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Abstract
Nitrification, the microbial conversion of ammonium to nitrite then to nitrate, occurs throughout the oce-

anic water column, yet the environmental factors influencing the production of nitrate in the euphotic zone
(EZ) remain unclear. In this study, the natural abundances of N and O isotopes (δ15N and δ18O, respectively) in
nitrate were used in an existing model framework to quantify nitrate contributed by EZ nitrification in the Cali-
fornia Current Ecosystem (CCE) during two anomalously warm years. Model data estimated that between 6%
and 36% of the EZ nitrate reservoirs were derived from the combined steps of nitrification within the EZ. The
CCE data set found nitrification contributions to EZ nitrate to be positively correlated with nitrite concentra-
tions ( NO−

2

� �
) at the depth of the primary nitrite maximum (PNM). Building on this correlation, EZ nitrification

in the southern California Current was estimated to contribute on average 20%�6% to EZ nitrate as inferred
using the PNM NO−

2

� �
of the long-term California Cooperative Oceanic Fisheries Investigation (CalCOFI) survey

record. A multiple linear regression analysis of the CalCOFI PNM NO−
2 time series identified two conditions that

led to positive deviations in NO−
2

� �
. Enhanced PNM NO−

2

� �
, and potentially enhanced EZ nitrification, may be

linked to (1) reduced phytoplankton competition for ammonium (NH+
4 ) and NO−

2 as interpreted from particu-
late organic carbon:chlorophyll ratios, and/or (2) to increased supply of NH+

4 (and then NH+
4 oxidation to NO−

2 )
from the degradation of organic nitrogen as interpreted from particulate organic nitrogen concentrations.

Throughout the Earth’s biosphere microorganisms convert
ammonium, the product of organic matter catabolism, into
nitrite and then nitrate (Ward 2008). This process, referred to
as nitrification, directly links the inputs and outputs of the
global nitrogen cycle by providing the substrate necessary for
the removal of N from the biosphere through anaerobic pro-
cesses. During both nitrification and denitrification (conver-
sion of nitrate to N2), nitrous oxide (N2O), a greenhouse gas
300 times more potent than CO2 (Willis et al. 2007), is pro-
duced (Nevison et al. 2004). As such, environmental processes
that control nitrification—especially near the ocean-

atmosphere interface—are of particular interest if we are to
understand the role of the marine N cycle in Earth’s radiation
budget.

In strong upwelling regions, nitrate enters the euphotic
zone (EZ) primarily as a “new” nutrient (e.g., Chavez et al.
1989; Messié et al. 2009) and this flux is expected to be bal-
anced by export production. The upwelling nitrate was pro-
duced by nitrification in the dark ocean and therefore
represents an external source of nitrogen to the EZ (Dugdale
and Goering 1967; Eppley and Peterson 1979; Messié and
Chavez 2015); however, numerous observations indicate that
nitrification in the EZ can also introduce nitrate to the surface
ocean (Ward 1987; Ward et al. 1989; Dore and Karl 1996).
Therefore, methods that rely on EZ nitrate concentrations to
estimate new production (e.g., Harrison et al. 1987), and by
extension the magnitude of export production, will produce
erroneous results if in situ nitrification influences the nitrate
reservoir in the EZ (Yool et al. 2007). Global models estimate
that an average of 17% and perhaps > 30% of the surface
nitrate reservoir can be derived from in situ nitrification (Yool
et al. 2007; Zakem et al. 2018), though the higher estimates
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have been called into question as they rely on a handful of
local studies that are unlikely to be representative of global
mean nitrification rates (Peng et al. 2018). However, it is possi-
ble that these higher end estimates are more common under
certain environmental conditions.

Aerobic nitrification in the open ocean typically proceeds
as a two-step process. Ammonia-oxidizing Thaumarchaeota
(referred to here as ammonia-oxidizing Archaea [AOA]) and to a
lesser extent, ammonia-oxidizing bacteria (Ward and Carlucci
1985; Könneke et al. 2005; Schleper et al. 2005; Francis et al.
2007; Mincer et al. 2007; Santoro et al. 2010, 2018) oxidize
ammonia to nitrite. Nitrite can be further oxidized to nitrate by
nitrite oxidizing bacteria (NOB, e.g., Watson and Waterbury
1971; Ward and Carlucci 1985; Lücker et al. 2013). Recent stud-
ies have also isolated bacteria within the common marine
genus Nitrospira that are capable of oxidizing both ammonia
and nitrite to ultimately produce nitrate, but these organisms
have not yet been detected in oligotrophic marine environ-
ments (Daims et al. 2015, 2016; Xia et al. 2018).

Ammonia and nitrite oxidation rates tend to peak (up to
60–100 nmol N L−1 d−1) just below the 1% photosynthetically
available radiation (PAR) and/or at primary nitrite maximum
(PNM) depths (Ward et al. 1989; Ward 2005, 2008; Beman
et al. 2008, 2012, 2013; Santoro et al. 2010), though concur-
rent rate estimates of ammonia and nitrite oxidation demon-
strate that these two steps may at times be decoupled (Ward
1987; Beman et al. 2013). The apparent restriction of ammo-
nia and nitrite oxidation rates and the genes associated with
these conversions to low light/PNM depths has been attrib-
uted in some cases to competition with phytoplankton for
ammonium and nitrite (Smith et al. 2014b; Zakem et al.
2018), though previous studies have also invoked the light
inhibition of nitrite oxidizers (Lomas and Lipschultz 2006).

In addition to genetic- and rate-based measurements, the
importance of nitrification can be determined by measuring
the N and O isotope signature of nitrate (δ15N and δ18O, respec-
tively). The approach is based on empirical observations of pro-
cesses that influence the isotopes of nitrate in surface waters.
For example, during both steps of nitrification, oxygen atoms
are incorporated from water into the nitrate reservoir, which
results in a departure from the characteristic 1:1 slope between
δ15N and δ18O of nitrate associated with nitrate uptake
(Wankel et al. 2007; Granger and Wankel 2016). The contribu-
tion of the combined steps of nitrification to nitrate can thus
be detected and quantified based on this isotopic departure.
Such a method is attractive because it provides a temporally
integrated estimate of nitrification not offered by rate measure-
ments made in bottle incubations. However, quantifying nitrifi-
cation from stable isotope measurements requires a model. The
extent of EZ nitrification in the central California Current Eco-
system (CCE) estimated using such an isotope modeling
approach (Wankel et al. 2007) was in agreement with studies
that quantified nitrification rates in the same region (e.g., Ward
et al. 1989; Ward 2005; Santoro et al. 2010; Smith et al. 2016).

The current study expands upon the nitrate isotope-based
model of nitrification presented in Wankel et al. (2007) to better
constrain the importance of EZ nitrification in the CCE. Results
suggest that EZ nitrification contributed between 6% and 36%
of EZ nitrate. No predictable relationship was observed with
ammonium concentrations, but the fraction of nitrate derived
from nitrification was positively correlated with nitrite concen-
trations at the PNM. This offered an opportunity to approximate
past variations in nitrification using long-term nitrite records
from the CalCOFI time series. Anomalous nitrite concentra-
tions, and thus derived nitrification rates, were further exam-
ined in the context of variations in particulate organic nitrogen
(PON) concentrations and phytoplankton abundance.

