NO2
� was retained under low 15εNAR scenario.

In addition to estimating the oxidative and reductive fates of NO2
� in the ODZ, our study aimed to better

understand the fractional contributions of anammox to NO2
� removal and N2 production. Using the

depth-integrated rates in the upper ODZ and lower ODZ, the following calculations were performed to
estimate the percentage of reduced NO2

� that is consumed by anammox and the relative contribution of
anammox to N2 production, respectively:

IAMX

INIR þ IAMX
� 100 (13a)

2�IAMX

INIR þ 2�IAMX
� 100 (13b)

Note that in equation (13b) the FAMX rates are multiplied by 2 to yield an estimate of the total dissolved inor-
ganic nitrogen (NO2

�+NH4
+) converted to N2 by anammox. Here there was more of a distinction between

the standard case scenario and high 15εNAR scenario (Table 2). In the standard case scenario, anammox made

Table 2. Comparing the Fates of NO2
� in the Upper and Lower ODZ and Estimation of the Relative Importance of Anammox to NO2

� Reduction and N2
Production From Model Resultsa

Scenario % of NO2
� Oxidized b % of NO2

� Reduced c % of NO2
� Lost as Anammox d % of N2 Produced by Anammoxe

Standard Case Scenario: 15εNAR = 18‰, 15εNXR =�22‰
Upper ODZ (90 to 150m) 84% (6 to 91) 16% (9 to 94) 55% (23 to 91) 71% (37 to 95)
Lower ODZ (260 to 320m) 87% (7 to 92) 13% (8 to 93) 70% (23 to 100) 82% (37 to 100)

Low 15εNAR Scenario:
15εNAR = 13‰, 15εNXR =�22‰ or 15εNAR = 18‰, 15εNXR =�17‰

Upper ODZ (90 to 150m) 88% (5 to 92) 12% (7 to 95) 67% (18 to 100) 80% (31 to 100)
Lower ODZ (260 to 320m) 7% (6 to 15) 93% (84 to 94) 24% (22 to 60) 39% (36 to 74)

High 15εNAR Scenario:
15εNAR = 23‰, 15εNXR =�22‰ or 15εNAR = 18‰, 15εNXR =�27‰

Upper ODZ (90 to 150m) 72% (6 to 82) 28% (18 to 94) 36% (22 to 49) 53% (36 to 65)
Lower ODZ (260 to 320m) 88% (77 to 92) 12% (8 to 23) 74% (45 to 100) 84% (62 to 100)

aNote that the percentages above are calculated using the depth-integrated rates (“I”) of each process over the specified depth intervals (i.e., 90 to 150m for the
upper ODZ and 260 to 320m for the lower ODZ). The values in parentheses indicate the range of each percentage at each depth sampled within those ranges.

bCalculated as (INXR + c×IAMX)/(INXR + c×IAMX + INIR + IAMX) ×100cCalculated as (INIR + IAMX)/(INXR + c×IAMX + INIR + IAMX) ×100dCalculated as (IAMX)/(INIR + IAMX) ×100eCalculated as (2×IAMX)/(INIR + 2×IAMX) ×100
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up 55% of NO2
� reduced to N2 in the upper ODZ, and 70% in the lower ODZ, while the high 15εNAR scenario

resulted in 36% NO2
� reduction via anammox in the upper ODZ, and 74% in the lower ODZ. In the low 15εNAR

scenario, 67% and 24% of the NO2
� reduced was due to anammox in the upper and lower ODZ, respectively.

Sinceonlyoneof theNatoms intheN2producedbyanammoxisderivedfromNO2
� (withtheotherNatomcom-

ing fromNH4
+), the fraction of N2 production due to anammox is necessarily greater than the fraction of NO2

�

removal reduction due to anammox (Table 2). Under the standard case scenario, anammox was responsible
for 71% of N2 production in the upper ODZ and 82% of N2 production in the lower ODZ. Similarly, in the high
15εNAR scenarioanammoxcontributed53%and84%toN2production in theupperand lowerODZ, respectively.
The low15εNAR scenario resulted inanammoxcontributionsof 80% in theupperODZand39% in the lowerODZ.

Evaluating whether transport of O2 into the ODZ could support the inferred rates of NO2
� oxidation, the inte-

grated net rate of O2 production in the upper ODZ over the interval 90 to 150m was�2.7mmolO2m
�2 d�1.

