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a b s t r a c t

The fraction of phytoplankton growth that leads to the rain of organic carbon out of the sunlit surface
ocean (“export production”) is central to the ocean's sequestration of atmospheric carbon dioxide.
Nitrate assimilation has long been taken as a measure of export production; however, this has recently
been questioned by suggestions that much of the nitrate in the sunlit layer (the “euphotic zone”)
originates from biological nitrogen (N) already in surface waters. This view has been supported by recent
observations of euphotic zone nitrate elevated in δ18O relative to its δ15N, taken as indicative of
nitrification (the oxidation of recycled ammonium to nitrite and then nitrate). To evaluate the potential
importance of nitrification in the Sargasso Sea euphotic zone, we measured the δ15N and δ18O of
seawater nitrate for samples with Z0.2 mM nitrate collected on 18 cruises in the Sargasso Sea, and here
we present the first large data set to correct for the low but often measurable concentrations of nitrite.
Regardless of season, nitrate (i.e., nitrate-only rather than nitrateþnitrite as is commonly reported) δ15N
and δ18O increase in unison from below the base of the euphotic zone toward the surface. This pattern
derives from nitrate assimilation by phytoplankton, implying that nitrification is much slower than the
upward transport of nitrate into the lower Sargasso Sea euphotic zone. In the twilight zone below the
euphotic zone, we observe a rise in nitrate δ18O (relative to deeper waters) that is not accompanied by
a rise in δ15N, suggesting nitrification co-occurring with nitrate assimilation. Nitrification, therefore,
does not appear to occur in euphotic zone waters overlapping with nitrate assimilation only in the
�150 m-thick twilight zone layer below it. In net, the data argue for a simpler N cycle for the Sargasso
Sea euphotic zone than has recently been suggested, with the rate of euphotic zone nitrate assimilation
approximating that of organic carbon export to the deep ocean.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

On timescales of �1000 years, the ocean is the largest active
reservoir of carbon (C) in the global environment, and it is also the
ultimate sink for anthropogenic CO2 (Takahashi et al., 2002).
Marine phytoplankton in the sunlit surface layer of the ocean
(the “euphotic zone”) fix CO2 into biomass, which is then either
recycled in surface waters or exported to the ocean interior largely
through sinking. The biologically-driven flux of carbon out of
surface waters is often referred to as the “biological pump”
because it effectively transfers atmospheric CO2 dissolved in the
surface ocean to the isolated waters of the deep ocean, lowering
the atmospheric concentration of this greenhouse gas. In the vast
tropical and subtropical ocean, the strength of the biological
pump depends on the mean ocean concentrations of the “major

nutrients” nitrogen (N) and phosphorus (P) (as well as the C to N
and P ratios in exported organic matter; Teng et al., 2014) because
organic matter export from surface waters is mainly limited by the
rate at which these nutrients are supplied from underlying deep
water (Broecker, 1982a, 1982b).

Biologically available nitrogen (“fixed N”) is supplied to phyto-
plankton either as “new” N (subsurface nitrate mixed up or
upwelled from below, augmented by in situ N2 fixation), or as
“recycled” N (ammonium, simple organic N forms, and nitrate and
nitrite produced by the oxidation of ammonium in the euphotic
zone). Phytoplankton growth on new N is termed “new produc-
tion,” and recycled N-supported growth is referred to as “regen-
erated production” (Dugdale and Goering, 1967). On an annual
timescale, new production is balanced by the export of sinking
organic matter from surface waters (“export production”; Eppley
and Peterson, 1979), which maintains the sequestration of CO2 in
the ocean interior.

At an ecosystem level, the fraction of net primary production
resulting in carbon export from the euphotic zone is traditionally
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estimated from the “f-ratio” (shorthand for “flux ratio”), the ratio
of nitrate assimilation to total N assimilation (Eppley and Peterson,
1979). This approach assumes that all nitrate in the euphotic zone
was imported from below, which is the same as assuming that the
euphotic zone is characterized by an insignificantly slow rate of
“nitrification” (Dugdale and Goering, 1967), the chemoautotrophic
oxidation of ammonium to nitrite and then nitrate. Since the
1980s, however, tracer incubation studies have revealed the
occurrence of nitrification within the euphotic zone of many
oceanic regions (Clark et al., 2008; Dore and Karl, 1996; Ward,
2005; Ward et al., 1989). This has led more recently to the
argument that nitrate uptake in surface waters is not equivalent
to, but rather is substantially higher than, the N leaving the
euphotic zone in export production (Yool et al., 2007).

The Bermuda Atlantic Time-series Study (BATS) site located at
the northwestern margin of the North Atlantic subtropical gyre
(the “Sargasso Sea”) has been characterized as a region of low f-
ratio (Lipschultz, 2001; Menzel and Ryther, 1960; Steinberg et al.,
2001). After a short period of intense mixing and elevated
productivity in the late winter and early spring, the summer and
fall at BATS are defined by strong thermal stratification, which
shoals the wind-mixed surface layer (to o20 m at times) and
strengthens the density gradient at its base (Lomas et al., 2013;
Steinberg et al., 2001). In the euphotic zone (the upper �100 m;
see below), nitrate concentrations, while usually o1 mM even
during spring mixing, decline to trace levels by the early summer
(typically o0.01 mM, with occasional observations of �0.1 mM;
Lipschultz, 2001). BATS is one of the best-studied examples of the
vast subtropical ocean and is thus an important test case for the
relative importance of nitrification versus the physical supply
from below in providing nitrate to the euphotic zone of the
oligotrophic ocean.

