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[1] Coupled measurements of nitrate (NO3
�), nitrogen (N), and oxygen (O) isotopic

composition (d15NNO3 and d18ONO3) were made in surface waters of Monterey Bay to
investigate multiple N cycling processes occurring within surface waters. Profiles
collected throughout the year at three sites exhibit a wide range of values, suggesting
simultaneous and variable influence of both phytoplankton NO3

� assimilation and
nitrification within the euphotic zone. Specifically, increases in d18ONO3 were consistently
greater than those in d15NNO3. A coupled isotope steady state box model was used to
estimate the amount of NO3

� supplied by nitrification in surface waters relative to that
supplied from deeper water. The model highlights the importance of the branching
reaction during ammonium (NH4

+) consumption, in which NH4
+ either serves as a substrate

for regenerated production or for nitrification. Our observations indicate that a previously
unrecognized proportion of nitrate-based productivity, on average 15 to 27%, is supported
by nitrification in surface waters and should not be considered new production. This
work also highlights the need for a better understanding of isotope effects of NH4

+

oxidation, NH4
+ assimilation, and NO3

� assimilation in marine environments.
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1. Introduction

[2] Despite decades of research on marine nutrient dy-
namics, much remains to be learned about the marine
nitrogen (N) cycle. Fluxes among pools of N and rates of
transformation of N species are poorly characterized in the
upper water column. In the euphotic zone, phytoplankton
generally represent the largest pool of particulate organic
nitrogen (PON) and the largest sink for inorganic N. As
cells die, the organic biomass is remineralized by hetero-
trophic processes. The remineralized N is primarily released
as ammonium (NH4

+) which is either reassimilated by
planktonic organisms or oxidized to nitrite (NO2

�) and
nitrate (NO3

�) by nitrifying bacteria and/or archaea [Karl
and Michaels, 2001; Sigman and Casciotti, 2001].
[3] Primary production by phytoplankton in ocean surface

waters is chiefly regulated by the availability of nitrogenous

nutrients (NH4
+ and NO3

�). Hence upwelling of NO3
� rich,

deep water often results in high primary production. Pro-
duction in surface water is additionally driven by NH4

+

generated from the remineralization of organic N. Many
studies have estimated production of ‘new’ organic matter
supported by upwelling of ‘new’ NO3

� into the euphotic
zone in terms of ‘‘f-ratios’’ constructed from the uptake of
NO3

� and NH4
+, (where f = NO3

� uptake/(NO3
� + NH4

+ up-
take)) [Dugdale and Goering, 1967; Eppley and Peterson,
1979; Kudela and Dugdale, 2000]. However, the relative
importance of NO3

� from nitrification within the euphotic
zone fueling ‘recycled’ production has not been directly
estimated. Hence estimates of new and regenerated produc-
tion based on NH4

+ and NO3
� uptake will be inaccurate to the

extent that some NO3
� is regenerated within surface waters.

Indeed, several studies have shown evidence for simulta-
neous nitrification and assimilation by phytoplankton occur-
ring in the euphotic zone [Ward et al., 1989; Dore and Karl,
1996; Bianchi et al., 1997; Raimbault et al., 1999; Ward,
2005], and primary production based on surface-regenerated
NO3

� may be underrepresented in current models [e.g.,
Sarmiento et al., 1993].
[4] While these N cycling processes are well character-

ized, in situ flux measurements remain difficult to determine
particularly where concentrations are low (e.g., surface
waters) and where simultaneous processes may interfere
with rate measurements of any one process (e.g., reminer-
alization, assimilation, nitrification). However, the isotopic
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composition (e.g., 15N/14N) of the various N pools has been
shown to be a time/space-integrated record of multiple
biogeochemical processes [e.g., Brandes and Devol, 2002;
Sigman et al., 2003]. Also, measurement of the natural
abundance isotopic composition of the N pools avoids any
undesired effects of 15N labeling techniques which require
sample manipulation and addition of exogenous nutrients.
Furthermore, NO3

� can be analyzed for both N (d15NNO3)
and O (d18ONO3) isotopes helping to deconvolute some of
the multiple processes occurring simultaneously within the
water column [Granger et al., 2004; Lehmann et al., 2004;
Sigman et al., 2005].
[5] Any element containing multiple stable isotopes (e.g.,

14N and 15N) is subject to some degree of mass-dependent
isotopic fractionation due to the different rates at which each
isotope reacts. For example, as a pool of NO3

� is consumed
by phytoplankton, the molecules containing the lighter
isotopes (i.e., 14N) react more quickly causing the 15N/14N
ratio of the remaining NO3

� to increase (higher d15NNO3

values). The magnitude of this effect is expressed as e and is
approximated as the difference between the d15N values of
the substrate (e.g., NO3