Since 1mol of O2 can support 2mol of NO2
� oxidation to NO3

�, this value was multiplied by 2 to obtain an
estimated NO2

� oxidation rate of 5.4mmol Nm�2 d�1 that could be supported by O2 supply in the upper
ODZ. This supported rate of NO2

� oxidation exceeds the integrated NO2
� oxidation rates over the same

depth interval under the high 15εNAR scenario (2.9mmol Nm�2 d�1) and is close to the rate of NO2
� oxidation

in the standard case scenario (6.4mmol Nm�2 d�1). On the other hand, the O2 flux would not support the
inferred rate of NO2

� oxidation in the low 15εNAR scenario (8.6mmol Nm�2 d�1). For the lower ODZ, the
integrated O2 production rate was 0.1mmol O2m

�2 d�1 over the depth range 260m to 320m, resulting from
themuch smaller gradient inO2 concentration in the lowerODZ. ThisO2flux frombelowwouldnot support the
integrated ratesofNO2

�oxidation fromthemodelover the samedepth intervalunder anyof themodel scenar-
ios tested (ranging fromnegligible NO2

� oxidation rates under the low 15εNAR scenario to 1.7mmol Nm�2 d�1

in the high 15εNAR scenario).

4. Discussion
4.1. Comparison Between Measured and Modeled Rates of N Cycle Processes

The N isotope measurements represent an integrated record of N cycle processes that have occurred in a
given water parcel, and the model results represent a time-averaged estimate of process rates. Therefore,
the presence of a particular N cycle process (such as NO2

� oxidation) in our model output does not necessa-
rily imply that the process was occurring at our study site at the time of sampling or that the process was
occurring across the ETSP ODZ as a whole. If the process occurs sporadically, the natural abundance isotopes
will smooth that spatial or temporal variability to a steady average rate. In contrast, the incubation-based rate
measurements reflect the rate of a given N cycle process at the time of sampling and may show higher or
lower rates than estimated from our model. The different temporal and spatial scales of the isotope measure-
ments and rate measurements make these two approaches complementary. In particular, the opposing iso-
tope effects for NO2

� oxidation and NO2
� reduction, together with the requirement for complete NH4

+

consumption, set strong constraints on the rates of N cycling in our ODZ biogeochemistry model.

Our model predicts secondary maxima in rates of most processes at the bottom of the ODZ. This derives
directly from the NO3

� and NO2
� concentration profiles and net production estimates (Figure 6), which show

NO3
� consumption and NO2

� production in the lower ODZ. Measured NO2
� oxidation rates also reached a

secondary peak at the bottom of the ODZ, though much lower than the upper peak. Vertical transport of O2

was evaluated using the REC model but was found to be insufficient to support the modeled rates of NO2
�

oxidation in the lower ODZ. The peaks in denitrification and NO3
� reduction at the bottom of the ODZ are

also difficult to explain given the dependence of these processes on organic matter supply [Kalvelage
et al., 2013;Ward, 2013; Babbin et al., 2014]. While profiles of [NO3

�] and [PO4
3�] suggest that more reminer-

alization might have occurred in the lower ODZ than the middle ODZ (Figure S9), we suspect the denitrifica-
tion peak in the lower ODZ may also be due to horizontal transport of water from regions of more intense N
removal, such as waters closer to the continental shelf.

The similarity in NO2
� and NO3

� concentrations and isotope distributions between sites #1 and #2 suggests
that the observed trends are, to some degree, representative of the region. However, a mismatch between
previously measured rates of denitrification and the modeled rates in this study could arise from limitations
caused by the one-dimensional formulation of the model. Namely, the negligible rates in the middle of the
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ODZ could be a consequence of the model assumption that the horizontal transports are zero. Horizontal
transport of upwelled waters has been documented in this coastal upwelling region [Chavez and Messie,
2009; Pietri et al., 2013]. If the denitrification signal manifests itself as a horizontal change in concentration
or δ15N in this zone, this would be missed in the 1-D analysis.

