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Abstract Models of dissolved organic nitrogen (DON) production and consumption indicate that marine
DON is produced in the euphotic zone, especially in upwelling environments, and is consumed as it transits
into more oligotrophic regions where it may support export production. However, evaluation of such
models is data limited, and in particular, few measurements of DON concentration and/or nitrogen isotopic
composition (“δ15N”) exist from the South Pacific. Here we present measurements of the concentration and
δ15N of DON collected in the eastern tropical South Pacific during the austral summers of 2010 (El Niño)
and 2011 (La Niña). The concentration and δ15N of DON from the eastern tropical South Pacific are broadly
consistent with prior measurements elsewhere, that is, DON concentrations of 5 ± 1 μM and DON δ15N of
5 ± 1‰, but variations were associated with DON production and consumption. Specifically, surface ocean
chlorophyll a concentrations were highly correlated with upper 50-m DON stocks (r = 0.96), consistent with a
photosynthetic source for DON. Additionally, upper 50-m DON stocks and their δ15N were significantly
negatively correlated (r = �0.84, p = 0.0006), indicating that DON was consumed in surface waters with an
isotope effect of 5.5 ± 1.2‰. These results inform our understanding of the controls of DON distributions in
the surface ocean and indicate that DON may support export production in nitrate-poor surface waters,
which may decouple new from gross production.

1. Introduction

In spite of low euphotic zone inorganic nutrient concentrations, oligotrophic gyres contribute significantly to
global marine export production (Emerson, 2014). In addition to the physical supply of nutrients from the
subsurface, atmospheric deposition has been invoked as a potentially important source of nutrients fueling
export (Duce et al., 2008; Kim et al., 2014), although the flux of nutrients from atmospheric deposition appears
to be an order of magnitude too low to support export observed in remote ocean gyres. Recent attention has
focused on the role of laterally transported dissolved organic nutrients (Letscher et al., 2016; Torres-Valdes
et al., 2009) as well as dinitrogen (N2) fixation (Letscher & Moore, 2015) for supporting export production
in the interior of oligotrophic gyres. In particular, dissolved organic phosphorus is increasingly recognized
for its role in supporting N2 fixation and productivity when phosphate (PO 3�

4 ) concentrations are low
(Dyhrman et al., 2006; Landolfi et al., 2015; Orchard et al., 2010; Sohm & Capone, 2010). While the nitrogen
(N) in many forms of marine dissolved organic nitrogen (DON) is perhaps less biologically accessible than
the P in dissolved organic phosphorus, recent assessments using global data sets suggest that there is net
production of DON in the highly productive margins of ocean basins, with the slow consumption of that
newly produced DON as it transits across the interior of gyres, potentially supporting export production along
the way (Letscher et al., 2013, 2016). The observation of higher DON concentrations ([DON]) in the margins of
ocean basins is consistent with reports of higher rates of DON release when NO�

3 uptake rates exceed NHþ
4

uptake rates (Bronk et al., 1994; Bronk & Ward, 1999, 2005) and supports the hypothesis that ocean margins
are net sources of DON to ocean gyres. Current estimates of the importance of DON consumption as a source
of new N supporting export production in gyre interiors are data limited, with the potentially small changes in
[DON] difficult to resolve against a relatively large, and largely invariant, background. Consequently, addi-
tional tracers of the production and consumption of DON could help validate whether such a process is
occurring. While existing data suggests that the N isotopic composition (“δ15N”) of DON are different
between the North Atlantic and Pacific basins (Knapp et al., 2005, 2011) and are related to the δ15N of subsur-
face nitrate (NO�

3 ), little data exist to constrain whether gradients in the δ15N of DONmay follow those of DON
concentration across a basin (“δ15N”, where δ15N = {[(15N/14N)sample/(

15N/14N)reference] � 1} × 1,000, with
atmospheric N2 as the reference).
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Here we present [DON] and DON δ15N measurements from the eastern tropical South Pacific (ETSP) sampled
adjacent to a highly productive coastal and equatorial upwelling system into the interior of the ultraoligo-
trophic South Pacific Subtropical Gyre. Different euphotic zone [DON] and DON δ15N distributions were
observed during 2010 (El Niño) and 2011 (La Niña), which is notably different from observations in the
Sargasso Sea, where interannual variability in [DON] and DON δ15N were relatively low (Knapp et al., 2005,
2011). We consider the distributions of [DON] and DON δ15N in the context of production and consumption
mechanisms of DON, and their likely effects on DON δ15N.