Materials and methods
Study location

The present study was located in the eastern North Pacific
Ocean within the southern portion of the California Current
System (CCS). Sample locations extended from within 20 km
of Point Conception, a site of persistent upwelling, to as far as
350 km from shore (Fig. 1). Samples for this study were col-
lected during CCE process cruises P1408 and P1604, which
took place during 08 August 2014–09 September 2014 and
22 April 2016–10 May 2016, respectively. Samples were col-
lected daily from noontime casts via Niskin bottles during
coordinated experimental activities termed “Cycles.” The term
Cycle is used here in place of station to represent repeated,
daily sampling of the same water mass rather than the sam-
pling of a fixed location relative to the seafloor. Each Cycle

Fig. 1. Map of individual Cycles (C1, C2, etc.) for P1408 (circles) and
P1604 (squares) cruises. Background blue-green colors coarsely delineate
regions by Chl a concentrations based on the long-term interpolated Cal-
COFI mean Chl a over 2008–2015 at the Chl a maximum depth. Cycle
colors are conserved throughout the document. The diagonal line sepa-
rates “Inshore” Cycles from “Midshore” and “Offshore” Cycles.
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lasted between 2 and 4 d, and a drifter array with a subsurface
drogue centered around 15 m enabled the ship to nominally
follow the same surface-water mass throughout the Cycle.
Depth profiles extended from the surface to the 0.01% light
level, typically < 150–200 m, and at least one sample was col-
lected from > 200 m for each Cycle.

Nutrient and chlorophyll a concentrations
Samples for dissolved inorganic nutrient concentration

measurements (expressed without brackets as NO−
3 , NO2, and

NH+
4 , to enhance readability) and chlorophyll a (Chl a)

were collected on upcasts from conductivity temperature
depth (CTD) Niskin bottles triggered at 10 discrete depths.
These depths purposely spanned different light levels and
Chl a distributions as estimated from CTD fluorometer pro-
files. Samples collected for nutrients were filtered through
GF/F filters (47mm, Whatman), frozen, and analyzed by
flow injection analysis at UC Santa Barbara (https://msi.
ucsb.edu/services/analytical-lab). The precision associated
with nutrient concentration analysis was �5% and detec-
tion limits were 0.1 μmol L−1 for NO−

2 and NH+
4 and

0.2 μmol L−1 for NO−
3 . Chl a was determined from GF/F filters

(25mm, Whatman) extracted with 90% acetone, and mea-
sured onboard using a Turner Designs 10 AU Fluorometer after
storage for 24h at −18�C (Goericke 2002).

δ15N and δ18O of nitrate
Nitrate δ15NNO3 and δ18ONO3 were measured on 0.7 μm-

filtered (precombusted GF/F, 47 mm, Whatman) seawater col-
lected directly from Niskin bottles and stored in 60 mL high-
density polyethylene (HDPE) bottles at −80�C until analysis.
Samples were analyzed on an IsoPrime 100 isotope ratio mass
spectrometer with custom purge and trap preparation system
following conversion to N2O using the denitrifier method
(Sigman et al. 2001; Casciotti et al. 2002), with nitrite removed
by sulfamic acid addition (Granger et al. 2006). Values were
corrected for size linearity and drift by regular analysis of inter-
national standards (USGS 32, USGS 34, and USGS 35), which
were also used to normalize values to N2 (for δ15N) and to
vienna standard mean ocean water (VSMOW) (for δ18O). Typi-
cal error for δ15NNO3 and δ18ONO3 on duplicate measurements
of the same nitrate sample was 0.2‰, which was similar to the
0.3‰ precision of internal quality control nitrate standards.

Nitrate isotope-based nitrification model
The dual isotopes of nitrate, δ15NNO3 and δ18ONO3, can be

used to examine nitrogen transformations (Sigman et al. 2010;
Casciotti 2016). In particular, by comparing to an established
source signature, the concurrent variability of these isotopic
signatures can be used to identify upper ocean N transforma-
tion processes such as nitrification. This deviation of the indi-
vidual isotope’s signature from the respective source nitrate
isotope signature can be expressed as Δ(15,18), as presented in
Sigman et al. (2005), and is calculated as:

Δ 15,18ð Þ= δ15NNO3_measured−δ15NNO3_source
� �

−
15εp
18εp

� �
* δ18ONO3_measured−δ18ONO3_source
� � ð1Þ

where δ15NNO3 and δ18ONO3 are the stable isotope composi-
tions of N and O in nitrate, respectively; source δ15NNO3 and
δ18ONO3 values are assigned to the remnant mixed layer
(RML) reference depth for each profile (as described in the
“Results” section); 15εp and 18εp are the fractionation factors
associated with NO−

3 assimilation by phytoplankton, where an
15εp:

18εp of 1.0 is used in the present study (see below).
Incubation studies with phytoplankton have found

15εp:
18εp to be very close to 1.0 (Granger et al. 2004, 2010).

Phytoplankton exhibiting this behavior included Thalassiosira
sp., Emiliania huxleyi, Pseudo-nitzschia hemii, Phaeodactylum
tricornutum, and two Synechococcus species. If 15εp:

18εp ~ 1.0,
then according to Eq. 1 partial nitrate assimilation would pro-
duce δ15NNO3 and δ18ONO3 values that fall along a 1:1 line in a
plot of δ15NNO3 vs. δ18ONO3, and Δ(15,18) would be ~ 0.0
(Sigman et al. 2005). Any deviation of Δ(15,18) from 0.0
would indicate either an unexpected assimilation 15εp:

18εp or
other N cycle processes occurring in the EZ.

Based on the assumption that negative Δ(15,18) values reflect
EZ nitrification (Wankel et al. 2007; Fawcett et al. 2015; Rafter
and Sigman 2016; Peng et al. 2018), Δ(15,18) calculated from
Eq. 1, can then be used to estimate the proportional contribution
of EZ nitrification to phytoplankton nitrate uptake according to
the following equation developed in Wankel et al. (2007):

Δ 15,18ð Þ= f n* εp− f a* f w* εntr−εað Þ� �
−

δ18Osource−δ18Osource* f w + εp* f n
� �

+ δ18Ontr* f n* f w
� �

1− f w + f n* f w
� �

 !

+ δ18Osource,

ð2Þ

where fn is the fraction of NO−
3 remaining relative to the

source NO−
3 , εp is the fractionation factor for phytoplankton

uptake of nitrate (determined for these samples as detailed in
the following section), fa is the fraction of ammonia assimi-
lated by phytoplankton, fw is the fraction of assimilated
nitrate contributed by EZ nitrification, εntr is the net isotope
effect of ammonia and nitrite oxidation, εa is the isotope effect
of ammonia assimilation, and δ18Ontr is the δ18O of NO−

3

resulting from nitrification.
Cycle-specific fractionation factors for nitrate uptake (εp)

were identified by carrying out a Rayleigh model fitting
exercise (Supporting Information Fig. S1; e.g., Sigman et al.
2010). In this case, the εp was varied and source δ15NNO3

and NO−
3 were kept constant to identify the εp that resulted in

the lowest mean absolute difference between predicted and
observed δ15NNO3 values for each Cycle (see Supporting Infor-
mation Text S1 for further details). Source δ15NNO3 and NO−

3

were estimated to be associated with winter mixed layer
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depths as will be described in further detail in the “Results”
section below.