�) and that of the instantaneous
product (e.g., d15N of phytoplankton). When two elements
with stable isotopes are considered (e.g., N and O in NO3

�),
the fractionation can be viewed as ‘‘coupled’’ if the d15N
and d18O shift proportionally in the same directions, and
‘‘decoupled’’ if not. Nitrate assimilation, for example,
causes equal increases in d15N and d18O of the residual
NO3�; hence, the fractionations can be viewed as strongly
coupled [Granger et al., 2004]. Studies of NO3

� isotopic
fractionation in marine systems indicate that denitrification,
like assimilation, also gives rise to 18e:15e = 1 (e.g.,
coupled) [Granger, 2006]. Thus both NO3

� assimilation
and denitrification in marine environments yield similar
ratios of O:N isotope fractionation and will result in an
expected slope of 1 on a plot of d15NNO3 and d18ONO3.
[6] Unlike the NO3

– consuming processes described
above, nitrification (oxidation of NH4

+ to NO2
� and NO3

�)

leads to a decoupling of N and O isotope fractionations.
Ammonium, the ultimate source of N to the NO3

� molecule
in this process, has been shown to be strongly fractionated
during nitrification, with marine nitrifiers exhibiting values
for entr between 14 and 19% [Casciotti et al., 2003]. Thus
the process of nitrification is potentially a source of NO3

�

with isotopically light N. The degree of fractionation,
however, depends on several factors including the degree
of consumption and the presence of other processes com-
peting for the same NH4

+ substrate (see model description).
[7] The d18O resulting from nitrification (d18Ontr), on the

other hand, is the subject of some continuing debate.
Biochemical studies have shown that the oxygen atoms of
NO3

� formed during nitrification are derived from both
water and dissolved O2 [Andersson and Hooper, 1983;
Kumar et al., 1983; Hollocher, 1984]. However, Casciotti
et al. [2002] showed that in the marine water column, the
d18ONO3 in deep waters is only slightly higher than the d18O
of seawater and suggested that, owing to nitrite-water
exchange [Andersson et al., 1982], less than 1/6 of the
oxygen atoms in NO3

� originate from dissolved O2. Thus
formation of new NO3

� from NH4
+ through nitrification may

result in a d18O approaching that of the ambient water
[Wankel et al., 2006]. In fact, there is increasing evidence
that in the deep ocean, NO3

� has a d18ONO3 consistently 2–
3% higher than seawater (�0%) [Casciotti et al., 2002;
Sigman et al., 2005]. On the basis of these studies, we
assume that the d18ONO3 resulting from nitrification in the
surface ocean operates in the same manner, returning NO3

�

with a d18ONO3 of �3%.
[8] The decoupling of O and N fractionation in the N

cycle allows for the dual isotope approach to help decon-
volute multiple processes. For example, deviations from
18e:15e = 1 can arise from the combined effects of N fixation
and removal by denitrification [Sigman et al., 2005]. Near
the surface, the combined processes of assimilation and
nitrification should also cause similar deviations from the
d15NNO3 and d18ONO3 relationship expected from assimila-
tion alone. This has been pointed out by others [Granger et
al., 2004; Sigman et al., 2005]. Specifically, if supply of
NO3

� from deep water and consumption by NO3
� assimila-

tion are the only processes occurring in the euphotic zone,
changes in d15NNO3 should parallel those of d18ONO3.
However, our study in Monterey Bay shows a decoupling
of the d15N and d18O of NO3

�, indicating other processes are
important in the euphotic zone marine N cycle. By taking
into account parallel variations in both the d15NNO3 and
d18ONO3, we estimate the relative amount of primary
production supported by euphotic zone nitrification in an
area dominated by delivery of nutrients through upwelling.

2. Site Description

[9] Monterey Bay is a broadly open and deep nonestuar-
ine embayment (>1000 m) on the central coast of California
(Figure 1). It is characterized by large spatial and temporal
changes in productivity due to seasonal changes in the
strength of upwelling-favorable northwesterly winds. Dur-
ing the spring and early summer, increased wind stress leads
to upwelling of nutrient-rich water, resulting in higher

Figure 1. Map of Monterey Bay, California, showing
sampling locations.
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productivity. During the fall and winter months, these winds
relax or reverse, causing a cessation of upwelling leading to
lower productivity. Sea surface temperatures range from
9�C during upwelling events to >16�C in late summer
[Breaker and Broenkow, 1994; Chavez, 1995, 1996;
Pennington and Chavez, 2000]. Oceanographic conditions
during winter are spatially more uniform, with relatively
low levels of NO3