2. Methods
2.1. Water Column Sample Collection.

Samples were collected on the R/V Atlantis in January through February 2010, and the R/V Melville in March
through April 2011 between 10°S and 20°S and 80°W and 100°W (Figure 1), with station locations and sample
depths, salinities, sigma theta values, chlorophyll a concentrations ([chl a]), nitrate + nitrite concentration
([NO�

3 + NO�
2 ]), NO

�
3 + NO�

2 δ15N, [DON], and DON δ15N reported in Table 1. Water column samples were
collected by Niskin bottles deployed on a rosette equipped with conductivity-temperature-depth sensors.
All samples were collected into acid-washed, sample-rinsed high-density polyethylene bottles, and samples
from the upper 400 m passed a 0.2-μm filter before collection and were stored at �20 °C until analysis on
land. The [chl a] in samples collected in 2011 was measured as per Holm-Hansen & Riemann (1978) at sea.
The triple oxygen isotopic composition of dissolved oxygen was used to determine rates of gross oxygen
production (GOP) in 5-m (“surface”) and 5- and 20-m (“mixed layer”) samples according to (Prokopenko
et al., 2011; see a detailed description of the method and GOP rate calculations in Text S1 in the supporting
information (Barkan & Luz, 2005; Emerson et al., 1999; Kaiser, 2011; Luz & Barkan, 2000, 2005, 2009, 2011;
Nicholson et al., 2012; Nightingale et al., 2000; Reuer et al., 2007; Stanley et al., 2010; Yeung et al., 2015);
the GOP rates are reported in Table S1).

2.2. NO�
3 + NO�

2 Concentration and Isotopic Composition Analysis.

The [NO�
3 + NO�

2 ] of samples was determined using chemiluminescent analysis (Braman & Hendrix, 1989) in a
configuration with a detection limit of 0.05 μM, and ± 0.1 μM for 1 standard deviation (S.D.). The δ15N of NO�

3

+ NO�
2 was determined using the “denitrifier” method (Casciotti et al., 2002; Sigman et al., 2001) with mod-

ifications (McIlvin & Casciotti, 2011) on samples with [NO�
3 + NO�

2 ] > 0.3 μM (typically ≤0.2‰ 1 S.D.).

2.3. DON Concentration and Isotopic Analysis

The [DON] of samples was determined using persulfate oxidation to convert DON to NO�
3 (Solorzano & Sharp,

1980), adapted according to Knapp et al. (2005). The resulting [NO�
3 ] was then measured using chemilumines-

cence as described above. In cases where NO�
3 + NO�

2 (and/or ammonium, NHþ
4 ) was above the detection limit,

DON was determined by subtracting the concentration of NO�
3 + NO�

2 + NHþ
4 from the concentration of total

dissolved N (TDN). The concentration of NHþ
4 was measured using the fluorescence/o-phthaldialdehyde

method (Holmes et al., 1999), and in the samples reported here was ≤0.2 μM, and most commonly <0.1 μM.
Additionally, as per Knapp et al. (2005), the N concentration and isotopic composition of the persulfate oxidiz-
ing reagent (POR) was subtracted from the TDNmeasurement. Measured with each sample batch, the concen-
tration of N in POR, prepared immediately before sample oxidation, was between 1 and 3 μM. Given the ratio of
12 ml of sample to 1.6 ml of POR, the effective concentration of POR was 0.1 to 0.3 μM relative to a 5-μM DON
sample. The δ15N of POR varied depending on the batch of sodium hydroxide and potassium persulfate salts
used from 5‰ to 12‰, giving an overall δ15N correction ranging from 0.0‰ to 0.6‰. The average S.D. for
duplicate [DON] analyses of individual samples that have undetectable levels of NO�

3 in the sample was
±0.30 μM, and the propagated error for [DON] in the presence of detectable NO�

3 was ±0.32 μM.