Suspended particulate organic matter collection and
analysis

Seawater for suspended particulate organic matter (POM) iso-
lation was collected from Niskin bottles into acid-washed
Nalgene bottles. Between 1 and 2 L of seawater was immediately
filtered under low vacuum (< 50 mm Hg) onto precombusted
GF/F filters (25 mm, Whatman; nominal pore size of 0.7 μm).
The volume filtered depended on Chl a and the sampling loca-
tion. At the end of the filtration, each filter was wrapped in
precombusted foil, placed inside sealed Whirlpak bags, and
stored at −80�C until further processing. Inorganic carbon was
removed by acidifying the filters with HCl vapor, followed by
oven drying, overnight. One-half of the filter was used for PON
and particulate organic carbon (POC) analysis on a Costech Ele-
mental Analyzer (Costech Analytical Technologies, Valencia, CA,
U.S.A.) according to standard protocols (see http://cce.lternet.
edu/data/methods-manual).

Estimates of nitrate-based production
Nitrate “assimilation” rates for CCE cruises P1408 and

P1604 were estimated from depth profiles of NO−
3 as previ-

ously developed for the CalCOFI grid (similar in form to that
presented in Stephens et al. 2018). The NO−

3 supplied to the
EZ (source nitrate) was represented by RML NO−

3 (the N and O
isotope signatures of this “source” reservoir were also used in
Eqs. 1, 2). Mean EZ nitrate was then subtracted from this source
concentration to determine the amount of nitrate utilized at
each location, based on the premise that any nitrate less than
the source represents a removal due to assimilation. In order to
then convert the stock of nitrate removed into a rate, we
assumed that nitrate was assimilated by EZ organisms at the
same rate as it was supplied by vertical advection from the RML
(e.g., steady state). This assumption was evaluated in Stephens
et al. (2018) and shown to be appropriate for this system.
Nitrate supply was based on model-derived vertical advection
rates (w) as obtained from the California State Estimate (located
at http://sose.ucsd.edu/CASE/). Advection rates were averaged
over �10 m surrounding the source depth, and�10 d
and�20km within sampling time and location, respectively.

Multiple linear regression analysis
A forward stepwise multiple linear regression analysis

(MLRA) was performed on the long-term California Coopera-
tive Oceanic Fisheries Investigations (CalCOFI) data set from
stations nearest the CCE Cycles. These CalCOFI stations were
classified as “Inshore” (lines 076.0 and 080.0, and Sta. 055.0
and 060.0) and “Midshore” (lines 076.0 and 080.0, and
Sta. 070.0 and 080.0), similar to the regions classified in Fig. 1.
A table of variables tested in the stepwise regression analysis is
presented in Supporting Information Table S1, and Text S2
includes further details about the MLRA analysis.

Estimating f-ratio and nitrate uptake rates
To provide further context to the long-term CalCOFI

data set, quarterly measurements of NH+
4 , NO−

2 , and NO−
3

between 2008 and the present were used to calculate an f-ratio
after Harrison et al. (1987):

f −ratio =m
NO3

NO3 +NH4ð Þ + b, ð3Þ

where m = 0.77 � 0.10 and b = 0.06 � 0.02 as determined for
the Southern California Bight. However, an f-ratio calculated
in this way does not provide a nitrate uptake rate (i.e., a new
production rate), and a new production rate estimate is
needed to compare with fw in Eq. 2 above, which is the pro-
portion of nitrate uptake by phytoplankton that is derived
from nitrification. To facilitate such a comparison, we first
determined the satellite-based rate of net primary production
(NPP) (VGPM model adjusted for the California Current;
Kahru et al. 2009), and since the f-ratio represents the fraction
of NPP that is derived from new/nitrate-based production, we
could then calculate a rate of nitrate uptake by multiplying
satellite NPP by the f-ratio from Harrison et al. (1987).

Results
Cruise and cycle context

As is typical for CCE process cruises, each Cycle of the
P1408 and P1604 cruises followed particular water masses as
determined by surface salinity, temperature, and Chl a
(e.g., Landry et al. 2009; Goericke and Ohman 2015). Surface
water (10–50 m) was anomalously warm by 0.8–1.5�C for all
cycles during these two cruises (Zaba and Rudnick 2016).
P1408 occurred just after the onset of the anomalous warming
of surface waters in the California Current region, which may
have been mediated by the encroachment of the North Pacific
warm pool from the northwest into the CCE (Bond et al.
2015; Zaba and Rudnick 2016). P1604 caught the tail end of a
strong El Niño and, at that time, the CCE was still a system in
recovery from the warm anomaly (Jacox et al. 2016). As indi-
cated by Fig. 1, Cycles 1, 2, and 3 during P1408 and Cycles
3 and 4 during P1604 were within the shelf break and were
grouped as Inshore Cycles. Of the Inshore Cycles, P1408 Cycle
1 and P1604 Cycle 4 were the most productive as indicated by
Chl a (Fig. 2) and 14C-NPP rates (not shown).

During P1408, NO−
3 was nearly undetectable for most sur-

face depths (0–80m; Fig. 2). Surface mean (10–50m) NO−
3 was

~ 4 μmol L−1 lower than the long-term average (1990–2016)
for summer months at regional CalCOFI stations (determined
for CalCOFI stations < 75 km of Pt. Conception; Supporting
Information Fig. S3). Anomalously high NO−

2 (defined for
NO−

2 and other variables as > +1 σ over the long-term CalCOFI
mean) at the PNM was also observed for Inshore Cycles 1–3
during P1408 (Fig. 2), increasing up to about double the
CalCOFI summer average (0.50 vs. 0.25 μmol L−1;
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Supporting Information Fig. S4). P1604 Inshore Cycles
3 and 4 had higher surface NO−

3 (10–50m) relative to Inshore
Cycles sampled during P1408, but seasonal mean surface NO−

3

for P1604 was still 3–5 μmolL−1 less than the long-term mean
spring values. Observations of low surface NO−

3 during the
2014 and 2016 sampling periods were consistent with
enhanced surface stratification associated with warming
(Jacox et al. 2016; Zaba and Rudnick 2016). At Inshore
Cycles 3 and 4 of P1604, maximum NH+

4 and NO−
2 were also

nearly double that of the long-term spring mean concentra-
tion (1.0 vs. 0.5 μmol L−1 and 0.4 vs. 0.2 μmol L−1, respec-
tively; Supporting Information Fig. S4). Despite low NO−

3

and anomalously warm temperatures at the surface during
2014–2016, mean surface Chl a was not anomalously low
in any region sampled by CCE-LTER cruises (Supporting
Information Fig. S3).