4.2. Comparison to Other Model Studies

An early 1-D advection-diffusion-reaction model study of N cycling in ODZs suggested that NO2
� produced

in the ETSP ODZ was consumed by reduction and oxidation in roughly equal parts [Anderson et al., 1982].
Casciotti et al. [2013] tested this hypothesis by incorporating N isotope measurements from the ETSP ODZ
into a one-dimensional isopycnal model and found that this partitioning between NO2

� oxidation and
NO2

� reduction could be replicated when 15εNAR = 10‰ and 15εNXR =�32‰. In that scenario, roughly similar
fractions of fixed N retention (50% in the upper ODZ and 80% in the lower ODZ) and loss occurred within the
ODZ [Casciotti et al., 2013].

In our model, the fraction of NO2
� retention in the upper ODZ was even higher (72% to 88%) under all sce-

narios tested, including the isotope effects used by Casciotti et al. [2013], which gave results similar to our
standard case model (not shown). In this study, estimates of fixed N retention were similar to those from
Casciotti et al. [2013] in the lower ODZ when applying the standard case and high 15εNAR scenarios. In con-
trast, the patterns of NO2

� oxidation and reduction observed in low 15εNAR scenario were inconsistent with
a variety of studies measuring the distribution of these processes in instantaneous rate measurements and
yielded unrealistically high rates of NO3

� reduction. In discounting that scenario, our study suggests a best
fit to available data using 15εNXR values lower (more negative) than �17‰, consistent with Casciotti et al.
[2013] and a relatively high fraction of NO2

� reoxidized.

A recent study by Buchwald et al. [2015] constrained rates of N cycle processes in the ETNP ODZ using N and O
isotopemeasurements in a 1-D vertical reaction-diffusion-advection forwardmodel and found that approximately
equal rates of NO2

� oxidation and NO2
� reduction were needed to fit the NO3

� and NO2
� isotope data. While

that model prescribed initial concentrations and isotopic compositions of NO3
� and NO2

�, and parameterized
the rate constants for N processes, our approach did not require these assumptions but yielded similar results.
Thus, we believe this study represents an advance over previous work by reducing the number of assumptions
and parameters used to tune the model. Finally, previous studies did not attempt to separate NO2

� oxidation
and reduction due to anammox from those due to NO2

� oxidizing bacteria and denitrifying bacteria, respectively.

In doing so, the modeling exercise in this study has revealed some interesting trends. For example, our model
suggests that the recycling of NO2

� back to NO3
� is largely due to NO2

� oxidation (FNXR) rather than ana-
mmox (FNXRAMX), as the rates of NO2

� oxidation are generally much greater than those of anammox.
Specifically, FNXRAMX was only responsible for ~6% of the total NO2

� oxidized in the upper ODZ, while NXR
made up 94% of the total NO2

� oxidized. Thus, anammox seems to be responsible for only a small percen-
tage of the total NO2

� oxidized in the ODZ. This may be surprising since [O2] is very low in the ODZ and is
thought to be necessary for NO2

� oxidation. However, results from the REC model suggest that the inte-
grated O2 consumption rates in the upper ODZ could support the NO2

� oxidation rates under the high
15εNAR scenario and nearly support those in the standard case scenario, but not the low 15εNAR scenario.
We argue above that the low 15εNAR scenario is unlikely to be correct and further note that alternate electron
acceptors would be required to oxidize NO2

� in the absence of a sufficient O2 flux in this scenario. The close
match in distribution and absolute rates of NO3

� reduction and NO2
� oxidation suggests that these pro-

cesses are tightly coupled and lend some support to the hypothesis of Kemeny et al. [2016] that NO2
� oxidiz-

ing bacteria might catalyze the interconversion of NO3
� and NO2

� under conditions unfavorable for their
growth. We cannot determine the exact mechanism for NO2

� oxidation in the ODZ from the model results
in this study, but we do believe this warrants further examination.

4.3. Anammox Versus Denitrification, Revisited

Given the average stoichiometry of marine organic matter, theoretical predictions and field data suggest that
anammox should be responsible for ~28% of the total N2 produced during fixed N loss [Strous et al., 1998;
Koeve and Kähler, 2010; Dalsgaard et al., 2012; Ward, 2013; Babbin et al., 2014]. This assumes that respiration
of organic matter is tied stoichiometrically to heterotrophic NO3

� and NO2
� reduction with no accumulation
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of NH4
+ or NO2

�. Because NO3
� reduction produces NO2

� and NH4
+ in a higher proportion than that

required by anammox, NO2
� removal by denitrification is assumed to consume the NO2

� not utilized by ana-
mmox. If an alternative NO2

� removal pathway decouples heterotrophic NO3
� reduction and NO2

� reduc-
tion, the contribution of anammox to N2 production could be higher than 28%. In other words,
denitrification would not be required to consume NO2

�, and NH4
+ could continue to be supplied by NO3

�

reduction without accumulating excessive amounts of NO2
�.