The δ15N of DONwas determined according to Knapp et al. (2005), where DON samples were oxidized to NO�
3

by persulfate oxidation (as described above in section 2.2), acidified to a pH range of 3 to 4, and measured as
NO�

3 by the denitrifier method. In samples withmeasurable NO�
3 + NO�

2 , the δ
15N of DON is calculated bymass

balance by subtracting the [NO�
3 + NO�

2 ] and δ15N of NO�
3 + NO�

2 from the [TDN] and TDN δ15Nmeasurements.
In surface samples with undetectable [NO�

3 + NO�
2 ], the average S.D. of duplicate analyses of DON δ15N in a

sample is ±0.3‰. For subsurface samples with [NO�
3 + NO�

2 ] approximately equal to the [DON], the propa-
gated error for the calculation of DON δ15N using a Monte Carlo method (Press et al., 1992), and assuming
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duplicate analysis of a single sample and the S.D. for [NO�
3 + NO�

2 ] and δ15N of NO�
3 + NO�

2 given above is

±0.6‰. The δ15N of DON in samples with [NO�
3 + NO�

2 ] exceeding [DON], and/or with [NHþ
4 ] > 0.2 μM,

was not determined (i.e., Stations 9–12 from the 2010 cruise).

3. Results
3.1. DON Concentration

The [DON] in the upper 100 m (i.e., largely within the euphotic zone) of the ETSP was comparable to that
previously measured in the region (Hansell & Waterhouse, 1997), ranging from 4.0 to 6.3 μM (Figures 2 and
3 and Table 1). The highest [DON] in 2010 was observed at Station 6 with 6.3 μM DON at 20 m (Figure 2)
and at Station 13 in 2011 with 6.3-μM DON at 5 m (Figure 3). Notably, Station 6 had 1.3 to 1.8-μM NO�

3

+ NO�
2 in the upper 20 m in 2010 and in 2011 Station 13 had 0.4-μM NO�

3 + NO�
2 in the upper 20 m

(Table 1). In 2010 all other stations had <0.1-μM NO�
3 + NO�

2 in surface waters, and in 2011, Stations 3 and
6 had 0.4-and 0.2-μM NO�

3 + NO�
2 in 5-m samples (Table 1). Notably, at Station 6 in 2011 there was a

subsurface maximum in [DON] coincident with a broad [chl a] maximum between 25 and 125 m (Table 1).
The lowest surface ocean [DON] was observed at Station 2 in 2010 (4.3 μM) and at Stations 5 and 6 in
2011, with 4.9- to 5.0-μM DON at 5 m (Figures 2 and 3).

3.2. DON δ15N

The δ15N of DON in the ETSP was broadly similar to that measured in the North Pacific, that is, 5 ± 1‰
(Figures 2 and 3), where the δ15N of DON was related to the δ15N of the predominant source of new N to
surface waters, subsurface NO�

3 (Knapp et al., 2011), although both year-to-year and spatial variability were
apparent in the δ15N of DON in the ETSP. In 2010, surface DON δ15N was highest, 6.0‰, in the east at
Stations 1 and 2, and lowest in the west, 4.5‰ and 3.3‰, at Stations 5 and 6, respectively (Figure 2 and
Table 1). This spatial pattern reversed in 2011, when the highest surface DON δ15N was found at Station 6,
6.2‰, and the lowest DON δ15N was found at Stations 3 and 13, with 3.2‰ and 3.6‰ at 5 m, respectively
(Figure 3 and Table 1). Trends in DON δ15N with depth also showed spatial and year-to-year differences, with
higher DON δ15N in surface waters and lower DON δ15N at 60 m at Station 1 and the opposite trend observed
at Station 5 in 2010 (Figure 2), and in 2011 lower DON δ15N was observed in the surface waters of most
stations compared with subsurface DON δ15N (Figure 3).

4. Discussion
4.1. DON Production: Correlations With Surface Chl a, GOP

A common feature of the [DON] distribution in both 2010 and 2011 is that higher euphotic zone [NO�
3 + NO�

2 ]
are associated with higher [DON] and is highlighted in Figures 2a, 2b, 3a, and 3b by the location of the 1-μM
NO�

3 + NO�
2 contour. Perhaps unsurprisingly, the stations with higher upper ocean [NO�

3 + NO�
2 ] are also asso-

ciated with higher surface ocean chlorophyll measured by remote sensing at the time of the cruises
(Figures 1–3). To evaluate the potential relationship between productivity and the distributions of [DON]
and DON δ15N in 2010 and 2011, we evaluated the Pearson correlation coefficient, “r,” for 66 correlations
between 12 biogeochemical variables (Table S2a). One interpretation of r values is that the larger the

Figure 1. Location of stations on the 2010 cruise (a) and 2011 cruise (b) plotted on monthly mean Moderate Resolution Imaging Spectroradiometer (MODIS) chlor-
ophyll (mg/m3) at the time of the cruises. Stations in gray only report dissolved organic nitrogen concentration and not isotopic measurements.
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Table 1
Biogeochemical Parameters Measured in the ETSP in 2010 and 2011

Station Depth (m) Sigma theta Salinity
[NO�

3 + NO�
2 ]

(μM)
NO�

3 + NO�
2 δ15N

(‰ versus air)
[DON]

(μM; ±1 S.D.)
DON δ15N

(‰ versus air; ±1 S.D.)
Chl a
(μg/L)

Cruise year: 2010
Station 1 Latitude: 20°S Longitude: 80°W Date: 1 February 2010

0 24.773 35.2043 0.04 N/A 5.0 ± 0.1 6.0 ± 0.5 N/A
20 24.856 35.1992 0.05 N/A 4.6 ± 0.04 6.0 ± 0.6 N/A
40 25.273 34.934 0.05 N/A 4.6 ± 0.1 6.0 ± 0.4 N/A
60 25.627 34.7462 2.29 18.1 4.1 ± 0.1 2.7 ± 0.3 N/A

Station 2 Latitude: 20°S Longitude: 85°W Date: 3 February 2010
0 24.862 35.4441 0.04 N/A 4.3 ± 0.0 5.8 ± 0.3 N/A

40 25.066 35.3487 0.03 N/A 4.4 ± 0.2 5.4 ± 0.2 N/A
80 25.601 35.0301 0.04 N/A 4.5 ± 0.1 4.7 ± 0.1 N/A

120 26.025 34.9468 3.34 12.9 4.4 ± 0.1 2.7 ± 0.1 N/A
Station 3 Latitude: 20°S Longitude: 90°W Date: 5 February 2010

0 24.753 35.614 0.06 N/A 4.7 ± 0.04 5.5 ± 0.1 N/A
20 24.885 35.6144 0.04 N/A 5.0 ± 0.3 5.0 ± 0.7 N/A
40 25.026 35.6331 0.04 N/A 5.0 ± 0.1 5.3 ± 0.9 N/A
60 25.36 35.4663 0.025 N/A 4.3 ± 0.2 5.3 ± 0.4 N/A
75 25.494 35.4196 0.03 N/A 4.8 ± 0.04 5.9 ± 0.1 N/A

100 25.7 35.4034 0.02 N/A 4.6 ± 0.2 4.9 ± 0.2 N/A
120 25.824 35.4021 0.23 N/A 4.5 ± 0.1 5.7 ± 0.03 N/A
148 26 35.4265 2.21 13.3 4.0 ± 0.2 3.9 ± 0.2 N/A

Station 4 Latitude: 20°S Longitude: 95°W Date: 7 February 2010
0 24.58 35.7542 0.03 N/A 5.1 ± 0.3 5.6 ± 0.6 N/A

20 24.766 35.7593 0.06 N/A 5.2 ± 0.7 5.6 ± 0.3 N/A
40 24.857 35.7629 0.06 N/A 4.8 ± 0.1 5.1 ± 0.2 N/A

100 25.599 35.6944 0.05 N/A 4.6 ± 0.1 4.9 ± 1.2 N/A
Station 5 Latitude: 20°S Longitude: 100°W Date: 8 February 2010

0 24.671 36.1045 0.02 N/A 5.5 ± 0.1 4.5 ± 0.1 N/A
25 24.777 36.1026 0.02 N/A 5.0 ± 0.3 5.1 ± 0.1 N/A
50 24.917 36.0946 0.02 N/A 5.0 ± 0.4 5.4 ± 0.0 N/A

100 25.497 35.9511 0.03 N/A 4.5 ± 0.2 5.3 ± 0.1 N/A
120 25.715 35.8475 0.02 N/A 4.5 ± 0.2 5.3 ± 0.5 N/A
150 25.899 35.725 0.3 N/A 4.0 ± 0.2
200 26.44 35.2131 1.59 9.8 3.7 ± 0.2 4.5 N/A