Isotope signature of upwelling nitrate
EZ nitrification was estimated here from Δ(15,18) (Eq. 1;

Wankel et al. 2007). To calculate Δ(15,18), the N and O iso-
tope composition of nitrate at the surface and in source waters
must be determined. We found that the characteristics of

nitrate upwelling into the surface from the “remnant mixed
layer” were most representative of source waters based on
salinity and nitrate departures (Supporting Information Fig. S5).
The RML usually identifies winter mixed layer waters that
remain near the base of the spring and summer mixed layers
that form during restratification and is a distinct layer based
on salinity (and density) from the waters found deeper below
(Cole et al. 2010).

During CCE cruises P1408 and P1604, the density at the
base of the RML was between 25.3 � 0.1 and 25.9 � 0.1 kg m−3

(Supporting Information Table S2; see Supporting Informa-
tion Text S3 for further details on how this was determined)
and was comparable to previous RML estimates for the eastern
North Pacific (25.4 kg m−3; Cole et al. 2010). In this layer,
NO−

3 was between 8.5�2.0 μmolL−1 (P1408 Cycle 4, an Off-
shore Cycle) and 23.5�2.7 μmolL−1 (P1604 Cycle 4, an
Inshore Cycle; Table 1 and Supporting Information Fig. S5).
For most Cycles, RML NO−

3 was between 14 and 17 μmol L−1.
The higher density and NO−

3 detected at the base of the RML
during P1604 Cycle 4 (25.9 kgm−3 and 23.5 μmol L−1, respec-
tively) indicated enhanced upwelling conditions and the
potential influence of a more saline, deeper, water mass.

Fig. 2. CCE cruise P1408 (left) and P1604 (right) profiles of NO−
3 , NH+

4 , NO−
2 , and Chl a. Note the relative increase in NO−

2 for Cycle 3 P1408 and Cycle
4 P1604. The horizontal gray line inside each set of figures denotes the RML depth.
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On average, δ15NNO3 at RML source depths was 8.9 � 0.4‰
(ranging between 8.5 and 9.5‰ for NO−

3 < 25 μmolL−1;
Table 1 and Supporting Information Table S2), and was
enriched by 1.1�0.7‰ compared to waters immediately
below (densities between 25.9–26.8 kgm−3 and NO−

3 between
22 and 40 μmolL−1; n = 23; Supporting Information Text S3,
Fig. S6). A mean RML source δ15NNO3 value of ~ 8.9‰ is
slightly elevated compared with previous reports for Monterey
Bay—located slightly north of our study region (Altabet et al.
1999; Wankel et al. 2007; Santoro et al. 2010)—but follows
isoscape source δ15NNO3 estimated from compound-specific
δ15N amino acid analyses along the California margin
(Vokhshoori and McCarthy 2014).

Isotope fractionation during nitrification
As NO−

3 decreased in the surface ocean for CCE cruises
P1408 and P1604, δ15NNO3 (shown in Fig. 3) and δ18ONO3 (not
shown but as indicated by concurrent isotopic enrichments in
Supporting Information Fig. S7) increased as a result of isotope
fractionation during nitrate uptake by phytoplankton (Sigman
et al. 2010). However, δ18ONO3 is further enriched during the
incorporation of new O atoms that reflect the combined δ18O
of water (2/3rd) and O−

2 (1/3rd) (Buchwald et al. 2012; Casciotti
2016). Other processes that influence the δ18O of nitrate
include the isotope effects of nitrite oxidation and water
incorporation as well as fractionation during the exchange of
water atoms between NO−

2 and water (Buchwald and Casciotti
2010). Additionally, the δ15NNO3 regenerated via nitrification
introduces isotopically depleted N from the strongly fraction-
ating process of NH+

4 oxidation (relative to NH+
4 assimilation).

These combined processes acting on 15N and 18O during nitri-
fication lead to a slight enrichment in 18O relative to 15N

when compared to the source nitrate isotope signature. The
additional enrichment in δ18ONO3 that results from nitrifica-
tion can be visualized as a positive offset from the
δ18ONO3:δ15NNO3 = 1 slope in our data (Supporting Informa-
tion Fig. S7). As shown in Eq. 1, such a positive offset results
in negative values for Δ(15,18), which is emblematic of nitrifi-
cation. Negative Δ(15,18) values were observed in the EZ for
nearly all Cycles for the CCE cruises presented here (Fig. 3)
and Inshore Cycles had the most negative values overall,
which indicated that nitrification contributed strongly to N
cycle processes in the EZ at these locations. However, the
coarser sampling resolution in Midshore to Offshore Cycles
may have masked isotopic deviations associated with EZ nitri-
fication at those locations.

The profiles with more negative Δ(15,18) were also associ-
ated with greater predicted fw, a value reflective of the percent-
age of assimilated nitrate derived from the combined steps of
nitrification within the EZ (Fig. 3). In the model presented in
Eq. 2, the parameters (εntr, fa, etc.) were held constant and fw
values were adjusted using a solver-based approach to mini-
mize the difference between Δ(15,18) estimated from Eq. 1
and Δ(15,18) calculated from Eq. 2. As discussed in Wankel
et al. (2007), the model is sensitive to the values selected for
both δ18ONO3 resulting directly from nitrification (δ18Ontr)
and the fraction of ammonia directly assimilated by phyto-
plankton (fa). Model parameters in Eq. 2 were previously opti-
mized for the central California Current in Wankel et al.
(2007) using an iterative approach by testing the range of
known and possible values. A similar approach was adopted
here for the CCE region and the range in parameters that were
tested are listed in Supporting Information Table S3. Profiles
of fw can be found in Fig. 3 and the median fw (and 25th and

Table 1. Integrated nitrate uptake estimates were used to convert fw into EZ nitrification rates. Nitrification rates were estimated by
multiplying calculated nitrate uptake rates by the fraction of nitrate uptake derived from nitrification (fw, Fig. 4). Vertical velocities (w)
were determined based on the California State Estimate for � 10 m around the source depth for � 10 d surrounding Cycle locations.
Standard deviations for these values were calculated based on this temporal and spatial variability. Standard deviations for other terms
represent � 1σ over the 2–4 d of each cycle. If w exhibited negative values (downwelling conditions), then nitrate uptake rates were
negative, and so, nitrification rates were not estimated from the transport-based method.

Cruise Cycle
Remnant
MLD (m)

[NO−
3 ] at

remnant MLD
(μmol L−1)

[NO−
3 ]

surface avg.
(μmol L−1)

Source
δ15NO3

(‰)

w at
remnant
MLD

(m d−1)

w-NO3 uptake
rate

(mmol N m−2 d−1)

Integrated EZ
nitrification rate

(mmol N m−2 d−1)

P1408 1 60 17.6 � 1.7 4.8 � 0.9 8.5 0.18 � 0.05 2.2 � 0.2 0.47 � 0.15

2 60 14.1 � 2.2 3.8 � 2.0 9.0 0.18 � 0.18 1.9 � 0.2 0.33 � 0.05

3 60 10.0 � 1.8 3.3 � 0.7 9.5 0.39 � 0.02 2.6 � 0.6 0.93 � 0.10

4 100 8.5 � 2.0 1.8 � 0.5 9.3 0.31 � 0.13 2.1 � 0.5 0.46 � 0.10

5 115 10.1 � 1.2 1.8 � 0.6 9.4 0.29 � 0.02 2.4 � 0.2 —

P1604 1 110 12.7 � 3.1 3.6 � 0.9 8.6 −0.34 � 0.13 — —

2 120 12.9 � 3.9 2.7 � 1.1 8.6 −0.06 � 0.06 — —

3 55 12.9 � 1.5 6.7 � 1.2 8.9 0.30 � 0.11 1.8 � 0.3 0.34 � 0.12

4 50 23.5 � 2.7 9.6 � 1.8 8.7 0.58 � 0.10 8.1 � 0.7 2.07 � 0.95
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75th percentile values) from the combined range of tested
parameters (26 model iterations) is shown in Fig. 4.