The base of the euphotic zone is traditionally defined as the
depth at which the light available to phytoplankton reaches 1% of
photosynthetically active radiation (PAR) (Kirk, 1994). At BATS, the
annual mean depth of this 1% isolume is 94.3712.3 m (Siegel
et al., 1995). The nitracline can often be deeper than this, which,
coupled with the observation of phytoplankton cells (albeit at low
abundances) as deep as 150 m (Casey et al., 2007; DuRand et al.,
2001), may lead one to hypothesize that significant rates of
primary production occur below the 1% isolume. Indeed, low rates
of net primary production have been directly measured below
100 m at BATS (Lomas et al., 2013). If significant relative to total
integrated production and unaccounted for, this could complicate
investigations of the vertical distribution of nitrate assimilation
and nitrification. Perhaps a more appropriate definition for the
depth of the euphotic zone is thus the 0.1% isolume (annual mean
depth of 145.9711.4 m at BATS; Siegel et al., 1995). However, the
fraction of production occurring between 100 m and 140 m at the
time of our sampling (July 2008–November 2013) was on average
r2% of total integrated primary production, with most of that
confined to the 100–120 m interval (Lomas et al., 2013; http://bats.
bios.edu). We thus define the euphotic zone in this study as the
upper �100 m of the water column.

Natural variations in the N and O isotopes of nitrate provide an
integrative tool for tracing marine N cycle processes. During
nitrate assimilation, phytoplankton preferentially consume 14N-
and 16O-bearing nitrate (Casciotti et al., 2002; Wada and Hattori,
1978), leaving the ambient nitrate pool enriched in 15N and 18O
(Casciotti et al., 2002; Sigman et al., 1999). In the upper water
column at BATS, algal nitrate assimilation elevates the δ15N and
δ18O of nitrate (δ15N, in ‰ vs. N2 in air,¼{[(15N/14N)sample/
(15N/14N)air]–1}�1000; δ18O, in ‰ vs. VSMOW,¼{[(18O/16O)sam-

ple/(
18O/16O)VSMOW]–1}�1000), which increase from the thermo-

cline (200–250 m) into the euphotic zone as the concentration of
nitrate decreases (Knapp et al., 2005, 2008).

Coupled measurements of the N and O isotopes of nitrate also
respond to nitrification. In contrast to nitrate assimilation, during
which the N and O isotopes of nitrate are closely coupled and δ18O
increases in unison with δ15N as consumption proceeds (Granger
et al., 2004, 2010), nitrification decouples the two isotope systems.
From the perspective of the N atom in nitrate, nitrate assimilation
and nitrification are part of an internal cycle of fixed N, whereas
the O atoms in nitrate perceive nitrification as an absolute source
and nitrate assimilation as an absolute sink That is, the δ18O of
nitrate is “reset” by nitrification and, unlike the δ15N of nitrate,
does not depend on the source of the ammonium being nitrified.
This difference between the N and O isotopes of nitrate allows
their coupled measurement to separate processes that overprint
one another (such as nitrate assimilation and nitrification) when
only nitrate δ15N (or δ18O) is considered (Sigman et al., 2005;
Wankel et al., 2007).

To resolve the vertical distribution of nitrate assimilation and
nitrification in the Sargasso Sea and thus evaluate the potential
importance of nitrification as a source of nitrate to the euphotic
zone, we collected seawater samples throughout the upper
1000 m at BATS on 18 cruises at various times of year between
2008 and 2013 and analyzed them for nitrate concentration and
isotopic composition (see Fig. 1 for sample depths). To date,
studies of nitrate isotopes at BATS have not attempted to correct
for the presence of nitrite on the grounds that concentrations are
typically extremely low, o0.2 mM (Fawcett et al., 2014; Knapp
et al., 2008, 2005). However, upper water column nitrate concen-
trations are also low (Fig. 1A and inset), such that nitrite can
sometimes constitute upwards of 50% of the nitrateþnitrite pool
(Fig. 1B). If the isotopic composition of this nitrite is different from
that of nitrate, it may significantly alter the δ15N and δ18O of
nitrateþnitrite relative to nitrate alone (Casciotti et al., 2007;
Granger and Sigman, 2009; Smart et al., 2015), potentially com-
plicating interpretations of the dual isotopes of nitrate. With
advances in our ability to analyze the isotopic composition of
nitrate at sub-micromolar concentrations (e.g., Treibergs et al.,
2014), the influence of nitrite can now be evaluated. Hereafter,
“nitrate” refers to samples from which nitrite has been removed,
and “nitrateþnitrite” to their untreated counterparts.

2. Materials and methods

2.1. Field collections

Samples were collected onboard the R/V Atlantic Explorer at the
BATS site (311400N; 641100W) on the following cruises: B244 in
March 2009, B248 in July 2009, BV44 in October 2009, B253 in
December 2009, B259 in June 2010, B260 in July 2010, B274 in
October 2011, AE1203 in February 2012, B280 in April 2012, B283
in July 2012, AE1220 in August 2012, B287 in November 2012,
B292 in April 2013, B295 in July 2013, B299 in November 2013, and
from Hydro Station S (321100N, 641340W) on HS1113 in July 2008
and HS1178 in July 2011. Samples were also provided by K.L.
Casciotti, which were collected at the BATS site in July 2008 on the
US GEOTRACES Intercalibration Cruise 1.

