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Abstract
In eastern boundary current systems, strong coastal upwelling brings deep, nutrient-rich waters to the surface

ocean, supporting a productive food web. The nitrate load in water masses that supply the region can be
impacted by a variety of climate-related processes that subsequently modulate primary productivity. In this
study, two coastal upwelling regimes along central and southern California were sampled seasonally for nitro-
gen and oxygen stable isotopes of nitrate (i.e., nitrate isotopes) over several years (2010–2016) on 14 California
Cooperative Oceanic Fisheries Investigations (CalCOFI) cruises. Seasonal, interannual, and spatial variations in
euphotic zone nitrate isotopes were largely driven by the extent of nitrate utilization, sometimes linked to iron
limitation of diatom productivity. Pronounced isotopic enrichment developed with the El Niño conditions in
late 2015 and early 2016 which likely resulted from increased nitrate utilization linked to reduced nitrate supply
to the euphotic zone. Differential enrichment of nitrogen and oxygen isotopes was observed in the surface
ocean, suggesting that phytoplankton increased their reliance on locally nitrified (recycled) nitrate during
warmer and more stratified periods. Overall, nitrate isotopes effectively differentiated important euphotic zone
processes such as nitrate assimilation and nitrification, while archiving the influence of disparate controls such
as iron limitation and climatic events through their effects on nitrate utilization and isotopic fractionation.

In the eastern North Pacific Ocean’s southern California
Current System (CCS), spring and summertime wind-driven
upwelling of nutrient-rich waters sustains high levels of
phytoplankton growth, which supports a productive ecosystem
typical of eastern boundary current systems worldwide (Chan
et al. 2008). The California Cooperative Oceanic Fisheries Inves-
tigation (CalCOFI) survey was established in the late 1940s to
examine fluctuations in commercially important planktivorous
fish populations in the CCS region, as well as the bottom-up

controls on phytoplankton productivity that ultimately support
these fisheries (McClatchie 2014). The spatial extent of the sur-
vey and the measurements made on its quarterly cruises have
evolved over the decades, but since the early 1980s, a core
group of physical, chemical, and biological measurements has
been maintained, providing a rich time series of the climatol-
ogy and biogeochemistry of the region (www.calcofi.org).

Data from the CalCOFI time series have demonstrated the
central role of nitrate (NO3

�) in maintaining the food web
(Mantyla et al. 2007; Stukel et al. 2011; Brzezinski et al. 2015).
Measurements of long-term NO3

� variability, expressed in var-
ious ways including the nitracline depth (Aksnes and
Ohman 2009) and NO3

� concentration in upwelling source
waters (Eppley and Peterson 1979; Stephens et al. 2018) have
shown that chlorophyll a (Chl a) concentrations are con-
trolled by NO3

� delivery. The flux of NO3
� into the euphotic

zone is in turn modulated by the regional climate state. This
state can vary substantially and is strongly influenced by the
El Niño Southern Oscillation (ENSO) climate mode (Kahru
et al. 2009; Bograd et al. 2015; Jacox et al. 2016).
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El Niño events (the positive ENSO phase) lead to anoma-
lously warm sea surface temperatures in the tropical Pacific
and influence the CCS via altered atmospheric circulation and
ocean advection (Frischknecht et al. 2015). Atmospheric heat
transport warms the surface layer and stratifies the upper
ocean, reducing vertical transport along the coast of central
and southern California. Meanwhile, poleward ocean heat
advection from coastally trapped waves originating in the
tropical Pacific brings anomalously warm and saline subtropi-
cal water into the CCS at depths below the surface, depressing
the pycnocline (Jacox et al. 2015). All of these mechanisms
can impact the quantity of NO3

� delivered to the euphotic
zone and thus primary production (Lilly et al. 2019).

Nitrogen isotopes of archived zooplankton and sedimen-
tary organic N have been used to provide insight into long-
term variations in the source characteristics and utilization of
NO3

� upwelling into the euphotic zone, and further show
that N supply in the CCS is sensitive to climate variability
such as ENSO (Ohman et al. 2012; Décima et al. 2013; Tems
et al. 2015). For isotope measurements, delta notation is used
to describe the isotopic composition of a sample relative to a
standard and is expressed in units of permil (‰), where
δ = [(RSample/RStandard) � 1] � 1000 and R is the ratio of the
heavy (15N or 18O) to the light (14N or 16O) isotope. N isotope
measurements are standardized to atmospheric N2 and O iso-
tope measurements are standardized to Vienna Standard Mean
Ocean Water (McIlvin and Casciotti 2011; Weigand
et al. 2016). Studies have found that nitrogen isotopes (δ15N)
of zooplankton in the CalCOFI region were significantly ele-
vated during El Niño events compared to the long-term aver-
age (Rau et al. 2003; Ohman et al. 2012; Décima et al. 2013).
Such an enrichment could result from a decrease in the supply
of NO3

�, an increase in the proportion of NO3
� utilized

(regardless of supply), a change in the isotopic composition of
the source NO3

�, and/or a shift in trophic position. Sediment
trap studies also identified an increase in the δ15N of organic
N in sinking particles during the 2015–2016 El Niño (Davis
et al. 2019). In this region, such trends have previously been
attributed to a change in the δ15N value of NO3

� fueling
organic matter production in the surface ocean (Castro
et al. 2001; Tems et al. 2015). However, such an enrichment
could also result from more complete NO3

� utilization in the
euphotic zone with no change in the δ15N value of source
NO3

� (Altabet 1988).
In order to explicitly examine the influence of ENSO on

nitrate sources and cycling in the region and to provide a
framework for interpreting N isotopes in sedimentary and
archived biological reservoirs, we conducted the first large-
scale analysis of water column nitrate isotopes collected on
CalCOFI cruises. In this study, we measured δ15N and δ18O of
NO3

� (δ15NNO3 and δ18ONO3) along two CalCOFI lines (Fig. 1):
Line 80.0 (hereafter referred to as the northern line) off the
coast of central California, where coastal upwelling is consis-
tently observed in the spring and summer and which supports

a diatom-based food web with some of the highest primary
production observed within the modern CalCOFI grid; and
Line 93.3 (hereafter referred to as the southern line) off the
coast of southern California, where upwelling is more inter-
mittent and primary productivity is sometimes limited by
lower iron concentrations (King and Barbeau 2007). By con-
sidering these two sampling lines within CalCOFI, we were
able to study two different regimes and their response to the
El Niño event of 2015–2016. The extent of NO3

� consump-
tion strongly impacted temporal and spatial variability in
NO3

� isotopes, and other parameters measured during Cal-
COFI cruises illuminated potential controls on the degree of
NO3

� utilization. Nitrate-δ15N and -δ18O together also pro-
vided unique insights into N transformation processes in the
euphotic zone whose relative importance could not be deter-
mined from measuring standing stocks of N alone.