Median EZ nitrification contributions to incorporated nitrate
(fw) varied from 6% to 36%, with most Cycles falling between
15% and 23% (Fig. 4 and Supporting Information Table S4). The
average of these fw values for the CCE is similar to the average fw
values (15–27%) reported for the Monterey Bay (Wankel et al.
2007). A correspondence between the values previously esti-
mated and those estimated here is not surprising given that the
range in tested parameters and observedΔ(15,18) values were rel-
atively similar between these sites, though themodel parameters
tested here were slightly more constrained by recent contribu-
tions from related studies (e.g., Casciotti 2009; Sugimoto et al.
2009; Buchwald and Casciotti 2010; Santoro and Casciotti
2011; Buchwald et al. 2012). For each Cycle, the 25th and 75th

percentile values for fw were on average 6–8% away from the
median. After accounting for the significant range among
tested model parameters, fw values for P1408 Cycle 3 and
P1604 Cycle 4 were significantly greater (and significantly less
for P1604 Cycle 2; Mann–Whitney, p < 0.01) than values for
all other Cycles.

Fig. 3. Profiles of P1408 (left) and P1604 (right) δ15NNO3, Δ(15,18), fw (or the contribution of nitrification to nitrate uptake), and % surface
PAR. Legends and the horizontal gray lines are the same as for Fig. 2. The vertical gray line in the %PAR figures represents the 0.1%
light level. Model parameters used to estimate fw in this figure represented a range of tested parameters as can be found in Supporting
Information Table S1.

Fig. 4. Model parameters were tested by comparing integrated %nitrifi-
cation, where the square symbol represents the median fw derived from
all tested parameters (n = 26 model variations). The length of the line
extends from the 25th to the 75th percentile value for each tested parame-
ter. No data are shown for P1408 Cycle 5 as there was no EZ detection of
negative Δ(15,18) for this Cycle (as shown in Fig. 3).
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AOA is widespread (Santoro et al. 2018) and the isotope
effect for AOA played an important role in the isotope model
here, where previous estimates found the AOA isotope effect
to be 22 � 5‰ (Santoro and Casciotti 2011). The fw model is
particularly sensitive to the difference (though not to the
absolute values) between isotope effects associated with the
combined steps of nitrification (15εntr) and ammonia assimila-
tion (15εa). Empirical determinations of 15εa have also indi-
cated preferential uptake of the lighter ammonium isotope,
with 15εa > +6‰ (e.g., Montoya et al. 1991). The second step
in nitrification is carried out by NOB, and cultured and field
populations have a unique inverse isotope effect between
−9 � 2‰ and −20 � 3‰ (Buchwald and Casciotti 2010). The
combined net isotope effect of nitrification (i.e., 15εntr) could
theoretically be between +2 and +22‰, but 15εntr < +14‰ did
not yield any viable model solutions. Additionally, the depen-
dence of model solutions on 15εntr > +14‰ is consistent with
field studies of Sugimoto et al. (2009) (20 � 5‰) and the opti-
mized values in the model of Wankel et al. (2007) (+19‰).
Finally, it should also be noted that possible variations in the
isotope effect of nitrate uptake (15εp) had little effect on
modeled fw. For example, use of a typical open ocean 15εp of
+5‰ (Sigman et al. 1999; Altabet 2001) instead of the ~ +3‰
estimated here (Supporting Information Text S1 and Fig. S1)
only decreased the model estimated median EZ fw by 2%, on
average.

Nitrification rates and evidence of ammonia oxidation
The estimated 6–36% median contribution of EZ nitrifica-

tion to NO−
3 (Fig. 4) provided by the dual isotope method

refers only to the proportion of assimilated NO−
3 contributed

by the combined steps of nitrification and provides no infor-
mation on the rates and magnitudes of ammonia and/or
nitrite oxidation. However, if nitrate uptake rates are known,
then the rates of the combined steps of nitrification can be
inferred by multiplying the nitrate uptake rate by the fw
parameter (Table 1). Depth-integrated assimilation rates were
estimated by multiplying the EZ NO−

3 deficit by vertical advec-
tion rates (as previously employed for the California Current
in Stephens et al. 2018). Assimilation rates estimated in this
manner ranged from 1.8 to 8.1mmolNm−2 d−1 (Table 1).
Multiplying median fw values (Supporting Information -
Table S4) by these nitrate assimilation rates resulted in inte-
grated EZ (down to RML depths) nitrification rates of
0.33�0.05 to 2.07�0.95mmolNm−2 d−1 (Table 1). During
P1604, the nitrate uptake rates could not be estimated at two
of the four Cycles because vertical transport values at these
two sites were negative (i.e., net downwelling), which implied
that no new NO−

3 was transported by vertical advection into
the surface at that time.

To provide additional context to our geochemical measure-
ments, we used 16S rRNA gene sequencing and detection of
amoA transcripts collected during P1604 to determine whether
the dominant organisms (AOA) and genes (archaeal amoA)

regulating the first and rate-limiting step of nitrification,
ammonia oxidation, were present and active throughout the
water column (Supporting Information Text S4 and Fig. S8).
In general, AOA 16S rRNA and amoA displayed an expected
increase with depth; however, amoA expression was detected
in the EZ for P1604 Cycle 4 and to a lesser extent Cycle 3.
P1604 Cycles 3 and 4 also had higher than average NH+

4 and
NO−

2 throughout the EZ (Supporting Information Fig. S4),
providing further evidence that sufficient substrates were
present for both steps of nitrification to have been occurring
throughout the EZ for these Cycles.

Discussion
Aerobic nitrification is an essential process in the oxidation

of inorganic nutrients to nitrate. Many studies along the Cali-
fornia margin have shown that nitrification is largely
restricted to regions in the water column with low light levels
(Ward et al. 1984; Ward 1985; Santoro and Casciotti 2011).
Yet, both components of nitrification, ammonia and nitrite
oxidation, have been detected in the EZ extending up to sur-
face depths (Ward 1987, 2005, 2008; Ward et al. 1989; Dore
and Karl 1996; Smith et al. 2016). The location of nitrification
is particularly relevant to evaluating the role of “new”

vs. “recycled” nitrate in supporting primary production and
examining the f-ratio (e.g., Dugdale and Goering 1967; Eppley
and Peterson 1979). Nitrification has been previously studied
in the CCE during more climatologically neutral years and has
been studied based on either the isotope approach (Wankel et al.
2007) or rate determinations from incubations and gene tran-
script abundances (Ward 1987, 2005, 2008; Ward et al. 1989;
Santoro et al. 2010, 2013; Smith et al. 2016). In this study, we
have primarily used the isotopes of nitrate to quantify EZ nitrifi-
cation during two anomalously warm years in the CCE.