Station 6 Latitude: 15°S Longitude: 100°W Date: 12 February 2010
0 24.488 35.8274 1.76 20.6 6.0 ± 0.5 3.3 ± 0.8 N/A

20 24.662 35.834 1.26 21.9 6.3 ± 0.2 3.3 N/A
60 25.16 35.841 0.24 5.4 ± 0.4 4.7 N/A

100 25.599 35.786 0.35 10.1 5.4 ± 0.3 6.5 ± 0.4 N/A
Station 9 Latitude: 10°S Longitude: 90°W Date: 19 February 2010

0 23.174 35.1832 0.11 N/A 4.8 ± 0.1 N/A N/A
25 23.295 35.1819 0.08 N/A 4.9 ± 0.2 N/A N/A

Station 10 Latitude: 10°S Longitude: 85°W Date: 21 February 2010
0 23.396 35.4247 1.47 22.9 5.3 ± 0.1 N/A N/A

20 23.531 35.4441 1.7 21.5 5.1 ± 0.04 N/A N/A
Station 11 Latitude: 10°S Longitude: 82°W Date: 25 February 2010

0 22.958 35.1556 0.16 N/A 5.5 ± 0.5 N/A N/A
25 23.477 35.2251 3.58 17.2 5.9 ± 0.3 N/A N/A

Station 12 Latitude: 20°S Longitude: 80°W Date: 28 February 2010
0 24.6405 35.2665 0.04 N/A 4.7 ± 0.03 N/A N/A

10 24.678 35.2663 0.05 N/A 5.3 ± 0.3 N/A N/A
20 24.7258 35.2648 0.05 N/A 5.1 ± 0.5 N/A N/A
40 25.0092 35.1075 0.05 N/A 4.7 ± 0.2 N/A N/A
60 25.4838 34.7158 0.06 N/A 4.9 ± 0.1 N/A N/A
80 25.7522 34.7572 1.7 N/A 4.7 ± 0.2 N/A N/A
90 25.8451 34.7166 3.21 14.6 5.0 ± 0.3 N/A N/A

Cruise Year: 2011
Station 1 Latitude: 20°S Longitude: 80°W Date: 26 March 2011

2 24.4291 35.3074 0.10 N/A 5.5 ± 0.2 4.1 ± 0.7
20 24.5012 35.3074 0.10 N/A 5.9 ± 0.0 5.1 0.09

10.1029/2017GB005875Global Biogeochemical Cycles

KNAPP ET AL. 772



absolute value of r, the better a linear model represents the relationship between the two variables (Triola,
2001). After calculating the r value for the correlations, the Student’s t test was then used to evaluate the
significance of these r values, or correlations (Table S2b). We note that due to the small sample size for a
number of biogeochemical variables (i.e., n = 5 to 15), some r values are relatively high but the small
sample size makes it difficult to distinguish a significant correlation from what could occur by chance.
Consequently, there are several instances where we describe “highly correlated” relationships between
biogeochemical variables that do not achieve statistical significance. However, in these instances there is

Table 1. (continued)

Station Depth (m) Sigma theta Salinity
[NO�

3 + NO�
2 ]

(μM)
NO�

3 + NO�
2 δ15N

(‰ versus air)
[DON]

(μM; ±1 S.D.)
DON δ15N

(‰ versus air; ±1 S.D.)
Chl a
(μg/L)

35 24.583 35.3019 0.00 N/A 4.4 ± 0 4.8 ± 0.2 0.13
40 25.1684 35.0347 0.06 N/A 4.6 ± 0.3 4.8 ± 0.8 0.14
50 25.4115 34.9484 0.05 N/A 4.6 ± 0.0 4.5 ± 0.1 0.20
60 25.612 34.8368 0.31 11.7 4.4 ± 0.5 5.2 ± 0.2 0.24
70 25.7669 34.8179 0.40 19.8 4.1 ± 0.3 5.10 0.47
80 25.8464 34.8088 1.50 16.2 4.0 ± 0 5.20 0.46
90 25.9287 34.7788 2.90 14.2 4.5 ± 0 6.50 0.36