Seawater was collected for analysis of the concentration and
isotopic composition of dissolved nitrateþnitrite and nitrate-only
from the surface to 1000 m and for the concentration of nitrite
from 0–500 m using 12 L Niskin bottles attached to a Seabird CTD
rosette (see Fig. 1 for sample depths). Seawater was collected
unfiltered in 60 mL acid-washed HDPE Nalgene bottles that were
rinsed copiously with sample water prior to filling, then immedi-
ately frozen at �20 1C. On the July 2008 GEOTRACES cruise,
samples were collected according to standard GEOTRACES proto-
cols: HDPE bottles were not acid washed but were rinsed with
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Fig. 1. Depth profiles of the concentration of (A) nitrateþnitrite and (B) nitrite, the δ15N of (C) nitrateþnitrite and (D) nitrate, and the δ18O of (E) nitrateþnitrite and (F) nitrate
from 18 cruises in the Sargasso Sea in summer (circles), fall and winter (squares), and spring (triangles). Panel (A) inset shows nitrateþnitrite concentrations for the upper
500 m; note that the 0–1.5 mM concentration range has been expanded (left of the vertical dashed grey line). For all profiles, nitrite typically declines to undetectable levels by
�300 m and is always undetectable by 500 m (B); data from 600–1000 m in panels D and F (within the grey shaded region) are thus the same as those shown in panels C and E.
Error bars indicate 71 standard deviation of all measurements, including samples from duplicate Niskin bottles, duplicate samples from the same Niskin bottles, duplicate
treatments of the same sample (in the case of nitrite removal) and replicate analyses (nZ3) of the same sample. Nitrateþnitrite concentration and δ15N data from July 2008 are
from Fawcett et al. (2011), data from July 2009, October 2009, and December 2009 are from Fawcett et al. (2014), and data from June 2010 and July 2010 are from Treibergs et al.
(2014). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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seawater prior to sample collection. Surface samples were col-
lected via the ship’s underway system (intake at �4 m) in acid-
washed 60 mL HDPE bottles as described above.

2.2. Analysis of seawater nitrate and nitrite concentrations

Seawater nitrateþnitrite concentrations were determined by
injecting 100–5000 μL of sample into a 95 1C acidic solution of
vanadium (V(III)) to reduce nitrateþnitrite to nitric oxide (Braman
and Hendrix, 1989; Garside, 1982). The nitric oxide was analyzed via a
chemiluminescent detector (Teledyne model #200 EU) in a config-
uration with a detection limit of �0.01 μM. Standards ranging in
concentration from 0 to 25 mM were measured at the beginning of
each sample run and after every 13 samples. Each sample was
analyzed at least three times.

Samples from the surface to 500 m were analyzed for nitrite
concentration according to the colorimetric method of Strickland
and Parsons (1968). Briefly, duplicate 10 mL aliquots of each
sample were transferred to 12 mL combusted glass Wheaton vials
and 200 mL of sulfanilamide and N-1-naphthyleneethylenediamine
were added. Standards ranging in concentration from 0 to 0.2 mM,
made by diluting a 1 mM NaNO2 stock solution with 0.2 mm-filtered
nitrite-free (i.e., 2000 m) Sargasso seawater were treated in the
same way as the samples. Absorbance was measured using a
Thermo Scientific Evolution 220 UV–Visible Spectrophotometer
equipped with a 10 cm path-length cuvette. The detection limit
was �0.005 mM. The concentration of nitrate was calculated by
subtracting nitrite from nitrateþnitrite; error was propagated
according to standard statistical practices.

2.3. Isotopic analysis of nitrateþnitrite and nitrate

The δ15N and δ18O of nitrateþnitrite (for all samples with
concentrationsZ0.2 mM) were determined by the ‘denitrifier’
method, wherein denitrifying bacteria lacking nitrous oxide
(N2O) reductase quantitatively convert sample nitrate and nitrite
to N2O (Casciotti et al., 2002; Sigman et al., 2001). The isotopic
composition of N2O was measured by GC-IRMS using a Thermo
MAT 253 mass spectrometer and a purpose-built on-line N2O
extraction and purification system. The international reference
materials, IAEA-N3 and USGS-34, and an in-house N2O standard
were run in parallel to monitor bacterial conversion and mass
spectrometry.

If nitrite is present in seawater, even at levels r0.5% of
nitrateþnitrite, it can noticeably affect the measured δ18O of
nitrateþnitrite (Casciotti and McIlvin, 2007; Granger and
Sigman, 2009; Granger et al., 2006). This is because, during
bacterial conversion to N2O, nitrite is subject to a smaller fractional
loss of O atoms than nitrate (3/4 versus 5/6) such that O isotopic
fractionation during nitrite reduction to N2O is lower (by �25‰)
than that for N2O generated from nitrate with the same initial δ18O
(Casciotti et al., 2007). Calibrating measured O isotope ratios to
nitrate reference materials thus underestimates the δ18O of nitra-
teþnitrite (Figs. S1 and S2). We corrected the δ18O of nitra-
teþnitrite for this methodological bias using the measured
concentration of nitrite relative to that of nitrateþnitrite for each
sample; the nitrateþnitrite δ18O data reported throughout this
study are the corrected values, with error propagated according to
standard statistical practices. Hereafter, any mention of the effect
of nitrite refers to the influence of the isotopic composition of
ambient water column nitrite on the combined nitrateþnitrite
pool and not to the analytical bias on δ18O described above.