Materials and methods
Sample collection

Samples for NO3
� isotope analysis were collected from

Lines 80.0 and 93.3 of the CalCOFI grid (Fig. 1, http://calcofi.
org). Most measurements came from Stas. 93.30 to 93.60 and
80.55 to 80.80. These inshore stations exhibit greater temporal
variability of biogeochemical parameters and experience
greater wind-driven upwelling compared to the more offshore
stations (see Supplementary Table S1 for a complete list of
locations and time periods sampled). Samples from ≤ 150 m
were analyzed from 14 CalCOFI cruises from 2010 to 2016
(Fig. 2). Samples for NO3

� isotopes were filtered through GF/F
filters (0.7-μm pore size) directly from Niskin bottles mounted
on a standard conductivity-temperature-depth rosette system
and frozen until analysis.

Nutrient concentrations and isotope analyses
Ancillary data were collected, analyzed, and made publicly

available through the CalCOFI program (http://calcofi.org/
data.html). Accuracy for NO3

� concentrations was
0.05 μmol L�1 based on measurement of standards. Instru-
ment precision was 0.01 μmol L�1 and the detection limit for
NO3

� + NO2
� was 0.02 μmol L�1. δ15NNO3 and δ18ONO3 were

analyzed using the denitrifier method (Sigman et al. 2001;
Casciotti et al. 2002; McIlvin and Casciotti 2011; Weigand
et al. 2016), in which denitrifying bacteria quantitatively con-
vert NO3

� to N2O for isotopic analysis. Samples from 2010 to
2012 were analyzed at Princeton University with N2O purifica-
tion on a custom-built purge and trap system and subsequent
measurement on a Thermo-Finnigan Delta Plus or MAT253
IRMS. NO2

� was removed from all samples with measurable
NO2

� concentrations by addition of sulfamic acid prior to
injection (Granger and Sigman 2009). All corrections for drift,
size, and fractionation of N and O isotopes during bacterial
conversion were accomplished using NO3

� reference materials
IAEA-N3, USGS 32, and USGS 34 (Böhlke et al. 2003; Brand
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et al. 2009; McIlvin and Casciotti 2011). An overall analytical
accuracy of � 0.2 ‰ for δ15NNO3 and � 0.3 ‰ for δ18ONO3 is
based on all measurements of the seawater based, in-house
standard included in every batch of analyses. Replicate mea-
surements were done for 120 out of 301 δ15NNO3 samples
(triplicates or greater [n = 37]) and 40 out of 283 δ18ONO3 sam-
ples (triplicates or greater [n = 6]). For δ15NNO3 the analytical
error ranged from 0.0005 to 2.47 ‰ with a median value of
0.05 ‰. For δ18ONO3, the analytical error ranged from 0.0047
to 0.425 ‰ with a median value of 0.06 ‰.

Samples from 2013 to 2016 were analyzed at Woods Hole
Oceanographic Institution. Briefly, sample N2O was purified
using a customized purge and trap system and analyzed on a
continuous flow IsoPrime 100 isotope ratio mass spectrometer
(IRMS). NO2

� concentrations greater than 2% of NO3
� +

NO2
� were removed by addition of sulfamic acid prior to

injection (Granger and Sigman 2009). Corrections for drift,
size, and fractionation of O isotopes during bacterial conver-
sion were carried out using NO3

� reference materials USGS
32, USGS 34, and USGS 35 (Böhlke et al. 2003; Brand
et al. 2009; McIlvin and Casciotti 2011). Of 242 samples,
176 were measured in replicate (triplicates or greater [n = 69])
for δ15NNO3 and 173 (triplicates or greater [n = 76]) out of
242 for δ18ONO3. The analytical error for δ15NNO3 ranged from
0.01 to 1.43 ‰ with a median value of 0.36 ‰. For δ18ONO3,
the analytical error ranged from 0.01 to 0.99 ‰ with a
median value of 0.31 ‰. Although lower concentrations of
NO3

� in the sample can lead to greater error, no relationship
was found between [NO3

�] and measured error for either

δ15NNO3 or δ18ONO3. For samples without an associated analyt-
ical error, the median value for that dataset was used to propa-
gate error in further calculations.

Estimating nitrate uptake isotope effects
The relative strength of isotopic discrimination is represen-

ted by the isotope effect and is expressed in permil (‰) as ε
(where ε = [1 � (kheavy/klight)] � 1000, and k represents the
rate constant of the heavy or light isotope, respectively).
Nitrogen isotope effects (15ε) for NO3

� uptake by phytoplank-
ton were calculated by fitting both open and closed system
Rayleigh fractionation models. The closed system model is
described as

δ15NNO3 ¼ δ15NNO3,initial� 15ε � ln
NO�

3

� �

NO�
3

� �
initial

 !

ð1Þ

The open system model, where new NO3
� is supplied continu-

ously, is described by the following equation

δ15NNO3 ¼ δ15NNO3,initialþ 15ε � 1� NO�
3

� �

NO�
3

� �
initial

 !

ð2Þ

where δ15NNO3,initial and [NO3
�]initial refer to immediate source

waters to the euphotic zone, the determination of which is
described below. Each profile was individually evaluated using
both models. The model with the best least squares regression
fit was selected based on r2 values, and for those with

FIG. 1. Locations of CalCOFI stations sampled for NO3
� isotopes in this study—Line 80.0 off Point Conception (northern line) and Line 93.3 off San

Diego (southern line). Black circles show all regularly sampled CalCOFI stations and those sampled in this study are labeled with station numbers. (a) The
1984–2017 average NO3

� concentrations at 50 m in winter (January to March) highlight the north–south and inshore–offshore gradients in NO3
� con-

centration. (b) The NO3
� concentrations at 50 m for winter 2016 during the El Niño event show that NO3

� concentrations along both lines were much
lower during the El Niño compared to the seasonal average. See Supplementary Table S1 for a complete list of locations and time periods covered by this
data set as well as seasonal designations.
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r2 > 0.85, the corresponding 15ε values are reported
(Supplementary Table S2).