� (�1 mM), chlorophyll (�1 mg/L), and
primary productivity (<500 mg C/m2). As northwesterly
winds increase in spring, spatial and temporal variability in
all of these parameters increases due to the episodic and
localized nature of the strong winds and upwelling events.
High concentrations of NO3

� are common (�30 mM), and
during blooms of phytoplankton chlorophyll concentrations
can reach 20 mg/L [Kudela and Chavez, 2002]. Phytoplank-
ton dynamics and nutrient addition experiments suggest that
the system is largely NO3

� driven, with little evidence for N
fixation [Pennington and Chavez, 2000; Kudela and Chavez,
2002]. Following the upwelling season, there is a period (late
summer to early fall) during which more open oceanic
conditions prevail. Hence Monterey Bay provides an excel-
lent opportunity to assess the influence of variations in NO3

�

isotopic composition on estimates of euphotic zone nitrifica-
tion in a highly dynamic region.
[10] Three long-term oceanographic observational

stations (C1, M1, and M2) are located in Monterey Bay.
C1 is closest to shore (36�47.80N, 121�50.80W) and is most
influenced by coastal and within-bay processes (Figure 1).
Station M1 (36�44.70N, 122�01.20W) is situated directly
downstream of a major upwelling current and thus responds
directly to upwelling events. Station M2 (36�41.90N,
122�23.90W) is the most oceanic of the stations and gener-
ally is less influenced by seasonal upwelling. Euphotic zone
depths typically range from 30 to 60 m, while mixed layer
depths are generally somewhat shallower (10 to 40 m).

3. Methods: Sample Collection

[11] Samples were collected during nine single-day
cruises between November 2002 and June 2004 aboard
the R/V Point Lobos along an offshore transect comprising
three stations (C1, M1 and M2). Owing to seasonally rough
seas, the outermost station, M2, was visited fewer times in
this study than C1 and M1. Casts were made to 200 m using
a SeaBird 911 CTD mounted on a General Oceanics
12 sample rosette of 12L Niskin bottles. The suite of
measurements made at each station is described in detail
by Pennington and Chavez [2000]. Water was collected
from 11 depths between 0 to 200 m. Ten milliliters of water
from each depth was frozen and later analyzed for dissolved
nutrient concentrations using an AlpChem autoanalyzer
[Pennington and Chavez, 2000]. Fifty milliliters of water
was collected, filtered (0.2 mm) and frozen for NO3

� isotope
measurements. Within this depth range, waters were
always oxic, eliminating the possibility of influence by
denitrification.
[12] Isotopic analyses of NO3

� were carried out using the
denitrifier method [Sigman et al., 2001; Casciotti et al.,
2002]. All samples were corrected for exchange, fraction-
ation and blanks using international NO3

� standards USGS

34 and USGS 35 [Böhlke et al., 2003]. Analytical precision
(1s) for an internal quality control NO3

� standard was 0.3%
for d15NNO3 and 0.8% for d18ONO3. Reproducibility of
replicates (�65% of the samples were analyzed in dupli-
cate) was slightly higher than this (d15N = 0.4%; d18O =
0.9%). d15N values are reported as [(15N/14Nsample)/
(15N/14Nref) � 1]*1000, referenced to Air N2. d

18O values
are reported as [(18O/16Osample)/(

18O/16Oref) �1] *1000,
referenced to VSMOW.
[13] The denitrifier method implicitly measures the isoto-

pic composition of NO3
� + NO2

�. However, the potential
contribution of NO2

� is considered to be minor and the sum
is reported as NO3

�. If NO2
� is abundant, the reported

isotopic composition of NO3
� may be inaccurate. The

magnitude of this error will depend on the NO2
� concentra-

tion in the sample as well as both the isotopic composition
of the NO2

� and the isotope effect for NO3
� reduction to

NO2
� in the denitrifier species used, which is currently

unknown. In order to minimize the interference of NO2
�

in our samples, data were not included if the relative amount
of NO2

� in the total oxidized N pool (NO2
� + NO3

�) was
more than 4%. This occurred in surface waters on two
different sampling dates (18 November 2003 and 21 Janu-
ary 2004) at all three sites, where NO2

� accounted for 6 to
22% of the total oxidized N pool.