To investigate the influence of ambient nitrite on the isotopic
composition of nitrateþnitrite, duplicate aliquots of all samples
from the surface to 500 m, as well as a number of deeper samples,
were treated with sulfamic acid to remove nitrite according to the

protocol of Granger and Sigman (2009). Care was taken to raise the
pH of treated samples to 7–8 via the addition of 2 N low-N NaOH
prior to their isotopic analysis. After nitrite removal, the remaining
nitrate was converted to N2O and analyzed for δ15N and δ18O as
described above. For all samples (i.e., nitrateþnitrite and nitrate),
the pooled standard deviations for δ15N and δ18O were 0.07‰ and
0.18‰ (nZ3), respectively, for concentrations Z0.5 μM, and
0.25‰ and 0.37‰ (nZ3) for concentrations o0.5 mM.

3. Results

3.1. Nitrate and nitrite concentrations

For all cruises, vertical profiles of nitrateþnitrite concentration
are characteristic of the subtropical North Atlantic, decreasing
from an average of 3.2770.77 mM in the thermocline (200–250 m)
to 0–0.5 mM (depending on the season) at the surface (Fig. 1A and
inset). Instances of non-zero nitrate throughout the euphotic zone
are typically limited to the late winter and early spring, when
wind-driven deep mixing may entrain thermocline nitrate into
surface waters (Lomas et al., 2013; Steinberg et al., 2001). One
notable exception is the profile from June 2010, which has
nitrateþnitrite concentrations of 40.5 mM throughout the eupho-
tic zone (average of 0.9570.43 mM; Fig. 1A inset), a condition that
is highly unusual for the summer at BATS. In the spring of 2010,
the interaction of an eddy with deep convective mixing generated
a 464 m mixed layer, the deepest ever observed at BATS (Lomas
et al., 2013), which remained significantly deeper than the
euphotic zone until late April. Presumably as a result of light
limitation associated with this deep mixed layer, the spring bloom
and associated nutrient drawdown occurred later than is usually
observed, and measurable concentrations of nitrate lingered into
the early summer (Lomas et al., 2013; Treibergs et al., 2014).

Nitrite was always present at low levels throughout the upper
300–400 m, with every profile showing a concentration maximum
near the base of the euphotic zone (0.08–0.19 mM at 90–150 m,
with a mean depth of 114 m; Fig. 1B). This feature, termed the
primary nitrite maximum (PNM), is ubiquitous in the stratified
aerobic ocean, but the dominant process driving its formation
remains uncertain (Lomas and Lipschultz, 2006 and references
therein).

3.2. The N and O isotopes of nitrateþnitrite

Below �200 m, nitrateþnitrite δ15N profiles show little varia-
bility and are consistent with previous studies from this region
(e.g., Fawcett et al., 2014; Knapp et al., 2008; Fig. 1C). Between 800
and 1000 m, the δ15N of nitrateþnitrite is 5.0570.09‰ (average
of 18 cruises), decreasing upwards into the thermocline (to a
minimum of 2.4970.28‰ at 200 m) due to the addition of
recently fixed N (with a δ15N of �2 to 0‰; Carpenter et al.,
1997; Minagawa and Wada, 1986) throughout the tropical and
subtropical Atlantic (Knapp et al., 2008). Here, “recently fixed N”
refers to nitrate deriving (via remineralization and nitrification)
from biological N2 fixation in the Atlantic basin that has yet to be
homogenized with the large global ocean nitrate reservoir. This is
in contrast to “newly fixed N,” which typically refers to N supplied
to the euphotic zone via in situ N2 fixation in the same year as the
sampling.

The δ18O of nitrateþnitrite is 1.6070.26‰ between 800 and
1000 m, increasing gradually to 3.1770.58‰ in the thermocline
(Fig. 1E). Salinity increases by 1.4 psu over the same depth range,
which could account for up to �0.7‰ of the upward increase in
nitrateþnitrite δ18O if all of the resident nitrateþnitrite were
nitrified in situ (Bigg and Rohling, 2000; see Supplemental
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information for discussion of the relationship between nitrate δ18O
and salinity). Above the thermocline, variability among profiles
increases, but the general trend is one of rising nitrateþnitrite
δ15N and δ18O toward the surface (accompanying the decrease in
concentration), as has been observed previously at BATS (Fawcett
et al., 2014; Knapp et al., 2005, 2008), due to isotope fractionation
during nitrate assimilation by phytoplankton.

3.3. The isotopic impact of nitrite and its removal

The presence of nitrite in the upper water column (0–300 m) at
BATS has a significant impact on the δ15N of the combined
nitrateþnitrite pool, often yielding quantitatively important
changes in the profile gradients (Fig. 1C–F). Nitrite removal
increases the measured δ15N of nitrate by an average of 1.32‰
over the upper 300 m and 2.92‰ in the euphotic zone (with
individual samples increasing by as much as 9.6‰; Fig. 1D). In
some cases the shape of the profile also changes. For example, in
February 2012 (Fig. 1C and D; bright green open triangles),
nitrateþnitrite was detectable throughout the surface layer
(0.3070.05 mM over the 120 m mixed layer) with an average
δ15N (1.7070.25‰) similar to that of the BATS thermocline. After
nitrite removal, however, the vertical gradient characteristic of
algal nitrate assimilation becomes evident (i.e., nitrate δ15N
increases with decreasing concentration from the thermocline
into surface waters), with the average δ15N of mixed layer nitrate
rising to 7.0170.82‰. By contrast, the presence of nitrite affects
nitrateþnitrite δ15N (and δ18O) only minimally in the profile from
November 2012 (Fig. 1C and D; shaded blue squares). Here, the
anomalously high concentration of nitrate in the lower euphotic
zone swamps the nitrite at the depths with adequate nitrate for
analysis (nitrateþnitrite is 2.4770.07 mM at the PNM (100 m)
such that nitrite constitutes o4% of the nitrateþnitrite pool;
Fig. 1A inset).