Estimating nitrate utilization
The nitrogen isotope data together with the appropriate

Rayleigh fractionation model were used to translate measured
NO3

� isotope compositions into the fraction of upwelled
NO3

� used by phytoplankton (reported for Stas. 55–80 for
Line 80 and Stas. 30–60 for Line 93). The closed system Ray-
leigh fractionation model was ultimately used to calculate the
extent of NO3

� utilization at each depth because more than
75% of the profiles where an isotope effect could be deter-
mined fit the closed system model better (Supplementary
Table S2). Because we were unable to calculate a profile-
specific isotope effect for the majority of our data, a consistent
15ε value of 3.2 ‰ was used for all stations based on our aver-
age calculated isotope effect and isotope effects calculated
from previous work conducted in the same region (Stephens

et al. 2019; 15ε = 3.0 � 0.5 ‰). Uncertainty for the fraction of
NO3

� utilized was estimated using standard error propagation
from the standard deviation of 15ε values generated in this
study (� 0.8 ‰) and the analytical error associated with our
isotope measurements. The depth of the first NO3

� use,
needed to determine δ15NNO3,initial and the concentration of
upwelling NO3

�, was estimated from the NO3
�-temperature

relationship for each station by fitting a line to NO3
� concen-

tration and temperature data below 150 m. The depth of the
first use was assigned as the deepest depth where the mea-
sured NO3

� value deviated below the concentration predicted
from measured temperature (i.e., deviated from a simple water
mass mixing relationship) by at least 2 μM, similar to the
method used in Stephens et al. (2018). This method did not
work for some stations, particularly during the El Niño period
in 2015/2016 when surface waters were unusually warm. For
stations where we were unable to use the NO3

�-temperature
relationship to determine source water characteristics, NO3

�

FIG. 2. δ15NNO3 increases as NO3
� is drawn down by phytoplankton in the surface ocean along the northern line (Line 80) (a) and the southern line

(Line 93) (c). The variation in δ15NNO3 values observed for a given NO3
� concentration demonstrates how isotopic measurements provide additional

information not available from concentration measurements alone. δ15NNO3 and δ18ONO3 along the northern line (b) and the southern line (d) generally
increase in a ratio of 1 : 1 (indicated by the black line), but other processes such as euphotic zone nitrification can lead to deviations from this 1 : 1 trajec-
tory. Season and year are indicated by the shape and color, respectively, of each point. Error bars show the analytical error of individual isotope measure-
ments where they are available.
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and Chl a profiles were examined individually to estimate
these parameters. In this case, the NO3

� concentration at the
deepest depth where Chl a concentrations began to exceed
background values was used (Supporting Information Fig. S1).
To determine the source NO3

� isotope composition, the clos-
est depth below that where NO3

� utilization had occurred was
used (Supplementary Table S3). This ensured that isotope
characteristics ascribed to source water were uninfluenced by
biological uptake. We estimated the mixed layer depth for
each profile, following de Boyer Montégut et al. (2004), as the
depth where density exceeds the surface density by a thresh-
old value, which in this case was estimated to be 0.5 kg m�3

to best match the regional hydrography. Results for all profiles
with NO3

� isotope measurements are shown in Supplemen-
tary Table S3.

Estimating upper ocean nitrification
Assimilation of NO3

� by phytoplankton results in equiva-
lent fractionation for both N and O isotopes in the remaining
NO3

� pool (Granger et al. 2004). When δ15NNO3 and δ18ONO3

in the euphotic zone do not change in such a predicted 1 : 1
relationship, other processes apart from assimilation must be
important. The relative magnitude of this deviation can be
expressed using Δ(15,18), defined by Sigman et al. (2005) as

Δ 15;18ð Þ¼ � δ15NNO3�δ15NNO3,source
� �

�15εp=18εp δ18ONO3�δ18ONO3,source
� �� ð3Þ

where 15εp/18εp is 1 and the source isotope values are identified
as described above. Deviation from the 1 : 1 relationship in
surface waters has been attributed to active euphotic zone
nitrification in combination with NO3

� uptake by phyto-
plankton (Granger et al. 2004; Sigman et al. 2005;
Casciotti 2016). Based on previous work in the CCS region
(Ward 2005; Stephens et al. 2019; Laperriere et al. 2020) we
also interpreted this pattern as evidence of upper ocean nitrifi-
cation and subsequent utilization of the nitrified NO3

�. Other
processes could cause NO3

� isotope ratios to deviate and will
be addressed in the discussion. The contribution of locally
nitrified NO3

� to uptake by phytoplankton was calculated
after Wankel et al. (2007) using a steady-state box model,
where

Δ 15;18ð Þ¼
f n� εp� f a� f w� εntr� εað Þ� �

� δ18Osource�δ18Osource� f wþ εp� f n
� �þ δ18Ontr� f n� f w

� �

1� f wþ f n� f w
� �

 !