100 25.9926 34.7625 3.85 13.7 4.4 ± 0.1 6.4 ± 0.2 0.38
Station 3 Latitude: 20°S Longitude: 90°W Date: 16 April 2011

5 24.6647 35.6223 0.41 22.0 5.5 ± 0.1 3.1 ± 0.3 0.28
20 24.7305 35.6215 0.39 16.5 5.2 ± 0.02 3.5 ± 0.2
40 24.8534 35.6439 0.53 22.2 5.8 ± 0.5 3.9 0.33
60 25.1974 35.4344 0.18 19.7 5.2 ± 0.0 3.8 0.33
65 25.4208 35.3143 0.12 5.0 ± 0.3 4.1
80 25.6596 35.2633 0.06 5.4 ± 0.2 0.37
95 25.8291 35.2554 0.00 5.2 ± 0.2

110 25.949 35.2252 0.21 8.9 5.3 ± 0.8
120 26.0098 35.1991 1.06 11.4 5.0 ± 0.4
135 26.08 35.1854 1.79 11.3 4.6 ± 1.4
150 26.1719 35.1444 1.8 11.3 4.2 ± 0.0 0.11
160 26.2273 35.1206 2.21 11.6 4.5 ± 0.0
170 26.3752 34.9634 2.85 11.6 4.4 ± 0.1

Station 5 Latitude: 20°S Longitude: 100°W Date: 10 April 2011
5 24.5669 35.9413 0.03 N/A 5.0 ± 0.4

20 24.6471 35.937 0.13 N/A 4.8 ± 0.3 4.1 ± 0.5
40 24.7501 35.9324 0.04 N/A 5.0 ± 0.5 4.4 ± 0.9 0.09
60 24.9746 35.8317 0.03 N/A 4.7 ± 0.3 3.8 ± 2.0 0.14
70 25.3254 35.6742 5.0 ± 0.0 5.2 ± 1.6 0.14

100 25.7448 35.5865 0.12 N/A 4.5 ± 0.4 5.7 ± 0.8 0.35
120 25.9002 35.56 0.15 N/A 4.3 ± 0.5 0.33
130 25.9691 35.5538 0.84 10.6 4.8 ± 0.6
140 26.0334 35.5805 1.07 10.1 5.0 ± 0.1 0.27
150 26.0884 35.5744 1.55 10.2 5.0 ± 0.5
160 26.1434 35.5829 1.72 10.3 5.2 ± 0.04 0.17
170 26.1941 35.5623 1.81 10.4 4.7 ± 0.7
180 26.2513 35.5294 1.96 10.5 4.7 ± 0.6 0.10
190 26.3067 35.5008 2.20 9.5 4.3 ± 0.03
200 26.3675 35.4702 2.58 10.3 4.4 ± 0.2

Station 6 Latitude: 15°S Longitude: 100°W Date: 9 April 2011
5 24.3173 35.9604 2.97 13.7 4.9 ± 0.4 6.2 0.21

25 24.4206 35.9601 2.99 19.8 5.0 ± 0.4 5.3 0.23
50 24.5327 35.9598 2.92 6.3 ± 0.6 0.28
60 24.6328 35.9408 3.01 6.1 ± 0.1 0.31
70 25.2502 35.7402 2.17 6.2 ± 0.1 0.39
80 25.5259 35.7324 2.57 6.4 ± 0.1 0.42
90 25.6536 35.6807 3.24 6.3 ± 0.4 0.41

Station 13 Latitude: 15°S Longitude: 82°W Date: 18 April 2011
5 24.2232 35.3315 0.36 16.1 6.3 3.6 0.40

20 24.2972 35.3315 0.50 15.6 6.1 3.6 0.66

Note. DON = dissolved organic nitrogen; S.D. = standard deviation; N/A = not applicable.
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also a mechanistic relationship between these highly correlated variables that leads us to hypothesize that if
higher numbers of samples were obtained then the correlation might be statistically significant. Finally,
because 66 correlations were tested, a p value < (0.05/66) would have 1/20 odds of occurring by chance.
Using the Student’s t test, we use this value (i.e., p < 0.05/66) for our threshold for statistical significance;
that is, we apply a Bonferroni correction to the p < 0.05 significance threshold.