Nitrite removal increases nitrate δ18O in roughly half of the
samples and decreases it or has minimal (o0.2‰) effect in the
other half (Fig. 1F). The shape of the δ18O depth profiles is largely
unchanged by nitrite removal, although variability in the thermo-
cline is reduced.

4. Discussion

4.1. Nitrateþnitrite isotopes suggest coupled upper ocean
assimilation and nitrification

Culture studies have shown that nitrate assimilation by phyto-
plankton causes a nearly equivalent rise in the δ15N and δ18O of
residual nitrate (Granger et al., 2010, 2004). Thus, if the only
biological process acting upon nitrate in the upper water column
at BATS were assimilation, we would expect the nitrate samples to
fall along a 1:1 line in δ18O vs. δ15N space, extending from the
average δ18O and δ15N of thermocline nitrate (i.e., the subsurface
nitrate source). Plotting the nitrateþnitrite data from 0 to 300 m
in this space (Fig. 2A) reveals a distinct deviation from 1:1, with a
significantly greater rise in δ18O than δ15N. In particular, spring-
time samples (triangles, dashed red box; Fig. 2A) have a δ18O of
�8–14‰ and a δ15N of r2‰.

Previous observations of such a decoupling of the nitrate N and
O isotopes in shallow samples have been interpreted as indicating
euphotic zone nitrification (e.g., Wankel et al., 2007). The O atoms
added during nitrification have a δ18O that is close to that of the
ambient water (Buchwald et al., 2012; estimated by Sigman et al.
(2009) to be �1.15‰ higher than that of ambient water). Given
the δ18O of the nitrate supply at BATS (2.57‰ at 250 m) and the O

isotope effect associated with its consumption (2.4–5.7‰; Fig. S3),
the δ18O of newly nitrified nitrate will be higher than the δ18O of
the O atoms removed during nitrate assimilation (�1–2‰ versus
�3.1‰ to 0.2‰). By contrast, the δ15N of newly nitrified nitrate
will be similar to the δ15N of the suspended particulate N (PN)
undergoing remineralization and nitrification. If this suspended
PN derives from nitrate assimilation, then its remineralization
back to nitrate will render the δ15N of the combined nitrate pool
(i.e., the pool undergoing assimilation plus the newly nitrified
pool) unchanged. The co-occurrence of nitrate assimilation and
nitrification in the euphotic zone thus acts to raise the δ18O of
nitrate more than its δ15N, driving samples off the 1:1 line in δ18O
vs. δ15N space (Fig. 2A). This can be complicated by the existence
of at least two possible fates for ammonium in surface waters:
assimilation and oxidation (the first step of nitrification). However,
given the large isotope effect for ammonia oxidation (14–19‰;
Casciotti et al., 2003) compared to that for ammonium assimilation
(5‰ or lower; Hoch et al., 1992; Liu et al., 2013; Pennock et al.,
1996; Vo et al., 2013) at the low ammonium concentrations typical
of the Sargasso Sea (o0.02 μM; Fawcett et al., 2014; Lipschultz,
2001), nitrification will direct low-δ15N N into the nitrate pool,
potentially further decreasing the δ15N of nitrate relative to its
δ18O. In sum, euphotic zone nitrification can overprint the isotopic
signal of nitrate assimilation with a contribution of higher δ18O-to-
δ15N nitrate.

The decoupling of the N and O isotopes of nitrateþnitrite that
we observe in shallow waters at BATS (Fig. 2A) seems consistent
with the parallel occurrence of nitrate assimilation and nitrification
as described above, with implications for estimates of organic
carbon export and the f-ratio (Yool et al., 2007). However, the
extent of this decoupling appears to be correlated with the propor-
tion of nitrite (relative to nitrateþnitrite) in the samples. For
example, the springtime samples that deviate most from the 1:1
line in δ18O vs. δ15N space (triangles, dashed red box; Fig. 2A) are
characterized by Z30% nitrite, whereas summertime samples
containing almost no nitrite (circles, dashed blue ellipse; Fig. 2A)
lie along a roughly 1:1 upwards trajectory from the thermocline. To
understand the implications of this relationship with nitrite con-
centration, we turn to the isotopic composition of nitrate alone.

4.2. Nitrate-only isotopes indicate vertical decoupling of nitrate
assimilation and nitrification

The interpretation outlined above (i.e., euphotic zone nitrifica-
tion co-occurring with nitrate assimilation) is entirely undone by
the results of the nitrite removal treatment. Indeed, for all
euphotic zone samples, nitrite removal returns the δ18O vs. δ15N
relationship to the 1:1 line (Fig. 2B and C). These data indicate that
regardless of season, nitrate assimilation is the dominant N cycling
pathway in the upper �140 m of the Sargasso Sea’s water column,
with no signal of nitrification in the euphotic zone nitrate pool.
One implication of this finding is that nitrate assimilation can be
taken as a reasonable measure of export production at BATS, free
from the uncertainties introduced by regenerated nitrate produc-
tion in the euphotic zone. In addition, the dramatically different
pictures of upper ocean N cycling suggested by the dual isotopes of
nitrate before and after nitrite removal indicate that efforts to
identify and quantify nitrification based on nitrate δ15N and δ18O
in euphotic zone waters with low to moderate nitrate concentra-
tions must include a nitrite removal step.