þ δ18Osource ð4Þ

The model identifies the fw value (the fraction of assimilated
NO3

� contributed by nitrification within the euphotic zone)
that brings the calculated Δ(15,18) closest to the measured
value for each euphotic zone sample. To calculate fw, we
focused on samples with Δ(15,18) < 0 outside of measurement

error—that is, samples that had a significant deviation from
the expected 1 : 1 enrichment. Here, fn is the fraction of NO3

�

remaining relative to the source NO3
�, εp (identical to 15ε used

above) is the nitrogen isotope effect for phytoplankton uptake
of NO3

� (with a value of 3.2 ‰ used here), fa is the fraction of
NH4

+ assimilated by phytoplankton (a value of 0.8 was used
here; Ward 2005; Wankel et al. 2007), δ18Ontr is the δ18O of
NO3

� resulting from nitrification (a value of 1 ‰ was used
here; Sigman et al. 2009; Buchwald et al. 2012), and εa is the
isotope effect of NH4

+ assimilation (a value of 4 ‰ was used
here; Sigman and Fripiat 2019). Large ranges have been
reported in the literature for the combined isotope effect of
nitrification (εntr), but we note that the model is sensitive only
to the difference between εntr and εa, and not to their absolute
values. We tested the sensitivity of the model to a range of
values of εntr and found that as εntr decreases, the model is less
effective at matching the measured values of Δ(15,18)
(Supporting Information Fig. S2). Based on this analysis and
on values of εntr measured in a coastal field study (Sugimoto
et al. 2009), we used an εntr of 20 ‰ in the model. For sam-
ples where the modeled Δ(15,18) was more than 1 ‰ differ-
ent from the measured Δ(15,18) indicating a poor fit to the
data, resulting fw values are not discussed further. These were
mostly samples with very negative Δ(15,18) values. We note
that many of the samples from 2010 to 2012 with lower NO3

�

concentrations were not analyzed for oxygen isotopes, and
thus are not included in the fw analysis.

The fw approach is a model construct that attempts to sim-
plify a dynamic system that alternates between steady state
and “episodically driven” nutrient inputs to the upper ocean.
Previous studies (Wankel et al. 2007; Stephens et al. 2019)
have found that the steady-state approach adequately approxi-
mates this system, although we recognize that the model is
not a perfect characterization of the true complexity of upper
ocean nitrogen dynamics. Importantly, the model does allow
us to place some quantitative bounds on the contribution of
nitrification to nitrate uptake by phytoplankton represented
by the measured Δ(15,18) values.

Calculation of stratification index
Nitrate isotopes in the upper 150 m varied spatially, season-

ally, and interannually. For high values, we tested the hypoth-
esis that more complete NO3

� utilization linked to decreased
NO3

� supply might be responsible. Since upwelling is the
major source of NO3

� to the coastal euphotic zone of this
region, decreases in NO3

� supply may be linked to greater
stratification. To examine the potential influence of stratifica-
tion on N cycle parameters, we computed a stratification
strength index for each station and timepoint using the den-
sity at 200 m as a reference point and calculating the differ-
ence in density between each depth in the euphotic zone and
the reference density (Behrenfeld et al. 2006) (see Supplemen-
tary Table S4 for a complete list of density values used). To
compare fw values at high and low stratification and high and

White et al. Nitrate isotopes in coastal California waters
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low Chl a concentration, we performed a non-parametric two-
sided Mann–Whitney U-test.

Results
Variability in stable isotopes of nitrate

Assimilation of NO3
� by phytoplankton in the euphotic

zone results in one of the strongest signals in oceanic δ15NNO3

and δ18ONO3 (Altabet and Francois 1994; Casciotti 2016).
From 2010 to 2016, δ15NNO3 and δ18ONO3 above 150 m dem-
onstrated considerable spatial and temporal variability.
δ15NNO3 ranged from 7.1 to 17.0 ‰ and δ18ONO3 ranged from
2.7 to 16.7 ‰. Values for both δ15NNO3 and δ18ONO3 were
highest where NO3

� concentrations were drawn low as the
result of uptake by phytoplankton. NO3

� isotope ratios were
generally higher deeper in the water column along the south-
ern line compared to the northern line (Fig. 3), consistent
with lower nitrate supply at the southern line. Upwelling
source values also varied. Source δ15NNO3 ranged from 7.4 to
9.6 ‰ along the northern line and 7.7 to 10.5 ‰ along the
southern line. Source δ18ONO3 ranged from 2.8 to 5.3 ‰ along
the northern line and 3.2 to 5.6 ‰ along the southern line.
Greater isotopic enrichment in source waters is expected for
the southern line because this region experiences greater influ-
ence from the California Undercurrent, which flows poleward
from the eastern tropical North Pacific oxygen deficient zone,
where denitrification strongly fractionates nitrate isotopes
(Castro et al. 2001). For the most part, both δ15N and δ18O
increased in a ratio of 1 : 1, as would be expected for NO3

�

uptake by phytoplankton. However, some values deviated
from the expected 1 : 1 relationship, and in most of these

cases, δ18O values were more enriched than would be
predicted from the measured δ15N values (Fig. 2b,d). Specifi-
cally, we identified 48 samples (19% of EZ values) where this
deviation, expressed relative to the upwelling NO3

� isotope
composition as Δ(15,18) < 0, was significant (see error discus-
sion above), and 21 of these samples (8%) had a Δ(15,18)
value < �1.

El Niño conditions, defined here as including fall 2015 to
winter 2016 (Jacox et al. 2016; Lilly and Ohman 2021),
resulted in large density anomalies in the surface ocean
(Supporting Information Fig. S3), increased stratification
(Supporting Information Figs. S4, S5), greater sea level anoma-
lies near San Diego (Lilly and Ohman 2021; Supporting Infor-
mation Fig. S6), and decreased net primary production (NPP;
Supporting Information Fig. S7). At the more inshore stations,
the highest δ15N and δ18O values were found during this time
period, also coinciding with higher values deeper in the water
column compared to non-El Niño conditions (Fig. 3). In the
shallow surface ocean, particularly in the offshore region
along the northern line and for most of the southern line, low
NO3

� concentrations prevailed and precluded isotopic mea-
surements (Fig. 4a,c). During 2013, values of δ15NNO3 along
the southern line were almost as high as during the 2015–
2016 El Niño, but fewer measurements before 2013 make it
difficult to evaluate how typical these observations might be
for this section of the CalCOFI grid (Fig. 4d).