In our model results, the highest contributions of NO2
� reduction by anammox generally occurred in scenar-

ios with the highest % NO2
� oxidized. For example, the model scenarios that came closest to the expected

28% anammox contribution to N2 production were the high 15εNAR scenario in the upper ODZ (53%) and
the low 15εNAR scenario in the lower ODZ (39%), which also had the lowest amount of NO2

� oxidation. The
standard case scenario had 71% and 82% of N2 production fueled by anammox in the upper and lower ODZ
(Table 2), and correspondingly higher amounts of NO2

� oxidation (84% and 87% in the upper and lower
ODZ). These high anammox % are also reflective of the instantaneously measured rates from the cruise
(A. R. Babbin et al., submitted, 2016).

Although the fraction of N2 produced by anammox was generally higher than that from denitrification, the
contribution from denitrification was higher in the upper ODZ than the lower ODZ. This trend may be
explained by the vertical changes in the supply of organic matter in the water column. Near the top of the
ODZ, the organic supply is likely to be the highest, thus fueling processes such as heterotrophic NO3

� and
NO2

� reduction (“denitrification”). The organic matter supply steadily decays with depth as it is consumed
[Martin et al., 1987; Van Mooy et al., 2002; Babbin et al., 2014], and thus heterotrophic processes should be less
prominent deeper in the ODZ. Anammox, on the other hand, is an autotrophic process and could play a
greater role in N loss toward the bottom of the ODZ. In this case, nonheterotrophic processes would need
to supply NH4

+ for anammox. This is consistent with the findings of A. R. Babbin et al. (submitted, 2016) that
suggest that the observed rates of heterotrophic NO3

� and NO2
� reduction cannot support the observed

rates of anammox below 200m. Some have proposed that zooplankton excretion, not included in our model,
may be an important source of NH4

+ toward the bottom of the ODZ [Bianchi et al., 2014].

One approach for further delineating processes in the ODZ is through the use of O isotopes in NO3
� and

NO2
�. Even without applying the O isotope measurements, the number of tracers was sufficient to constrain

the desired fluxes in the inverse model used here. However, use of O isotopes may allow inclusion of addi-
tional processes or removal of uncertainties related to N isotope effects. Future studies that aim to identify
O isotope effects for anammox could strengthen the use of δ18O measurements in similar analyses, thus pro-
viding tighter constraints on modeled N cycle fluxes and/or allow for additional fluxes to be modeled.

5. Conclusions

We found that high-resolution vertical sampling of natural abundance isotopes was helpful for constraining
the rates of N cycle processes where vertical gradients were steep, and the highest rates of processes are
likely to occur, although high-resolution vertical sampling did not necessarily improve our understanding
of N cycle process in the middle of the ODZ, where the vertical gradients were weaker.

The modeled rates, as well as the fractions of fixed N retained versus fixed N lost, were sensitive to assump-
tions about the vertical diffusivity and isotope effects for individual processes, highlighting the need for tigh-
ter constraints on these parameters. Of the three scenarios in our modeling exercise, the high 15εNAR scenario
seemed to agree best with previously measured rates from the ETSP, suggesting that 15εNAR values 18‰ to
23‰ and/or 15εNXR values of �27‰ to �22‰ are most appropriate for our study site.

Modeled rates of N cycle processes suggested that NO2
� oxidation is tightly coupled to NO3

� reduction in
the upper and lower ODZ. This allows reduced NO3

� to be retained in the system, rather than being reduced
to N2. Moreover, while the model results yielded a large range in the relative contributions of anammox and
denitrification to NO2

� loss and N2 production, it seems that both processes are likely to be important over
the time scales at which NO3

� and NO2
� isotope measurements are integrated. Moreover, NO2

� oxidation
played an important role in allowing anammox and denitrification to become decoupled from the expected
proportions driven by organic matter stoichiometry and could explain a higher proportion of N2 production
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from anammox versus denitrification. Considering that most global ocean models incorporating N cycle pro-
cesses do not include a NO2

� reoxidation pathway, our model results indicate that global marine N budgets
might need to be revisited.
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