While nitrite removal reveals a roughly equivalent rise in
nitrate δ15N and δ18O in the euphotic zone, it does not remove
the upward increase in nitrate δ18O (by as much as �3.4‰;
indicated by the purple arrow in Fig. 2B and C) from 300 m to
~140 m depth (i.e., in the “twilight zone”) that is not accompanied
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by an equal rise in δ15N. This deviation from a 1:1 δ18O:δ15N
relationship argues for the co-occurrence of partial nitrate assim-
ilation and nitrification in the waters below the euphotic zone. As
described above, the cycling of N between nitrate assimilation and
nitrification has little net effect on the δ15N of nitrate. In contrast,
the onset of such an internal cycle causes the δ18O of nitrate to
drift upwards because the assimilated nitrate is initially lower in
δ18O than the nitrate produced by nitrification (assumed here to
be 1.15‰ higher than ambient water). Thus, the rise in nitrate δ18O
below the euphotic zone at BATS in the face of unchanging nitrate
δ15N can be explained by the co-occurrence of partial nitrate
assimilation and nitrification.

4.3. A simpler upper ocean nitrogen cycle for the Sargasso Sea

The vertical decoupling of nitrate assimilation and nitrification
at BATS implied by our dataset is summarized in Fig. 3. Here, to
quantify the deviation of nitrate δ15N and δ18O from the behavior
expected for nitrate assimilation alone, we use the parameter
Δ(15,18) (Knapp et al., 2008; Rafter et al., 2013; Sigman et al.,
2005):

Δ 15;18ð Þ ¼ δ15NNO3
–ð15εorg : 18εorg Þ � δ18ONO3

where δ15NNO3
and δ18ONO3

are the measured isotopic composition
of nitrate in a given sample and 15εorg:18εorg is the N-to-O isotope
effect ratio for nitrate assimilation, which culture and in vitro
studies (and our field estimates from BATS; Fig. S3) indicate to be
�1 (Granger et al., 2004, 2010; Karsh et al., 2012).

The average state suggested by our data is that throughout the
euphotic zone (and even slightly below it), regardless of season,
photoautotrophic nitrate assimilation is the only biological process
acting on the nitrate pool, as evidenced by the nearly equivalent
rise in nitrate δ15N and δ18O and unchanging Δ(15,18) (yellow
shaded region in Fig. 3). Here, any ammonium produced by
phytoplankton or bacteria (e.g., as a result of grazing, viral lysis,
or remineralization) is apparently not oxidized but is instead
assimilated into biomass.

The rate of nitrate supply to surface waters at BATS is slow
throughout most of the year. Accordingly, phytoplankton (parti-
cularly the prokaryotic cyanobacteria, Prochlorococcus and Syne-
chococcus) are extremely adept at stripping out the low levels of

rapidly cycling ammonium (Fawcett et al., 2014, 2011; Lipschultz,
2001). While the affinity of ammonia oxidizers for ammonium at
BATS (Km ¼ 65741 nM; Newell et al., 2013) is similar to that of
phytoplankton (Km ¼ 25–40 nM; Harrison et al., 1996), ammonia
oxidizers are far more constrained by the ambient concentration of
ammonium in the water column since they require 8–42 mols of N
to fix one mol of C (Billen, 1976; Glover, 1985; Könneke et al.,
2005). Thus, competition with ammonium-assimilating phyto-
plankton likely plays an important role in restricting nitrification
to the waters below the BATS euphotic zone, where light limita-
tion renders phytoplankton less efficient (Smith et al., 2014; Ward,
2005, 1985).

Light inhibition of ammonia- and nitrite oxidizers has been
hypothesized to restrict nitrification to the dark waters below the
euphotic zone (e.g., Olson, 1981). Indeed, numerous culture and
field studies have shown the inhibition of both ammonia- and
nitrite oxidizers under light conditions characteristic of the surface
ocean (Guerrero and Jones, 1996a, 1996b; Hooper and Terry, 1974;
Horrigan et al., 1981). However, while the activity of nitrifiers is
severely reduced under such light conditions, it is not completely
halted (e.g., Ward, 2005). Moreover, nitrification has been directly
measured in the euphotic zone (albeit typically in the lower
euphotic zone) of many important oceanic environments (Clark
et al., 2008; Dore and Karl, 1996; Ward et al., 1989), leading to a
revision of the light limitation hypothesis. Nonetheless, in a well-
lit, stratified system such as the Sargasso Sea, light inhibition of
nitrifiers likely also contributes to the observed vertical
decoupling of nitrification and nitrate assimilation since any
reduction of nitrifier activity renders them less competitive with
phytoplankton.