Evidence for nitrification
Negative Δ(15,18) values observed in near-surface, oxygen-

ated waters have been attributed to surface ocean nitrification
(Fawcett et al. 2015; Rafter and Sigman 2016; Peng et al.
2018). These negative Δ(15,18) excursions have been previ-
ously detected in surface waters near Monterey Bay (Wankel
et al. 2007) and the Antarctic Zone (Fripiat et al. 2015; Smart
et al. 2015). However, negative Δ(15,18) values were rare in
the EZ of more open ocean sites such as the Equatorial Pacific
(Rafter and Sigman 2016), Sargasso Sea (Fawcett et al. 2015)
and the subarctic North Atlantic (Peng et al. 2018). Our iso-
tope data indicated that EZ nitrate in the CCE at this time was
being influenced by nitrate assimilation (based on an increase
in both δ18ONO3 and δ15NNO3) and nitrification (based on the
observed negative Δ(15,18); Fig. 3).

Regions of enhanced contributions of EZ nitrification to
surface nitrate (fw) corresponded with EZ NH+

4 and NO−
2

that were greater than the long-term mean (Supporting Infor-
mation Fig. S4), and a subset of the data set were associated
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with EZ detection of amoA gene transcripts (P1604 Cycles
3 and 4; Supporting Information Text S4 and Fig. S8). Gene
transcripts were used here as a proxy for the activity of the
enzyme that catalyzes ammonia oxidation to nitrite, the first
step of nitrification. Correspondence between amoA gene tran-
scripts and fw in the EZ for some Cycles indicated that, at
times, nitrite production through ammonia oxidation was
spatially coupled to nitrate production (via the combined
nitrification steps based on nitrate isotopes). For other Cycles,
the lack of correspondence suggested that ammonia and
nitrite oxidation were temporally decoupled (Ward 1987),
either because the isotope signature of nitrification observed
in the EZ was a relict feature or because nitrite produced else-
where was supplied to the EZ and subsequently oxidized
there.

Previous studies have suggested that amoA transcripts
(Church et al. 2010; Smith et al. 2014a) or amoA gene copies
(Beman et al. 2008) reflect active ammonia oxidation and can
be correlated with 15N oxidation rates (Beman et al. 2008),
whereas the geochemical signature of nitrification can
include a remnant feature associated with nitrification else-
where in the water column or water mass (e.g., Fripiat et al.
2015). For instance, an isotope model for the Southern
Ocean demonstrated that wind-driven mixing displaced the
geochemical memory of nitrification taking place just below
the EZ to shallower depths (Fripiat et al. 2015). Such a
memory effect is further consistent with the relatively long
timescale of influence recorded by the isotope signature of
nitrate (as highlighted for the subarctic North Atlantic in Peng
et al. 2018). When amoA gene transcripts and geochemical

measurements overlap (Supporting Information Fig. S8), we
may be able to more confidently attribute fw to an active,
local process.

Physical transport of isotope signature
To test whether negative Δ(15,18) values observed in the

CCE were being vertically advected upward through the EZ
following nitrification in deeper waters, we constructed a sim-
ple three-box model for cycles of P1604, where both amoA
gene copies and Δ(15,18) were available (Supporting Informa-
tion Fig. S8). The water column was divided into three light
regimes: (1) surface to 5% PAR, (2) 5% to 1% PAR and (3) 1%
PAR to the RML depth. The model assumed that lateral mixing
(e.g., salt fingering described in Todd et al. 2012 for the CCE)
was minimal (Supporting Information Fig. S5) and that nega-
tive Δ(15,18) values were either from local nitrification or
upward transport of the isotope signature of nitrification from
the deeper box into the depth of interest.

Once we established the subeuphotic fw that was advected
upward (RML fw values in Fig. 5), the local nitrification rate
within each box was estimated based on the concentration of
NO−

3 , the vertical transport rate, and the local fw for that box.
At both Cycles 3 and 4 during P1604, we found that local
nitrification (see Fig. 5, light bar) exceeded advected fw (dark
bar in Fig. 5; p<0.01, Mann–Whitney). The upward increase
in the proportion of nitrified NO−

3 utilized by phytoplankton
(i.e., fw) cannot be attributed to either preferential vertical
transport or preferential phytoplankton uptake of nitrified
NO−

3 , and so, must be supported by local nitrification.

Fig. 5. The relative contribution of (1) the nitrification signal transported from the remnant mixed layer depth (MLD) by advection (darker colored bars)
and (2) local nitrification (lighter colored bars), to fw determined for P1604 Cycles 3 and 4 from Eq. 2. Nitrification rates are presented within the boxes
to the left of each chart and were estimated based on multiplying fw values by vertical nitrate transport (from w and nitrate concentration data) into the
boxes. Because the source nitrate for the fw-based approach is at the RML depth, typically located above the 0.1% PAR level (Figs. 2, 3), any fw observed
above this would be associated with local nitrification.
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The estimated nitrification rates for surface waters (0 m) to
1% PAR boxes (2–103 nmol N L−1 d−1; Fig. 5) encompassed
the range of published values for comparable light regimes in
the central California Current (2–80 nmol N L−1 d−1; Ward
et al. 1982; Santoro et al. 2010; Smith et al. 2014a,b, 2016). At
these NO−

2 concentrations, albeit under reduced oxygen con-
tent, nitrite oxidation rates have been published that are com-
parable to those we have estimated here (Fig. 5) (Sun et al.
2017). During P1604, the boxes where greater rates of upper
EZ nitrification were estimated corresponded well to locations
where amoA gene copies were detected (P1604 Cycle 4;
Supporting Information Text S4 and Fig. S8).

Processes influencing nitrification in the southern
California Current System

In order to place our CCE data into a broader context, we
used a linear correlation analysis to identify water column
properties that covaried with the range of EZ nitrification con-
tributions (fw) we observed for our study. We examined the
suite of chemical data available through the CCE LTER pro-
gram (http://cce.lternet.edu/) and tested either depth inte-
grated values, surface mean (~ 0–50 m) values or values from
primary maxima. A significant correlation (r2 = 0.81, p < 0.01)
with fw was only observed for NO−

2 at the PNM (Fig. 6). Prior
studies have demonstrated that ammonia oxidation rates in
the California Current can be positively correlated with NH+

4

concentrations (Smith et al. 2014b), and further south in the
eastern tropical North Pacific, NO−

2 and nitrite oxidation rates
were closely coupled (Beman et al. 2013). The stronger posi-
tive correlation between median fw and PNM NO−

2 here sug-
gests that the temporal imprint of nitrification on NO−

3

isotopes is closely coupled to the availability of NO−
2 . In the

CCE, it is possible that high PNM NO−
2 concentrations supply

NO−
2 to the upper EZ during upwelling and Ekman pumping,

which in turn can drive enhanced EZ nitrification.