4. Results: d15NNO3 and d18ONO3

[14] Concentrations of NO3
� in the upper 200 m ranged

from 37.4mM to 0.7mM (Figures 2a, 2b, and 2c), with the
lowest concentrations near the surface at all three stations,
consistent with drawdown of NO3

� by phytoplankton within
the euphotic zone. Values for d15NNO3 ranged from +2.5%
(M2, 17 September 2003) to +14.5% (M2, 6 March 2003),
while d18ONO3 ranged from +1.1% (M1, 26 November
2002) to +33.9% (M2, 17 September 2003). Figure 2 shows
depth profiles of d15NNO3 and d18ONO3 for each station.
Both d15NNO3 and d18ONO3 values are typically higher in
the euphotic zone as is expected from phytoplankton
uptake. Because assimilative uptake has been shown to
fractionate both N and O isotopes equally [Granger et al.,
2004], we expect equal increases in d15NNO3 and d18ONO3

relative to the composition in subsurface waters (e.g., a 1:1
slope originating at the composition of upwelled NO3

�).
However, in all profiles, d18ONO3 values exhibited larger
relative increases than d15NNO3 values. This trend is shown
in Figures 2j, 2k, and 2l, where we plot this deviation
(see discussion about D(15,18) below). Thus NO3

� isotopic
composition in the euphotic zone does not appear to adhere

to this simple 15e = 18e rule associated with NO3
� assimi-

lation and suggests that it is recording multiple processes
simultaneously.

4.1. Spatial and Temporal Variability

[15] During seasonal upwelling in Monterey Bay, con-
centrations of NO3

� are variable. Early during an upwelling
event, the concentrations are high in surface waters, fol-
lowed by phytoplankton blooms which draw concentrations
down. While upwelling is well-documented in Monterey
Bay and evident in the NO3

� concentration profiles
(27 March 2003, 24 June 2003, 24 May 2004, 15 June 2004;
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Figure 2), no obvious seasonal patterns were evident in the
profiles of NO3

� isotopic composition. This may not be surpris-
ing in light of recent findings on nitrification dynamics in
Monterey Bay in which Ward [2005] showed that bacterial
abundance (potential mediators of remineralization), rates of
NH4

+ oxidation (a source of NO3
�) and NH4

+ assimilation by
phytoplankton, are uncorrelated with a wide array of hydrolog-
ical and biogeochemical parameters. Furthermore, the maxi-
mum rate of NH4

+ oxidation was also unrelated to seasonal
hydrographic or biogeochemical signals implying a decou-
pling of the N cycle from seasonal hydrographic features.
Other researchers have also concluded that the links among
upwelling, d15NNO3, d

15Npon and export flux are less tightly
correlated in Monterey Bay than in the open ocean, most
likely as the result of the smaller temporal and spatial scales
of upwelling events [Altabet et al., 1999].
[16] In the one sampling date during the oceanic period of

our study (17 September 2003), d15NNO3 values in the surface
water at all stations were actually lower than in deeper water.
A common interpretation of low d15NNO3 values in surface
water is inputs by N fixation. While this interpretation cannot
be ruled out, there has been little historical evidence that N
fixation plays an important role in Monterey Bay. Further-
more, these lower d15NNO3 values were typically associated
with very high d18ONO3 values, which seems inconsistent
with N fixation, as the NO3

� derived from N fixation should
result in d18ONO3 values near +3% [Sigman et al., 2005].

[17] While temporal trends in the isotopic composition at
each site are relatively minor (or at least not revealed at the
temporal resolution of this data set), there are some spatial
differences. Overall variability in the deep water was mini-
mal. However, stations C1 and M1 (Figures 2e and 2d)
generally have higher d15N values at 200 m (+7.8% and
+8.0%) as compared with M2 (+7.2%) (Figure 2f). Near the
surface, M2 also exhibits more variability and higher d18O
values as compared to C1 and M1 (Figures 2g, 2h, and 2i),
likely related to the lower NO3

� concentrations, the higher
degree of NO3

� drawdown and the more stratified nature of
this offshore site.

4.2. Decoupling of d15NNO3 and d18ONO3

[18] Sigman et al. [2005] define a term for the deviation
of the N and O isotopic composition of NO3

� from the 1:1
pattern expected from NO3

� consumption (equation (1)).
Such deviations may be observed when NO3

� consumption
is combined with production (nitrification),

D 15; 18ð Þ ¼ d15Nmeasured � d15Nsource

� �
� 15ep=

18ep
� �

* d18Omeasured � d18Osource

� �
; ð1Þ

where d15N and d18O are the N and O isotopic composition
of NO3

� measured in the water parcel of interest and source
water, respectively, and 15ep (or

18ep) is the isotope effect for
phytoplankton assimilation. This term, D(15,18) is equal to
the horizontal deviation from a line with a slope of 18e:15e

Figure 2. Depth profiles at stations C1, M1, and M2, respectively, of (a, b, c) NO3
� concentrations,

(d, e, f) d15NNO3, (g, h, i) d
18ONO3, and (j, k l) D(15,18). Values for D(15,18) are referenced to mean

North Pacific deep water nitrate (d15N = +5%; d18O = +3%).
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(in this case equal to 1) originating at some reference value
(in this case, deep, upwelled NO3

�) on a plot of d15NNO3

versus d18ONO3. While this term was originally used in
zones of denitrification for evaluating N fixation, we adapt
this term for use in surface waters to evaluate the presence
of nitrification in the presence of assimilation [Granger et
al., 2004]. To investigate the impact of nitrification on
d15NNO3 and d18ONO3, we construct a model detailed below
and compare the observed data to model results.