In the deep ocean (below the twilight zone in Fig. 3) where
there is no light available to support photoautotrophic nitrate
assimilation, nitrification is the dominant biological process acting
on the nitrate pool, albeit at a very low rate due to the low supply
of organic matter for remineralization at these depths. Here, the
δ18O of nitrate remains roughly constant as it is set by the δ18O of
newly nitrified nitrate (i.e., δ18O of seawater þ1.15‰ according to
Sigman et al., 2009; dashed red line in Fig. 3). Nitrate δ18O
increases into the twilight zone from as deep as 400 m, likely
due to assimilatory processes (salinity increases by r0.1 psu from
400 m to 300 m such that salinity-driven changes in seawater δ18O
cannot explain the �0.4‰ rise in nitrate δ18O over this depth

Fig. 2. Cross plots showing the δ18O vs. δ15N of (A) nitrateþnitrite, and (B) nitrate for all samples from 0—300 m in summer (circles), fall and winter (squares), and spring
(triangles), with the color shading indicating the % nitrite (relative to nitrateþnitrite) in each sample. Panel (C) shows salinity-corrected δ18O vs. δ15N of nitrate (see
Supplemental information for discussion of salinity), with the color shading indicating the depth from which the samples were collected. Note the change in color scale
relative to panels (A) and (B), which was chosen to best show the 100–200 m depth interval. Diagonal grey lines have a slope of 1. Error bars indicate 71 standard deviation
of all measurements, including samples from duplicate Niskin bottles, duplicate samples from the same Niskin bottles, duplicate treatments of the same sample (in the case
of nitrite removal) and replicate analyses (nZ3) of the same sample. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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interval; see Supplemental information for discussion of salinity).
By contrast, the δ15N of nitrate decreases upwards into the lower
twilight zone (Figs. 1D and 3; from 5.0170.12‰ at 800 m to
2.7170.18‰ at 300 m). Together, these trends yield a decline inΔ
(15,18) between 800 m and 300 m that has been explained largely
as the result of the nitrification of sinking N containing newly or
recently fixed N (Knapp et al., 2008; Sigman et al., 2005).

Δ(15,18) continues to decrease upwards through the twilight
zone (from 300 m to �140 m), driven by a δ18O rise in the face of a
stable δ15N (Figs. 2B,C and 3). The continued Δ(15,18) decline in
itself might be explained by a continued upward increase in the
importance of the regeneration of newly fixed N. However, the
δ18O rise requires an additional process, with nitrate assimilation

being the only clear option. In this case, the stability of nitrate δ15N
could signal the offsetting effects of newly fixed N regeneration
(lowering δ15N) and nitrate assimilation (raising δ15N). Alterna-
tively, if partial nitrate assimilation is coupled with nitrification,
both the upward δ18O rise and the δ15N stability (i.e., the decline in
Δ(15,18)) from 300 m to 140 m would be explained without the
need for a contribution from newly fixed N.

There are a number of possible origins for a nitrate assimilation
signal between 140 m and 300 m in the Sargasso Sea water
column. First, the signal may be mixed down from the euphotic
zone. This is certainly possible, given the springtime mixing that is
known to occur at BATS (Lomas et al., 2013). Second and related,
there may have been partial nitrate assimilation in the surface
outcrop region for the isopycnals at this depth. We are currently
investigating this through the analysis of samples from higher
latitudes, including near the proposed outcrop regions for “18
degree water.” Third, there may be adequate nitrate assimilation at
depth to generate the slight rise in nitrate δ18O (see below).

The δ15N/δ18O relationship associated with coupled partial
nitrate assimilation and nitrification can be complicated greatly
if ammonium is not only being nitrified but is also re-assimilated.
Because of the apparently greater capacity for isotope fractiona-
tion during ammonium oxidation than ammonium assimilation
under ambient ammonium concentrations (see above), the co-
occurrence of these two processes can generate nitrate with a
range in δ15N that extends to strongly negative values (e.g., Fripiat
et al., 2014). Thus, the remarkably constant δ15N of nitrate in the
shallow Sargasso Sea thermocline suggests that ammonium assim-
ilation is occurring at very low rates, if at all, during the times of
nitrification in the twilight zone. Given the general expectation
that the assimilation of ammonium should be favored over the
assimilation of nitrate because it requires less energy (Dortch,
1990), the implication is that the nitrate assimilation that gen-
erates the δ18O elevation down to 300 m is not occurring in the
same waters or at the same time that nitrification is occurring.
Among the possible explanations for the partial nitrate assimila-
tion signal between 140 m and 300 m, this consideration tends to
argue for the circulation-driven transport of the nitrate assimila-
tion signal downward from above and/or from a higher latitude
outcrop region. However, firmer conclusions with regard to the
twilight zone nitrate isotopic signals await a three dimensional
analysis.

4.4. Conclusions

In summary, the dual isotopes of nitrate (after nitrite removal)
provide compelling evidence that, regardless of season, nitrifica-
tion does not occur at significant levels in the BATS euphotic zone,
overlapping with the isotopic signal of nitrate assimilation only in
the �150 m-thick “twilight zone” below it. This is perhaps
unexpected given the recent focus on the apparent ubiquity of
euphotic zone nitrification in the global ocean (Yool et al., 2007).
However, the compilation of Yool et al. (2007), which clearly
evinces euphotic zone nitrification (i.e., via direct rate measure-
ments) in many important oceanic environments, includes no data
from the western North Atlantic, and very few data from the
subtropics in general. That nitrification does not occur in the BATS
euphotic zone but is important elsewhere may be due to the
efficiency of Sargasso Sea phytoplankton at assimilating ammo-
nium in such an N-poor system. Consistent with this interpreta-
tion, data from throughout the western subtropical North Atlantic
show that the uptake of phosphate by phytoplankton, particularly
Synechococcus and Prochlorococcus, is characterized by much lower
Km values than in regions of higher ambient P (Lomas et al., 2014).
It is logical to conclude that phytoplankton have an equally high
affinity for ammonium in the Sargasso Sea given the slow upward