Nitrate utilization
Much of the observed variability in NO3

� isotopes likely
results from incomplete NO3

�utilization. To relate the
observed isotope ratios to the variability in nitrate utilization,

FIG. 3. Averaged δ15NNO3 from 2010 to 2013 along the northern line is shown in (a), in contrast to the higher values observed during the El Niño (aver-
aged fall 2015 to winter 2016) (b). A similar pattern was seen along the southern line (c), where δ15NNO3 is higher deeper in the water column during
the El Niño (d).
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FIG. 4. NO3
� concentrations are shown in (a) for the northern line and (c) for the southern line, with lower concentrations apparent during 2015–2016

(El Niño; red symbols). δ15NNO3 values are plotted for all samples above 150 m in (b) for the northern line and (d) for the southern line showing larger
increases during 2015–2016 compared to earlier years. Season and year are indicated by the shape and color, respectively, of each point.
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an accurate estimate of the isotope effect associated with
NO3

� uptake by phytoplankton is necessary. Estimated iso-
tope effects from the closed system profiles ranged from 2.1 to
5.0 ‰ with an average of 3.2 � 0.8 ‰ (Supplementary
Table S2). This is in good agreement with a previous study
which estimated the average 15ε for the inshore southern Cali-
fornia Current System at 3.0 � 0.5‰ (Stephens et al. 2019),
but it is lower than what has been determined in other experi-
mental and marine field studies (e.g., Granger et al. 2004;
Casciotti 2016 and references therein).

Translation of δ15NNO3 profiles into vertical trends in NO3
�

utilization enabled us to examine the spatial and temporal
variability of this control on upper ocean δ15NNO3 (Fig. 5).
Overall, the variability observed in δ15NNO3 values was primar-
ily driven by large changes in the fraction of NO3

� utilized,
which varied from zero up to 0.94 at specific depths. Along
the northern line, δ15NNO3 values were driven primarily by
incomplete utilization during spring cruises (Fig. 5). Apart
from 2016, the fraction of NO3

� utilized did not rise above
0.50 for spring cruises, and surface NO3

� concentrations
remained elevated at inshore stations (Fig. 4a). For most other
seasons, very few δ15NNO3 values were recorded near the sur-
face due to near complete utilization of NO3

�. Below the

surface, the shape of the NO3
� utilization profile often differed

significantly between seasons. Of the winter cruises, January
2016 (the winter of El Niño) saw the greatest fraction of NO3

�

utilization (reaching above 0.5 at 60–75 m for both Stas. 80.55
and 80.60) whereas for all summer cruises, the fraction of
NO3

� utilized remained below 0.5 at depths where we had
δ15NNO3 measurements (> 20 m). The influence of El Niño was
noticeable in δ15NNO3 values during the November 2015
cruise, and during this time, we observed enriched values asso-
ciated with more complete NO3

� utilization at every depth
compared to previous fall datasets. Limited sampling of the
southern line makes it more difficult to consider seasonal dif-
ferences. The most robust trend was the rapid increase in
δ15NNO3 at deeper depths associated with strong depth gradi-
ents in NO3

� utilization during the 2015–2016 El Niño.

Iron limitation estimated from silica excess
Given that the extent of NO3

� utilization strongly impacts
δ15NNO3, we examined potential controls on NO3

� utilization.
Iron limitation of phytoplankton productivity has been
shown to occur intermittently in this region (King and
Barbeau 2007; Hogle et al. 2018; Stukel and Barbeau 2020)
and could be responsible for limiting NO3

� utilization. Excess

FIG. 5. The fraction of NO3
� that was utilized at individual depths in shown for the northern line (Line 80) (a) and southern line (Line 93) (b). Error bars

were calculated based on analytical errors of isotope measurements and standard deviation of estimated 15ε. Season and year are indicated by the shape
and color, respectively, of each point.
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silica relative to nitrate, Siex, where Siex = [Si(OH)4] – (RSi : NO3

� [NO3
�]), has been previously used as an indicator of possi-

ble iron limitation in the CCS (Hogle et al. 2018; Stukel and
Barbeau 2020). Negative values of Siex are thought to result
from Fe-limited diatoms taking up excess silicic acid (Si(OH)4)
relative to NO3

� compared to RSi : NO3 in upwelling waters
(Hutchins and Bruland 1998). For this calculation, RSi : NO3

was determined in the same way as upwelling NO3
� isotope

ratios (as described above). Profiles of Siex for the northern line
and the southern line are shown for each station in Fig. 6. Siex
invariably becomes positive in the surface ocean when all the
NO3

� has been consumed (Figs. 4a,c, 6). Positive values show
that excess silica accumulates at these depths (relative to
upwelling values) and are indicative of NO3

� uptake by phyto-
plankton with lower or no silica requirements. This trend is
reflected in size-fractionated Chl a data (Supporting Informa-
tion Figs. S8, S9). For example, the picophytoplankton
(< 1 μm) community, which is not expected to be dominated
by diatoms, was prominent at Sta. 80.55 during January 2013
and 2016 (Supporting Information Fig. S7), and values in the
corresponding Siex profile are ≥ 0 (Fig. 6a). This contrasts with
January 2011, when Chl a was primarily present in larger cell

sizes (> 3 μm) at Sta. 80.55, likely dominated by diatoms, and
Siex values are ≤ 0.

Along the northern line, Siex is often more negative in the
upper ocean further offshore, developing primarily in the
spring and summer, but also occasionally in the fall. For
the southern line, it is the inshore stations that display the
strongest (deep) Siex minimum, which develops primarily
during the spring and summer (Fig. 6: e.g., Sta. 93.30) and
appears at depths ≥ 40 m.

Euphotic zone nitrification
For samples above 100 m, Δ(15,18) ranged from �5.9 to

1.6 ‰ (Supporting Information Fig. S10). Negative values sig-
nify that either the δ15NNO3 is anomalously low, or that the
δ18ONO3 is anomalously elevated relative to what would be
expected based on source NO3

� isotope values enriched only
via the process of NO3

� assimilation (Wankel et al. 2007;
Casciotti 2016). Negative Δ(15,18) values could also result
from low δ15NNO3 derived from N2 fixation and atmospheric
deposition of nitrogen (Altieri et al. 2021) and their potential
influence will be discussed later. Here, we assume that nega-
tive deviations are due to the presence of NO3

� produced via

FIG. 6. Profiles of Siex are shown here for the northern line (Line 80) (a) and southern line (Line 93) (b) for each station. Season and year are indicated
by the shape and color, respectively, of each point. Along the northern line, values become more negative moving offshore. Along the southern line, the
more inshore stations exhibit strong mid-depth minima in Siex. We note that for each profile Siex is, by definition, zero at its upwelling depth.
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local (euphotic zone) nitrification, which has the effect of ele-
vating δ18ONO3 but not δ15NNO3, relative to assimilation alone.
The fractional contribution of nitrification to NO3

� uptake by
phytoplankton (fw) varied spatially and temporally, ranging
from 0 to more than 0.9 at individual depths (Fig. 7a,b).