5. Simple Steady State Box Model

[19] We present a simple steady state box model (Figure 3)
of the surface ocean to help explore the combined effects of
assimilation and nitrification on NO3

� isotopic composition.
The box model (Figure 3) was constructed on the basis of
the following assumptions (see auxiliary materials1 for
model equation derivations):
[20] 1. External NO3

� is supplied from upwelling of
subeuphotic zone water and consumed by phytoplankton
(PON) in the euphotic zone. Nitrate assimilation (ANO3) is
entirely by phytoplankton and the isotope effect (ep) for
15N is equal to that of 18O (18ep =

15ep) [Granger et al., 2004].
[21] 2. Nitrification resupplies NO3

� within the euphotic
zone having a d15N equal to d15NNH4 � entr, where entr is

the isotope effect for nitrification. On the basis of the
calibration of the d18O of international NO3

� isotope stand-
ards [Böhlke et al., 2003], which adopts +25.6% for
d18ONO3 of IAEA N3, the value for deep oceanic NO3

� is
thought to be near +3% [Casciotti et al., 2002; Sigman et
al., 2005]. From this, we assume that nitrification in the
ocean produces NO3

� having a constant d18O of � +3%.
[22] 3. The d15N of PON (d15Npon) in the surface water

results from the combination of both NO3
� and NH4

+

assimilation. Assimilation of NH4
+ (ANH4) results in a

d15Npon equal to d15NNH4 � ea (where ea is the isotope
effect for ANH4), while ANO3 results in a d15Npon equal to
d15NNO3 � ep.
[23] 4. Ultimately, PON is subject to one of two processes,

with a portion of this N sinking out of the box (Export)
while the remaining fraction (fr) is remineralized (Remin) to
NH4

+.
[24] 5. Because ambient NH4

+ concentrations are assumed
to be near zero, a fraction of the NH4

+ pool is assumed to be
reassimilated by phytoplankton (fa; supporting traditionally
‘regenerated production’) while the remainder is assumed to
be nitrified and returned as a source of recycled NO3

� within
the euphotic zone. Along with the partitioning between
these two pathways (fa), the isotope effects for each of the
two processes (ea and entr) also exert an important control
on the d15N of the NH4

+ available for nitrification. At the
branching reaction for NH4

+ consumption we assume that
entr is larger than ea (see discussion) [Cifuentes et al., 1989;
Hoch et al., 1992; Pennock et al., 1996; Waser et al., 1998;
Casciotti et al., 2003].
[25] 6. Inputs from N fixation and denitrification are

considered negligible in Monterey Bay.
[26] 7. Exchange of surface water with subsurface water is

not considered to contribute significantly to import or
export of NH4

+ or PON. Thus we assume that the NH4
+ pool

is so rapidly utilized in the upper water column that we can
neglect transport. Additionally we assume that the only
removal of PON is through sinking or remineralization.
[27] Because no actual rate measurements have been

made, we do not attempt to quantify the absolute rates of
remineralization, nitrification or assimilation, only the
changes in relative magnitudes of these fluxes. Thus we
can constrain a ratio of NO3

� supplied by nitrification within
the euphotic zone to total NO3

� uptake, or in other words,
quantify the relative importance of nitrification within the
surface water.

5.1. Box Definitions

[28] For the purposes of this model, we define a surface
box on the basis of the depth of the mixed layer (Table 1).
The boundaries of the mixed layer ranged from the surface
water sample down to the bottom of the mixed layer (15 m
to 65 m based on temperature profiles; where the thermo-
cline approximates the nitracline). The NO3

� isotopic com-
position of the surface box is calculated on the basis of the
depth-integrated isotopic compositions of samples measured
within this depth range (Figure 2).
[29] The depth-integrated composition of the source water

to the surface box was estimated using data from below the
mixed layer depth down to 200 m (Figure 2 and Table 1).

Figure 3. Schematic of steady state euphotic zone box
model of NO3

� isotopic composition. ANO3 refers to
assimilation of NO3

� by phytoplankton in the euphotic
zone, with isotope effect ep. PON refers to the standing
stock of particulate organic nitrogen in the surface water.
Remin refers to the heterotrophic process of remineraliza-
tion of sinking PON to NH4

+, with fr being the fraction of
sinking PON that is remineralized rather than exported
(Export). ANH4 refers to the reassimilation of NH4

+ by
phytoplankton, with isotope effect ea, while fa is the fraction
of NH4

+ produced that is reassimilated (rather than
oxidized). NTR refers to the oxidation of NH4

+ (nitrifica-
tion), with a isotope effect of entr. Exchange refers to the
advective and/or diffusive flux of water and NO3

� into and
out of the box.