Long-term nitrite trends in CalCOFI
Interpreting the linear relationship in Fig. 6 as a predictive

relationship, where the concentration of NO−
2 at the PNM is

used to estimate variations in EZ nitrification, we identify the
frequency of periods of enhanced PNM NO−

2 . By extending
this relationship, we used NO−

2 measured as part of the long-
term California Cooperative Oceanic Fisheries Investigations
(CalCOFI) Program to infer relative interannual variability in
nitrification in the southern CCS. Quarterly NO−

2 profiles have
been measured from CalCOFI’s ~ 72 stations since the mid-
1980s, and we isolated the stations nearest the CCE study
region presented here. This data set showed that NO−

2 at the
PNM averaged 0.29�0.10 μmolL−1 for both Inshore and
Midshore regions but that the Midshore exhibited greater vari-
ability (up to 1.2 μmol L−1 at times; Fig. 7). During 11 and
19 cruises, in the Inshore and Midshore regions, respectively,
NO−

2 exceeded 0.41 μmol L−1 (i.e., +1σ; out of the ~ 106 cruises
presented in Fig. 7). The majority (> 60%) of events with ele-
vated NO−

2 occurred during summer cruises (noted as red dia-
monds in Fig. 7). NO−

2 events in excess of 0.64 μmol L−1 (or
+3σ) were only observed in the Midshore region and occurred
primarily surrounding strong El Niño Southern Oscillation
(ENSO) events (e.g., 1991, 1999, and 2016), though this clima-
tological pattern was not consistent for all high NO−

2 events
(e.g., 2006).

Predicting influences of EZ nitrification on new
production

Based on PNM NO−
2 values and the linear fit in Fig. 6, the

calculated long-term mean fw for both the Inshore and
Midshore CalCOFI regions was 20%�6% (Fig. 7). The mean
CalCOFI EZ nitrification contribution is similar to global
model estimates of 17% (Zakem et al. 2018) and confirms the
relevance of the global value for a productive eastern bound-
ary current system like the California Current. In the Inshore,
fw rarely exceeded 25% (11 cruises out of 107), whereas in the
Midshore, fw could surpass 30% (19 cruises out of 106). The
estimated fw represents the “extra” nitrate in the EZ derived
from local nitrification and not externally supplied to the EZ
by upwelling from below RML depths. Thus, EZ nitrification
could potentially mislead our calculations of new production.
To determine the extent to which new production estimates
could be impacted, we first calculated f-ratios (after Harrison
et al. 1987) from existing long-term data sets of inorganic N
species (i.e., NO−

3 , NO−
2 , and NH+

4 ) as measured by CalCOFI.
The calculated mean f-ratios were 0.69�0.09 and 0.56�0.15
for cruises between 2008 and 2016 in the Inshore and Midshore
region, respectively. To convert these f-ratios into nitrate uptake
rates (new production rates), we used average satellite NPP for
the Inshore and Midshore regions from the same time period

Fig. 6. Median EZ nitrified nitrate (fw) vs. NO−
2 concentrations at the

depth of the PNM concentrations. Error bars for NO−
2 represent�1σ

across the Cycle days and for fw represent the 25th and 75th quartiles
across the days and 26 model variations. The best fit line in bold was cal-
culated using a Type II linear fit and the dotted lines surrounding the best
fit line are the �95% confidence intervals.
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(67�37mmolCm−2 d−1 and 31�6mmolCm−2 d−1, respec-
tively). Average nitrate uptake rates predicted in this manner
were 47�20mmolCm−2 d−1 and 17�8mmolCm−2 d−1 for
the Inshore and Midshore regions, respectively. The long-
term mean fw (20%�6%) for each region was then used
with estimated total nitrate uptake to calculate an average
“true” new production rate: 38�16mmol Cm−2 d−1 and
14�6mmol Cm−2 d−1 for the Inshore and Midshore,
respectively.

The supply of new nutrients incorporated by surface ocean
biomass should balance the export out of the EZ for systems
to remain in steady state over long time scales (Dugdale and
Goering 1967; Eppley and Peterson 1979). However, even after
adjusting for EZ nitrification, the estimated nitrate uptake
rates and thus, new production rates (14–38 mmol C m−2 d−1),
exceeded annually averaged sinking export for the Inshore
CCE region (3–20 mmol C m−2 d−1, Altabet et al. 1999;
Pennington et al. 2010; Collins et al. 2011; Stukel et al. 2011,
2017; Haskell et al. 2016). Accounting for EZ nitrification does

bring new production and sinking export in closer agreement,
but other explanations are needed to explain the remaining
discrepancy between these two estimates. Some studies have
suggested that the surface accumulation and subsequent sub-
duction of nonsinking organic matter is an important path-
way of additional export that returns new production to the
dark ocean (Plattner et al. 2005; Stukel et al. 2018; Stephens
et al. 2018).

PNM formation in the California Current
The majority of the > 25-yr CalCOFI record of PNM NO−

2

exhibited relatively low variability and was primarily charac-
terized by seasonal dynamics (Fig. 7). As such, the positive
excursions (> 0.41 μmol L−1 NO−

2 , or +1σ) were intriguing
because the extremes might provide insight into the factors
that strongly influence NO−

2 accumulation and thus nitrifica-
tion. Factors contributing to NO−

2 accumulation in the surface
ocean have been previously reviewed (e.g., Lomas and Lip-
schultz 2006), and several hypotheses have been offered for

Fig. 7. CalCOFI time series of NO−
2 at the PNM depth (�7 m) for Inshore (a) and Midshore (c) stations located nearest (< 50 km) P1408 and P1604

CCE Cycles (Fig. 1). The relationship between fw and PNM NO−
2 in Fig. 6 was used to predict nitrification for Inshore (b) and Midshore regions (d). The

error bands represent the standard deviations for each CalCOFI cruise (n = 4–7 stations per cruise). Red diamonds denote summer cruises (June–August).
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the widespread recurrence of the PNM water column feature
(e.g., Zakem et al. 2018).

The long-term CalCOFI data set was used to examine con-
trols on NO−

2 and, by extension based on the observed CCE
correlation (Fig. 6), on fw. Using the long-term data
(2004–2016) from the CalCOFI Program, a stepwise linear
regression analysis was conducted with PNM NO−

2 as the pre-
dictor variable and was followed by an MLRA. Stepwise regres-
sion of 16 parameters (Supporting Information Table S1)
ultimately isolated four predictors (listed here in order of
importance based on Mallows’ Cp, Supporting Informa-
tion Fig. S2): mean PON (0–50m), mean POC:Chl a (0–50m),
mean O2 saturation (0–30m), and the Multivariate ENSO
Index. Of the four parameters, PON and POC:Chl a together
accounted for the majority of the linear prediction
(an adjusted R2 = 24.3% for the two parameters compared to
30.0% by including all four parameters, both models
with p<0.01).