Increased contribution from euphotic zone nitrification
occurred when ocean waters were warmer and more stratified
(per the stratification strength index) and NO3

� concentra-
tions in the euphotic zone were lower (Figs. 4, 7c). Comparing
samples from highly stratified (> 1.1) and less stratified (< 1.1)
waters revealed a highly significant difference in fw (Mann–
Whitney U-test; p < 0.0001). Samples with higher Chl
a concentrations ([Chl a] > 1.8 μg L�1) also had significantly
lower fw (Mann–Whitney U-test; p < 0.01; Fig. 7d), although
the difference was less pronounced than for the stratification
index. It is difficult to estimate an average fw value due to vari-
ations in spatial sampling, but in general, the contribution
from nitrification was low for most time periods. Out of
206 calculated fw values, only 21 were above 0.2. These

elevated values appeared mainly along the southern line
(Fig. 7b; 17 out of 96 measurements from Line 93 had fw
above 0.2) and during winter 2016 for the northern line
(Fig. 7a; two out of six measurements from Line 80 during
winter 2016 had fw above 0.2). Because the majority of data
points on the southern line are from 2013 and 2015–2016,
when the upper ocean was warm and stratified, we cannot
determine whether Line 93 would regularly exhibit high fw. In
fact, a time series of satellite-based NPP estimates for inshore
stations shows an extended period of low NPP along the
southern line from 2013 to mid-2016 (Supporting Information
Fig. S7) indicating that this time period was anomalous and
may have indeed seen decreased NO3

� input from vertical
transport. Such episodes could favor NPP supported primarily
by recycled nutrients, including NO3

� derived from euphotic
zone nitrification. All elevated fw values occurred within a rela-
tively narrow depth range of 30–70 m (Fig. 7a,b).

As noted above, we observed relatively low values for 15ε,
and low 15ε values have previously been attributed to the

FIG. 7. The proportion of NO3
� taken up by phytoplankton that originated from nitrification in the euphotic zone (fw) by depth (northern line, (a);

southern line, (b)) and as compared to the stratification strength index (c) and Chl a concentration (d). fw was greater during warm periods when the
water column was more stratified, and upwelling was reduced. Higher fw values were also associated with lower concentrations of Chl a for similar depths.
Season and year are indicated by the shape and color, respectively, of each point. The black dotted lines indicate the two groups compared using a
Mann–Whitney test.
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influence of nitrification (Smart et al. 2015). This is a possible
explanation for our observations, as lower 15ε and higher fw
both corresponded to lower NPP in our dataset (Supporting
Information Fig. S11; Pearson r = 0.408, p = 0.116). However,
we were unable to identify a relationship between 15ε and
higher fw, and some profiles with 15ε � 3 ‰ showed no evi-
dence that nitrification was important (Supplementary
Table S2).

Discussion
This study examined the climatology, hydrography, and

biology that influence NO3
� isotopes in the southern Califor-

nia Current System, a productive marine environment with
significant ecological and economic value. Motivated by the
need to prepare for the future, there is widespread interest in
understanding why productivity in the region has varied in
the past. As a result, a variety of nitrogen isotope archives,
including sediments and preserved biological specimens, have
been used to examine past variations in the NO3

� supply to
the euphotic zone. However, direct measurements of NO3

�

isotopes are limited. This study presents the largest dataset of
NO3

� isotopes from the eastern North Pacific Ocean and is
thus able to provide insight into seasonal, interannual, and
spatial variations that are linked to natural climate variability,
micronutrient limitation, and N transformation processes in
the euphotic zone.

Influence of ENSO on nitrogen cycling
We observed differences between δ15NNO3 measured during

El Niño and non-El Niño periods both in the magnitude of
the values (Figs. 2–4) as well as in the NO3

� dynamics inferred
from isotope ratios (Figs. 5, 7, 8). More complete NO3

� utiliza-
tion by upper ocean ecosystems during this period resulted in
elevated δ15NNO3 values, with strong vertical gradients visible
deeper in the water column during El Niño (Fig. 5). These sig-
natures pointed to an overall decrease in NO3

� supply to the
euphotic zone consistent with a deeper nitracline and reduced
upwelling (Jacox et al. 2016; Bograd et al. 2019). Estimates of
greater utilization confirm that the observed enrichment in N
isotopes during previous El Niño events could be explained by
decreased supply and does not require elevated δ15N values in
source nitrate, as had been previously hypothesized (Rau
et al. 2003).

The larger fraction of NO3
� assimilated by phytoplankton

that was derived from recycled nitrogen (Fig. 7a,b), particu-
larly along the southern line, also reflects the importance of
euphotic zone nitrification during the 2015–2016 El Niño.
The temporal variability of this dataset suggests that the
decreased supply of NO3

� from below moves the CCS toward
an increased reliance on NO3

� derived from nitrification. Our
data cannot determine whether the nitrification rate itself
increased during this time. However, the decreased vertical
mixing and deeper pycnocline (Supporting Information

Fig. S3) could have resulted in longer residence times of
suspended particulate organic nitrogen in the euphotic zone,
which could have supplied additional NH4

+ upon
remineralization and led to increased nitrification rates during
this El Niño event. Overall, the increased relative contribution
from recycled nitrogen reported here is consistent with
previous studies from the region that have reported decreased
new production—primary production supported by nitrate
upwelled from below—during El Niño years (Hern�andez-de-la-
Torre et al. 2003; Kelly et al. 2018).