1Auxiliary materials are available in the HTML. doi:10.1029/
2006GB002723.
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These values ranged from +5.9% to +8.9% for d15N and
from +1.8% to +4.7% for d18O (Table 1) and are generally
consistent with previous d15NNO3 data from Monterey Bay
[Altabet et al., 1999]. Deep water arriving in Monterey Bay
via the California Countercurrent originates near the eastern
edge of the North Pacific, where the simultaneous processes
of N fixation and denitrification may give rise to negative
values for D(15,18) as referenced to mean North Pacific
deep water (d15N = +5% d18O = +3%; (Sigman et al.,
2005)). Figures 2j, 2k, and 2l show profiles of D(15,18)

when referenced to North Pacific deep water. In contrast to
Sigman et al. [2005], the deep waters in our profiles exhibit
positive values for D(15,18) ranging from +0.2% to
+3.7%, when referenced to mean North Pacific deep water
(see discussion). Therefore, for the purposes of constraining
euphotic zone nitrification, we choose to define D(15,18) in
the euphotic zone as a deviation from the isotopic compo-
sition of NO3

� directly below the mixed layer, rather than
base the value of mean North Pacific data, in order to
separate the localized phenomena within surface waters of
Monterey Bay from those occurring in the greater eastern
North Pacific.
[30] Figure 4 shows lines connecting the integrated NO3

�

isotopic composition of the deep water to that of the surface
NO3

� at each sampling date (Table 1). The 1:1 line is shown
only for reference. Lines with slopes near 1 are indicative of
isotopic compositions set largely by assimilation, while
those with steeper slopes imply influence by nitrification
occurring in euphotic zone. In most cases the lines trend

upward with slopes steeper than 1, giving negative
D(15,18) values, when referenced to the underlying water
(see also trends in Figures 2j, 2k, and 2l).

5.2. Model Results

[31] For brevity, only the final expression resulting from
combining the N and O mass balances to solve for D(15,18)
is presented here (see aux. mat. for complete derivation). On
the basis of the assumptions outlined above,

D 15; 18ð Þ ¼ f n * ep � f a *fw * entr � eað Þ
� �

�
d18Odeep � d18Odeep *fw þ ep *f n

� �
þ d18Ontr *f n *fw
� �

1� fw þ f n *fwð Þ

 !
þ d18Odeep; ð2Þ

where fn is the fraction of NO3
� drawdown in the surface

water (based on NO3
�concentration), fa is the fraction of

NH4
+ that is reassimilated by phytoplankton, fw is the

fraction of NO3
� assimilation supported by nitrification,

d18Odeep is the d18ONO3 of subsurface water, d18Ontr is the
d18O resulting from nitrification. By using literature values
to estimate isotope effects (entr, ea, and ep), this expression
contains two unknowns, fa and fw.
[32] Before discussing the use of this model in Monterey

Bay, it will be helpful to discuss some basic characteristics
of the model and its sensitivity to certain parameters
(Figure 5). The results of this model indicate that
D(15,18) (the horizontal deviation from the expected line
with a slope of 1:1) is directly related to the proportion of
NO3

� supplied by nitrification in the upper water column
(fw). Note that high values of fw do not necessarily imply
high rates of remineralization and/or nitrification. These
values are strictly the proportion of NO3

� in surface waters
having originated from euphotic zone nitrification relative
to that from upwelling. If the water column is well-stratified

Table 1. Site Characteristics During Sampling Period and Depth-Integrated Surface and Subsurface NO3 Concentration and Isotopic