Fig. 3. Temporally averaged view of the upper Sargasso Sea N cycle (0–500 m, over
which the average nitrate concentration ([NO3

�]) ranges from 0—7.7 mM) as implied
by our nitrate N and O isotope data. The euphotic zone is indicated by the yellow
shaded region, with light yellow indicating the traditionally-defined euphotic zone
down to the 1% isolume (�100 m) and dark yellow indicating the depth region
below the 1% isolume to roughly the 0.1% isolume (�140 m; Siegel
et al., 1995). Down to the 1% isolume and also typically down to the 0.1% isolume,
the dominant signal recorded by the nitrate isotopes is fractionation due to nitrate
assimilation. The twilight zone (down to 300 m) is indicated by the light blue
shaded region, and the dark blue shading characterizes the deep ocean below it.
The important N cycle processes within each depth layer are indicated: Norg is
organic N biomass (predominantly phytoplankton), NH4

þ is ammonium, NO2
� is

nitrite, and NO3
� is nitrate. The dashed arrow between NH4

þ and Norg in the twilight
zone indicates that while coincident consumption of ammonium by ammonia
oxidizers and phytoplankton is possible in this depth range, the consistency of
δ18O-to-δ15N relationship does not support significant ammonium assimilation
when nitrate assimilation is occurring (see text). The solid black vertical profile
shows nitrate δ15N, averaged over all cruises, and plotted as a function of [NO3

�]
(which is a reasonably proxy for depth, while also allowing for more accurate
averaging of profiles collected at different times of year; for reference, relevant
depths are indicated in grey on the right hand y-axis). The thick dashed black
vertical profile indicates the average δ18O of nitrate (bottom x-axis), offset slightly
from nitrate δ15N in order to overlap with the δ15N profile at the base of the
twilight zone (300 m; average [NO3

�]¼ 4.2 mM). The difference between nitrate
δ15N and δ18O (i.e., Δ(15,18) ¼ δ15N–δ18O) is indicated by the solid blue line. The
dashed red line shows the approximate δ18O of newly nitrified nitrate (δ18Onitri®ca-

tion), estimated to be 1.15‰ higher than the δ
18O of seawater by Sigman et al. (2009). We use

the average salinity measured at each depth (“sal”) to calculate the δ18O of seawater
according to the approximate relationship derived for the subtropical ocean near
Bermuda: δ18Oseawater ¼ (0.5� sal)–18.48 (Bigg and Rohling, 2000; LeGrande and
Schmidt, 2006). Note that the �2‰ to 6‰ range of the upper and lower x-axes has
been expanded. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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supply of nitrate and the evidence that Prochlorococcus and
Synechococcus rely almost exclusively on recycled N throughout
the year at BATS (Fawcett et al., 2014, 2011). It is thus likely that
the high efficiency of nutrient uptake by phytoplankton confines
nitrification to the twilight zone of the Sargasso Sea.

The available field data largely support our conclusion that
nitrification is not a significant source of euphotic zone nitrate at
BATS. For example, in a wintertime study of ammonia oxidation
using 15N-tracer additions, Newell et al. (2013) found no evidence
of nitrification in the euphotic zone, with the shallowest detect-
able ammonia oxidation rate occurring at 120 m. Similarly, Lomas
et al. (2009) was unable to detect nitrification between 0 and
220 m in early spring using a nitrate isotope dilution method.
By contrast, Lipschultz (2001) reported isotope dilution-based
evidence of nitrification in summertime surface waters at BATS,
but these rates were integrated from the surface to 140 m, and
thus included the high-nitrite waters (i.e., the PNM) below the
euphotic zone.

Our measurement-based annual view of the vertical distribu-
tion of nitrate assimilation and nitrification directly contravenes
the results of a modeling study requiring that 55% of the nitrate
consumed annually by phytoplankton at BATS be supplied by
upper ocean nitrification (Martin and Pondaven, 2006). This may
be due in part to the parameterization of nutrient uptake in the
model, with phytoplankton modeled to have higher Km values
than they likely do in natural systems. In any case, the work of
Martin and Pondaven (2006) and that of others (e.g., Lipschultz,
2001) point out that euphotic zone nitrate regeneration would
exacerbate the need for new N sources to support the long-
recognized and mysterious summertime drawdown of dissolved
inorganic carbon (DIC) in the BATS mixed layer (Bates et al., 1996;
Brix et al., 2006; Gruber et al., 1998; Michaels et al., 1994). While
seasonal DIC removal is still missing its N source, our data imply
that regenerated nitrate-supported production in the BATS eupho-
tic zone is not deepening this paradox. Moreover, the evidence for
the vertical decoupling of nitrate assimilation and nitrification
argues for a simpler euphotic zone N cycle in the Sargasso Sea than
has recently been suggested. Given that N2 fixation appears to
account for only a small fraction of new N input to the BATS
euphotic zone annually (Altabet, 1988; Knapp et al., 2005, 2008),
we conclude that nitrate-fueled primary production can be taken
as a fair measure of new production in the Sargasso Sea, equivalent
to the rate of carbon export into the deep ocean.
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