Warming increases importance of local nitrification
Elevated reliance on nitrified NO3

� by phytoplankton has
been previously reported in this region, and generally
occurred at times of low NPP (Figs. 7d, S1, S7), indicating the
importance of recycled NO3

� in maintaining food webs dur-
ing these periods (Peng et al. 2018; Stephens et al. 2019;
Laperriere et al. 2020). As noted in previous studies (e.g., Ward
et al. 1989; Dore and Karl 1996; Smart et al. 2015), new pro-
duction estimates that rely on NO3

� uptake measurements
would be impacted if a significant fraction of NO3

� in the
euphotic zone were derived from nitrified NO3

� (Yool
et al. 2007). In addition to the El Niño, we also observed ele-
vated fw along the southern line in 2013 during non-El Niño
periods (Fig. 7b). Our data showed increased fw and NO3

� utili-
zation in 2013 and 2015–2016, so it is likely that the warm
anomaly years between 2013 and 2015 exhibited similar con-
ditions (e.g., Stephens et al. 2019) particularly along the

FIG. 8. A comparison of [Chl a], the fraction of NO3
� utilized, and the

proxy for diatom iron limitation Siex (color bar). The range of Siex values is
greater than �1 to 1 (Fig. 6) but was shortened here to simplify interpre-
tation. Negative values of Siex indicate potential iron limitation (blue).
Three different groups of data points, identifying different ecosystem con-
ditions (iron replete: (a), and iron limited: (b, c)), were identified and dis-
cussed further in the text.
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southern line. Across our entire dataset, we observed that fw is
higher when the water column is more stratified (Fig. 7c), and
when the stratification index was > 1.4 in our dataset more
than half of the NO3

� used by phytoplankton came from the
euphotic zone nitrification. This does not mean that nitrifica-
tion rates increased during these more stratified periods, only
that the relative importance of nitrified nitrate to NPP was
greater.

All fw values above 0.25 occurred when Siex, our proxy for
iron limitation, was positive (i.e., no evidence of iron limita-
tion). This could be explained by an oligotrophic phytoplank-
ton community dominated by non-diatom phytoplankton,
consistent with the observed trends in size-fractionated chlo-
rophyll (Supporting Information Figs. S8, S9). The CalCOFI
time series of flow cytometry-based phytoplankton commu-
nity composition (Nagarkar et al. 2021) also indicated that
warm periods, when we expect greater fw values, are correlated
with a phytoplankton community of smaller cells including
autotrophic cyanobacteria. Another recent study observed
lower biogenic silica to Chl a ratios during the period of the
warm anomaly, suggesting a decrease in the abundance of sili-
ceous phytoplankton at that time (Closset et al. 2021). Taken
together, positive Siex values coincident with higher fw do not
mean that iron limitation was unimportant, rather it could
mean that the influence of iron limitation was not recorded
by Siex due to the absence of diatoms. Limited evidence sug-
gests that some nitrifiers can experience iron limitation in the
surface ocean, and thus may not be as active when they are
having to compete with phytoplankton for scarce iron
(Shafiee et al. 2019). This could be another reason why fw
values appear elevated only when we do not see indicators of
iron limitation.

As we do not have measurements of NO3
� or NH4

+ uptake
from CalCOFI cruises, we are unable to comment either on
how nitrification rates or NH4

+ uptake rates varied here, or to
link these rates to fw. It is also unclear how fw is related to the
f-ratio (the ratio of new to total production), as it has been
suggested that phytoplankton and nitrifiers compete for access
to NH4

+ (Ward and Carlucci 1985; Ward 2005; Smith
et al. 2014). There is a tendency for the f-ratio to decrease
alongside NPP, and so, lower fluxes of vertically supplied
NO3

� have important ramifications for higher trophic level
productivity and carbon export (Eppley et al. 1977). It is possi-
ble that higher temperatures resulted in higher organic matter
recycling rates and therefore, higher nitrification rates as well
(Wohlers et al. 2009). These questions could be addressed in
future studies that are able to consider nitrification and NH4

+

uptake by phytoplankton together. Additional isotope studies
would also benefit from the collection of higher resolution
profiles, where a robust integrated fw could be calculated.

Our focus on fw, and thus euphotic zone nitrification,
assumes that anomalously high δ18ONO3 leads to the negative
Δ(15,18) values observed in our dataset. However, negative
Δ(15,18) values could also result from anomalously low

δ15NNO3 values, supplied, for example, from N derived from
N2 fixation or atmospheric N deposition (Altieri et al. 2021).
N2 fixation rates have been reported for this region (Mills
et al. 2020). Just south of the CalCOFI domain, N2 fixation
was shown to account for 4%–5% of total production and
between 8% and 83% of new production (Turk-Kubo
et al. 2021). As such, we cannot discount this potential influ-
ence on δ15NNO3. Atmospheric deposition on the other hand
may be most relevant for surface waters and unlikely to influ-
ence the deeper fw values determined in this study. Future
studies should examine the potential role of N2 fixation on Δ
(15,18), particularly during times of pronounced upper ocean
stratification. Here, we chose to interpret negative Δ(15,18)
values in the context of nitrification because upper ocean
nitrification is a well-established phenomenon in the region
(e.g., Ward 2005; Wankel et al. 2007; Santoro et al. 2010).

Incomplete nitrate utilization
Recent studies have indicated that both Ekman transport

associated with coastal upwelling as well as iron limitation in
the California Current can limit NO3

� utilization in nearshore
waters, allowing excess NO3

� and nitrogen biomass to be
transported offshore or subducted at fronts (Plattner 2005;
Frischknecht et al. 2018; Hogle et al. 2018). Capturing these
events of incomplete NO3

� utilization is also important for
interpreting isotope studies of non-nitrate N reservoirs. In our
dataset, inshore stations along the northern line off Point
Conception likely experienced lower fractions of NO3

� utiliza-
tion due to the rapid transport of upwelling waters offshore
(Fig. 5). For example, some profiles of NO3

� isotopes exhibit
open system dynamics where marked isotope fractionation is
not discernible from depth profiles (Fig. 4b, e.g., at 80.55).
Although there is little isotopic enrichment, it is clear from
profiles of [Chl a] that significant primary production is occur-
ring at these stations (Fig. S1a).

Inshore, upwelling conditions lead to nutrient-replete sur-
face waters necessary to support diatom blooms. With their
higher iron quotas and requirements for silica, diatoms will
influence the Si : NO3

� ratio, and thus Siex (King and
Barbeau 2007; Brzezinski et al. 2015). Negative values of Siex
indicate that diatoms are using more Si relative to NO3

�
, as is

the case with iron-limited diatoms (Hutchins and
Bruland 1998). Light limitation can also result in preferential
consumption of Si relative to NO3

�, but previous work by
Hogle et al. (2018) showed that inshore along the southern
line, Fe limitation rather than co-limitation (i.e., Fe and light)
was the dominant control on diatom production. Our dataset
suggests that NO3

� utilization and Siex interact in a few
different ways.