Compositiona

Date Site Season
Mixed Layer
Depth, m

Subsurface Surface

NO3
� mM d15N d18O NO3

� mM d15N d18O D(15,18)b fn

11/26/2002 C1 winter 35 24.24 8.32 3.24 8.55 9.45 5.96 �1.59 0.65
11/26/2002 M1 winter 25 21.79 8.33 2.61 10.14 9.08 4.03 �0.67 0.53
02/18/2003 C1 winter 35 22.26 7.58 2.70 4.42 9.60 4.77 �0.05 0.80
02/18/2003 M2 winter 45 26.45 6.92 2.09 4.94 7.70 4.82 �1.95 0.81
03/06/2003 C1 upwelling 35 22.36 7.85 2.96 7.72 8.58 5.11 �1.43 0.65
03/06/2003 M1 upwelling 25 23.62 8.08 3.08 6.35 9.11 7.22 �3.12 0.73
03/06/2003 M2 upwelling 65 25.52 7.68 2.20 4.73 10.90 7.67 �2.25 0.81
03/27/2003 C1 upwelling 15 29.57 8.51 2.88 14.79 8.67 4.13 �1.08 0.50
03/27/2003 M1 upwelling 25 29.85 8.35 2.80 14.30 8.93 3.37 0.00 0.52
04/12/2003 C1 upwelling 25 24.20 7.75 3.20 4.53 7.80 3.61 �0.36 0.81
04/12/2003 M1 upwelling 35 28.06 7.70 3.71 10.34 7.89 3.24 0.66 0.63
06/24/2003 C1 upwelling 25 30.42 8.90 4.45 14.74 10.77 9.67 �3.36 0.52
06/24/2003 M1 upwelling 25 29.66 6.24 3.08 16.70 7.97 4.27 0.54 0.44
09/17/2003 C1 oceanic 15 25.02 7.74 3.56 7.40 7.42 6.71 �3.47 0.70
09/17/2003 M1 oceanic 15 23.66 7.24 3.81 6.91 6.18 9.52 �6.77 0.71
09/17/2003 M2 oceanic 15 28.36 6.96 3.38 2.02 8.67 19.01 �13.93 0.93
05/24/2004 C1 upwelling 25 30.45 5.93 1.75 13.84 6.18 4.18 �2.17 0.55
05/24/2004 M1 upwelling 25 31.05 7.24 3.66 16.37 8.03 3.15 1.30 0.47
05/24/2004 M2 upwelling 25 28.37 6.91 4.69 9.71 8.12 8.63 �2.73 0.66
06/15/2004 C1 upwelling 25 34.79 7.35 4.64 23.94 7.30 5.23 �0.65 0.31

aValues for fn (see text) are calculated as 1 minus the surface concentration divided by the subsurface concentration. Dates are given as mm/dd/yyyy.
bValues of D(15,18) here are referenced to the subsurface water on the same sampling date (not mean North Pacific deep nitrate).
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and these waters have resided near the surface for relatively
long periods, there will likely be a higher proportion of
NO3

� originating from nitrification even though rates may
not be higher than during upwelling periods.
[33] As seen in equation (2), the use of D(15,18) to

constrain values of fw and fa, is dependent on several
variables, most of which were not directly characterized in
this study. Particularly influential are the proportion of
primary production which is remineralized in the surface
water (fr), the difference between the isotope effects for
nitrification (entr) and NH4

+ assimilation (ea), and the values
used for both the d18Odeep (i.e., where the local reference
line is based) and d18Ontr. The specific influence of these
variables on estimates of euphotic zone nitrification and
D(15,18) is discussed below.

5.2.1. Influence of Branching Between Ammonium
Oxidation and Assimilation (fa)
[34] To illustrate the influence of several of these varia-

bles, we plot modeled values for the NO3
� dual isotopic

composition for a given set of conditions, showing the
effects of altering a single variable. Values for fw and fa
are then unique for any point along each curve. First,
Figure 5a shows how changes in entr (or more appropriately,
the difference between ea and entr) influences D(15,18)
when all other variables are held constant. With larger
differences between ea and entr, the N directed back into
the NO3

� pool (and the NO3
� pool itself) becomes lower in

d15N, causing D(15,18) to become more negative for a
given amount of nitrification. Note that because branching
ratios (fa) of both 0 or 1 cause no net change to the d

15NNO3,
the curves described here begin and end at the same
d15NNO3 values (yet still have different d18ONO3 values).
For example, if all of the NH4

+ generated during remineral-
ization were simply reassimilated by phytoplankton (fa = 1),
then there is no nitrification and changes to d15N would be
due to NO3

� assimilation alone, with mass balance requiring
no net change in d15NNO3. Conversely, if all of the N from
remineralization were shuttled through nitrification (fa = 0),
mass balance would also dictate that the N returned to the
NO3

� pool would equal that of the PON pool, again resulting
in no net change in d15NNO3.
[35] If entr and ea were equal, the isotopic composition of

the N directed toward nitrification would be equal to that
being recycled through phytoplankton with mass balance
resulting in no net change to the d15N of the surface water
NO3

� pool. While the isotope effects for both processes are
quite variable, values of entr (NH4

+ oxidation) are generally
thought to be much higher. Casciotti et al. [2002] deter-
mined that nitrifying bacteria can have entr values ranging
from 14 to 38%, with Nitrosomonas marina, a common
marine nitrifier tending toward lower values between 14 and
19%. The recent discovery of ammonium-oxidizing archaea
(AOA) may also raise new questions about the role of
archaea in N cycling [Francis et al., 2005; Könneke et al.,
2005; Schleper et al., 2005]. While we have no reason to
suspect that N isotope effects for AOA will be different
from those found in cultures of nitrifying bacteria, AOA
have only recently been isolated in pure culture [Könneke et
al., 2005] and the isotope effects are still unknown. For
NH4