From the two best predictors from the MLRA, NO−
2 > +1σ

was typically associated with either high PON in the Inshore
(four out of six cases for Inshore) or high POC:Chl a in the
Midshore (9 out of 12 cases for Midshore, Fig. 8). Most of the
stations with elevated PON were low in POC:Chl a (because
Chl a was high) and vice versa (15 out of the 18 combined
Inshore and Midshore stations). For CCE Cycles where NO−

2

was elevated (> 0.40 μmolL−1; Fig. 2), either high POC:Chl a
(and low PON; P1408 Cycle 3) or high PON (P1604 Cycle 4)
effectively predicted the high observed NO−

2 .
Based on these MLRA findings, we suggest that elevated

PON provides a substrate for greater ammonia production
by heterotrophic bacteria, zooplankton, or other organisms,

which marks the beginning of the cascade of nitrification reac-
tions that include the production of nitrite. In this scenario,
there is sufficient inorganic nitrogen to support both phyto-
plankton and nitrifying archaea and bacteria (i.e., ammonia
and nitrite oxidizers) within the EZ. Whereas when Chl a is
low (i.e., when POC:Chl a is high), the competition from phy-
toplankton for ammonia and nitrite is reduced and nitrifica-
tion rates can be elevated. Extending the MLRA further back
in time (1990–2016, where POM data were not available) fur-
ther supports the interpretation of reduced competition with
phytoplankton where PNM NO−

2 was inversely correlated with
integrated chlorophyll and dynamic height, among other vari-
ables (Supporting Information Table S5 and Fig. S9).

Both scenarios determined from the MLRA (increased POM
substrate and reduced competition from phytoplankton) allow
NO−

2 to accumulate as a substrate for nitrite oxidation leading
to enhanced nitrifier activity. Such a pathway is supported by
additional evidence that heterotrophic bacteria comprised a
greater proportion of the upper ocean biomass when PNM
NO−

2 exceeded the long-term mean (Supporting Informa-
tion Fig. S10). Data from the time series (2004–2016) could also
suggest an interconnection at times between Inshore and Off-
shore regions. For instance, Midshore 200607 and 201607 Cal-
COFI cruises had elevated NO−

2 but no local correlation with
predicted parameters (Fig. 8). Instead, for these two cases of
higher Midshore NO−

2 , we observed that Inshore PON was sig-
nificantly elevated over the mean (> 2.0 μmolL−1) suggesting
that excess PON could have been transported offshore contrib-
uting to NO−

2 in the Midshore (Stukel et al. 2018).
The observed relationship between PNM NO−

2 and fw
(Fig. 6) suggests that the proportion of EZ NO3 that is derived

Fig. 8. The relationship of primary nitrite maximum (PNM) NO−
2 to PON (a) and POC:Chla (b) is shown to highlight conditions leading to elevated

NO−
2

� �
for CalCOFI stations and CCE Cycles. Data from CalCOFI 2004–2016 Inshore stations (“In”; Lines 076.0 and 080.0 and Sta. 055.0 and 060.0; cir-

cles) and Midshore stations (“Mid”; Lines 076.0 and 080.0 and Sta. 070.0 and 080.0; diamonds) were included in the analysis. Overlain are mean
observed and predicted Inshore CCE cruise Cycles (large squares).
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from EZ nitrification is primarily influenced by the extent of
NO−

2 accumulation at the PNM. In our study, we find NH+
4 to

be similar to or exceed NO−
2 in most cases (Fig. 2 and

Supporting Information Fig. S4); and the calculated affinity of
ammonia oxidizers for NH+

4 (Zakem et al. 2018) as well as the
kinetics of oxidation (Martens-Habbena et al. 2009; Horak
et al. 2013) indicates that observed concentrations are suffi-
cient for ammonia oxidizers to supply nitrite. Thus, the pro-
duction of NO−

2 observed here is likely linked to NH+
4

oxidation as suggested previously for the California Current
and not controlled by assimilatory NO−

3 reduction by light-
limited phytoplankton (Santoro et al. 2013). The relationship
between NO−

2 and fw further indicates that both NO−
2 produc-

tion at the PNM and removal are taking place. It has been
shown that NOB have a relatively high NO−

2 requirement
(Zakem et al. 2018) and higher half saturation constants (Ks)
for NO−

2 oxidation (Sun et al. 2017) compared to ammonia
oxidizers (Martens-Habbena et al. 2009; Horak et al. 2013).
Together, these data help to explain accumulations of NO−

2 in
the PNM despite active nitrification and provide a mechanistic
basis for explaining the observed relationship between fw and
PNM NO−

2 .

Conclusions
The contribution of EZ-based nitrification was estimated

from two CCE cruises using concurrent measurements of the
δ15N and δ18O of nitrate. Results indicated that nitrification
contributed between 6% and 36% to the nitrate reservoir
between the surface and RML (~ 50–60 m for Cycles < 75 km
from shore), with estimated integrated nitrification rates
between 0.33 and 2.07 mmol N m−2 d−1. These EZ nitrifica-
tion rates were comparable to those previously reported for
the central California Current (e.g., Santoro et al. 2010; Smith
et al. 2016).

A simple box model used to examine the possible advec-
tion of the isotope signal associated with nitrification into the
EZ from source waters indicated that nitrification was likely
occurring up to surface depths. Geochemical data primarily
required EZ nitrification rates of 2–50 (up to 103) nmol L−1 d−1,
similar to ammonia and nitrite oxidation rates that have been
previously reported for the California Current System (Ward
et al. 1982; Santoro et al. 2010; Smith et al. 2014a,b, 2016).
The EZ detection of transcripts related to ammonia oxidation,
amoA, corresponded with the detection of geochemical-based
estimates of complete nitrification for some Cycles, suggesting
that active EZ nitrification was occurring in these water
masses. Based on our estimates of the contribution of EZ nitri-
fication (recycled nitrogen) to the EZ nitrate pool, new pro-
duction rates that utilize EZ NO−

3 (e.g., Harrison et al. 1987)
could be overestimated by approximately 20%.

Building on an observed positive correlation between geo-
chemical estimates of nitrification and NO−

2 at the PNM, the
longer term CalCOFI NO−

2 record was used to infer the

temporal evolution of mean nitrification in the southern CCS
and CCE regions. Furthermore, a correlation approach was
used to identify potential biogeochemical drivers of PNM NO−

2

in the CalCOFI region. This analysis showed that often, PNM
NO−

2 accumulation was positively correlated with PON and/or
POC:Chl a. In the first case, excess PON may serve as an
important substrate for ammonia oxidation when ammo-
nium is released during heterotrophic activity. In the sec-
ond case, reduced Chl a (i.e., elevated POC:Chl a) could
indicate reduced competition with phytoplankton for NH+

4

and/or NO−
2 . Overall, these processes led to higher nitrite

accumulation, which could drive increased nitrite oxidation/
nitrification in the EZ.

The analysis presented here based on the natural abundance
of δ15N and δ18O of nitrate has provided evidence that nitrifica-
tion within the EZ of the CCE commonly contributes to the EZ
NO−

3 reservoir. To further verify the patterns observed here,
we recommend that future studies that employ natural abun-
dance stable isotopes of nitrate also concurrently measure
gene abundance and expression, and ammonia and nitrite
oxidation rates. In addition, identifying the role of PON and
NO−

2 uptake by phytoplankton in controlling NO−
2 accumula-

tion, and by extension nitrification, should be a priority to
better parameterize the role of nitrification in models of nitro-
gen cycling in these climatically sensitive environments.

Data availability statement
Data used in this manuscript can be found on the CCE

LTER Datazoo website (http://cce.lternet.edu/data) and on the
CalCOFI website (calcofi.org).
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