First, water masses with positive Siex values but low Chl
a (Fig. 8a) are likely nitrate-limited and more oligotrophic. In
these environments, NO3

� has been drawn down, but the
overall limited supply of NO3

� keeps Chl a concentrations
low. We can see from the size-fractionated chlorophyll data
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that these communities tend to host smaller phytoplankton,
potentially with either no or limited silica requirements
(Supporting Information Figs. S8, S9). Although it is possible
that these communities are also experiencing iron limitation,
it will not be reflected in the Siex proxy used here. However,
iron limitation of both phytoplankton and heterotrophic bac-
teria has been shown to be less common in oligotrophic
regimes (Kirchman et al. 2000). It is also possible that the
same conditions which may favor recycling of nitrogen also
result in greater iron recycling, potentially alleviating iron lim-
itation (Rafter et al. 2017). These conditions generally describe
what was commonly observed during the 2015–2016 El Niño
(Figs. 3, 4a,c).

Any unutilized iron supplied from sediments or from exter-
nal sources is oxidized or scavenged quickly unless chelated

by iron-binding ligands (Gledhill and Buck 2012), and coastal
diatoms have been shown to concentrate iron for long-term
storage under iron-replete conditions (Lampe et al. 2018). For
these reasons, upwelling water masses can rapidly tend toward
iron limitation as they move offshore. Indeed this has been
previously demonstrated specifically for Point Conception
(Firme et al. 2003; King et al. 2012). In regions with high
NO3

� utilization and high [Chl a], we propose that developing
iron limitation in offshore moving water masses may be
responsible for the negative Siex values (Fig. 8b) at Stas. 80.60,
80.70, and 80.80 (Fig. 6a). Iron limitation offshore along the
northern line has been identified in other studies
(e.g., Brzezinski et al. 2015).

Finally, negative Siex values indicative of iron limitation
were found to coincide with lower Chl a and lower NO3

� utili-
zation (as indicated by δ15NNO3) inshore along the southern
line (Fig. 8c). At these locations, negative Siex values appeared
deeper in the water column and under more stratified condi-
tions (Figs. 6, S4). Subsurface, negative Siex values are consis-
tent with previous studies that have identified subsurface Chl
a maxima as important sites of iron limitation along the
southern line (Hogle et al. 2018). At these depths, diatoms
experiencing light limitation may produce a greater number
of photosystems (Strzepek et al. 2019), resulting in even
greater iron requirements. Long-term records of CalCOFI Siex
suggest that diatoms are becoming increasingly iron limited,
consistent with a secular surface ocean warming trend and
increased stratification leading to the development of iron
limitation at the base of the euphotic zone (Hogle et al. 2018).
It is possible that this will result in a reapportionment of
nutrients, and thus productivity, in the region, as unutilized
NO3

� may become available for export elsewhere.

Conclusions
The NO3

� isotope data presented here shed light on the N
cycle impacts of the 2015–2016 El Niño in the southern Cali-
fornia Current System (Fig. 9) and provide important context
for interpreting isotope ratios preserved in N archives.
Whether the response we observed in NO3

� biogeochemistry
is typical of other El Niño events remains to be seen, especially
because this particular event occurred during a pronounced
marine heatwave: the North Pacific warm anomaly of 2014–
2015 (Di Lorenzo and Mantua 2016; Jacox et al. 2016). The El
Niño conditions of late 2015 and early 2016 resulted in
reduced NO3

� supply, leading to elevated NO3
� isotopic com-

positions due to more complete NO3
� utilization. This period

of warm surface waters also resulted in greater stratification,
which increased the relative reliance of the phytoplankton
community on NO3

� recycled in the upper ocean (Fig. 9). Our
larger dataset also revealed significant variability in upper
ocean NO3

� isotopic composition tied to differences in the
extent of euphotic zone NO3

� utilization. The degree of NO3
�

utilization and therefore nitrogen isotope fractionation is

FIG. 9. El Niño alters N cycling. During average conditions (a), NO3
� is

supplied via upwelling which fuels high productivity and the growth of
larger phytoplankton such as diatoms, which in turn leads to high export
fluxes. Although nitrification is taking place in the euphotic zone, it is not
a prominent source of the nitrate utilized by phytoplankton. During the
2015–2016, El Niño event (b), surface warming resulted in increased
stratification, decreased nitrate supply from upwelling, and lower NPP.
Phytoplankton communities were smaller, found deeper in the water col-
umn, and relied more on nitrate recycled via upper ocean nitrification.
Ammonia supply for nitrification may have been enhanced by the
remineralization of non-sinking detrital organic matter sources that are
trapped in the euphotic zone due to stratification and a decrease in sink-
ing export.
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likely influenced by iron limitation at southern, inshore sta-
tions and within the California Current along the northern
line. Some inshore stations along the northern line also
showed low NO3

� utilization that was not tied to iron limita-
tion but was likely driven by rapid Ekman transport of unused
NO3

� offshore and replacement with newly upwelled NO3
�.

Iron limitation of diatom productivity was not observed dur-
ing the two cruises that sampled the region during the 2015–
2016 El Niño event, likely due to the overall decrease in the
abundance of large phytoplankton during this period. The
dominance of smaller phytoplankton suggests that the
increased NO3

� utilization recorded by elevated nitrogen iso-
topes during El Niño events, especially those preceded by
warm ocean conditions resembling the North Pacific Warm
Anomaly, are also accompanied by increased food chain
length, an ecosystem parameter that can be discerned from
some N archives (Décima et al. 2013). These trends may be
expected to become increasingly relevant as surface oceans
continue to warm due to anthropogenic climate change.

Data availability statement
All data produced by the CalCOFI program are available at

http://calcofi.org. Nitrate isotope data can be found at https://
oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets/
284. Upwelling velocities and other model data are available
at http://www.ecco.ucsd.edu/case.html.
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