+ assimilation by phytoplankton, values of ea are also
quite variable ranging from laboratory estimates of 19.6 ±
1% [Waser et al., 1998] to field estimates of 6.5 to 9%
[Cifuentes et al., 1989;Montoya et al., 1991]. Pennock et al.
[1996] also estimated ea from laboratory experiments,
showing a dependence on the NH4

+ concentration causing
values to range from 7.8% up to 27%. Additionally, several
of these studies suggested that at very low ambient NH4

+

concentrations typical of ocean settings, these values, for
both nitrifiers and phytoplankton, could be lower as diffu-
sion of NH4

+ into the cells becomes the rate limiting process.
Unfortunately, very little data exist for entr or ea at low
ambient NH4

+ concentrations. Thus, for our purposes, we
adopt a value for entr of 19% and for ea of 6%. As
mentioned, it is the difference between these values for
nitrification and NH4

+ assimilation that drives a low-d15N

Figure 4. Plot illustrating differences between euphotic
zone and subeuphotic zone NO3

� isotopic composition at
three sites inMonterey Bay (a) station C1, (b) stationM1, and
(c) stationM2. Lines connect two points representing the deep
water composition (symbol) and the surface water composi-
tion (no symbol). 1:1 line is shown only for reference. Note
that where lines approximate a slope of 1, surface water NO3

�

isotopic composition is more strongly influenced by phyto-
plankton assimilation. Where slopes are steeper (>1) this is
indicative of influence by surface NO3

� regeneration.
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source of N back into the NO3
� pool. Uncertainty in the

values for these processes represents an unfortunate gap in
our ability to model nitrification, and emphasizes the need
for better understanding the isotopic discrimination inherent
in these processes.
5.2.2. Influence of Drawdown (fn), Nitrate
Assimilation (ep), and Remineralization (fr)
[36] Figure 5b shows how the magnitude of fn influences

D(15,18). As drawdown (fn) increases, values of D(15,18)
become more negative for a given proportion of NO3

�

supplied by nitrification (fw), due to its larger relative
contribution to a smaller NO3

� pool. Interestingly, changes
in ep, while playing an important role in determining the
isotopic composition of NO3

�, are only slightly linked to
changes in D(15,18). As shown in Figure 5c, an increase in
ep for a given set of conditions, causes d15N and d18O
values to increase, but remain a similar distance from the
reference line. In Figure 5d, as a greater proportion of
primary productivity is remineralized (higher fr), a given
proportion of supply of NO3

� by nitrification (fw) is more
influential on the NO3

� pool resulting in more negative
values of D(15,18).
5.2.3. Influence of d18O of Nitrification (d18Ontr)
[37] Changes in the value of d18Ontr will also play a role

in the estimation of nitrification using this approach.
Figure 5e illustrates how, under the given conditions,
various values for the d18O returning to the NO3

� pool from
nitrification influence NO3

� isotopic composition. For
higher values of d18Ontr, values of D(15,18) will also
increase for the same amount of nitrification. Thus future
research should also focus on the potential for variability in
the oxygen isotope dynamics of nitrification.
5.2.4. Positive D(15,18) Values
[38] In fact, even positive values for D(15,18) are theo-

retically possible (Figure 6). For example, if isotopic
discrimination were stronger for NH4

+ assimilation than for
nitrification (ea > entr), this would result in 15N-enriched N
being directed back into the N pool (still with no effect on
d18O). Thus accumulation of this 15N-enriched N would
result in higher d15N values, potentially leading to positive
D(15,18) values with respect to the deeper water (Figure 6a).
Likewise, if the value of d18Ontr were actually lower than

Figure 5. Plot of modeled nitrate dual isotopic composi-
tion. Curved lines represent the range of nitrate isotopic
composition with increased amounts of nitrification. The
intersection of these curves with the 1:1 line represents no
nitrification while the end represents a hypothetical
maximum proportion of nitrate stemming from nitrification
(�99%). White circles indicate isotopic composition at
which 25% of nitrate uptake is supplied by nitrification (fw =
0.25). For all plots, the model parameters are: fn = 0.6 (i.e.,
60% drawdown by phytoplankton), ep = 5%, entr = 19%,
ea = 6%, fa = 0.67, and d18Ontr = +2.9%, unless otherwise
noted. (a) Effects of various values for fractionation during
nitrification (entr), (b) effects of various values of fn,
(c) effects of various values of ep, (d) effects of various
values of fr, and (e) effects of various values of d18Ontr.
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