The Pearson correlation is most appropriately applied to Gaussian data sets, and given the limited size of
these sample sets (n = 5 to n = 15), it could be argued that a nonparametric statistic such as the Spearman
rank correlation is better suited to evaluate correlations between biogeochemical variables measured in
these samples. Here we have also applied the Spearman rank correlation to calculate r for our three primary
correlations of interest, that is, upper 50-m DON stock and the δ15N of the upper 50-m DON stock (discussed
in section 4.2), upper 50-m DON stock and surface ocean [chl a], and upper 50-m DON stock and rates of GOP

Figure 2. Profiles of dissolved organic nitrogen (DON) concentration with overlay of 1-μMNO�
3 + NO�

2 contour from samples collected on the 2010 cruise with depth
(a) and along density surfaces (b), and DON δ15N profiles from the 2010 cruise with depth (c) and on density surfaces (d).

Figure 3. Profiles of dissolved organic nitrogen (DON) concentration with overlay of 1-μMNO�
3 + NO�

2 contour from samples collected on the 2011 cruise with depth
(a) and along density surfaces (b), and DON δ15N profiles from the 2011 cruise with depth (c) and on density surfaces (d).
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at 5 m. We then use the Student’s t test to evaluate the significance of
r determined with both the Pearson and Spearman correlations. The r
and p values calculated using the Pearson and Spearman correlations
are similar for the evaluation of upper 50-m DON stocks and their
δ15N, as well as the evaluation of upper 50-m DON stocks and surface
[chl a], although the r values for the evaluation of upper 50-m DON
stocks and rates of surface ocean GOP are less similar when evaluated
with the Pearson versus Spearman correlation. Here we note that our
goal in applying statistics to these sample sets is not to definitively
identify or eliminate which correlations have a mechanistic relation-
ship with each other, but to explore whether there are relationships
that, taken together with other independent lines of evidence, may
guide our understanding of the mechanisms producing and consum-
ing DON in the surface ocean.

The relationship between photosynthetic production and DON con-
centration is highlighted by several correlations. In particular, the
stock of DON in the upper 50 m correlates highly with [chl a] mea-
sured at 5 m (Pearson r = 0.96, Spearman r = 0.97; Figure 4 and
Table S2). We note that the p value evaluated using the Student’s t
test for the Pearson correlation was only 0.01 (the p value for the
Spearman correlation was 0.005), and so did not meet our threshold

for statistical significance. However, [chl a] was only measured on the 2011 cruise, and so given the n = 5
for 5 m [chl a] measurements, this high correlation and relatively low p value warrants further investigation.
Additionally, upper 50-m DON stocks correlate with GOP rates measured at 5 m (Pearson r = 0.61, Student’s t
test p = 0.05, Spearman r = 0.27, Student’s t test p = 0.42; Figure 4 and Table S2). Depth-integrated stocks of
DON in the upper 50 m correlated more highly with both 5-m [chl a] and 5-m GOP rates than discrete 5-m
[DON] measurements, potentially because the upper 50-m DON stocks better reflect the net production of
DON within the mixed layer. Interestingly, the integrated stock of DON in the upper 50 m did not correlate
as well with rates of net community production (NCP) measured at 5 m by O2/Ar ratios (Pearson r = 0.27,
p = 0.39) or with estimates of organic carbon export flux based on 234Th deficits integrated to 200 m
(Pearson r = 0.50, p = 0.26; Haskell et al., 2013; Table S2). The lack of correlation between upper 50-m DON
stocks and either NCP or export production metrics is somewhat surprising given that the absolute value
of DON δ15N closely tracks the δ15N of the dominant source of N fueling export production, subsurface NO
�
3 (Knapp et al., 2005, 2011), and shows less influence from regenerated forms of N with their lower δ15N
(Fawcett et al., 2011). Moreover, recently dissolved organic carbon (DOC) has been shown to accumulate
as a function of new N introduced to surface waters, especially subsurface NO�

3 (Romera-Castillo et al.,
2016), and previous work has found a relationship between surface ocean DOC concentration and rates of
NCP (e.g., Hansell & Carlson, 1998; Sweeney et al., 2000), although prior work has not described a similar rela-
tionship with surface ocean DON. We note that the signal-to-noise ratio is lower and thus less favorable for
NCP measurements based on O2/Ar ratios compared with GOP rate estimates based on triple oxygen isotope
measurements of dissolved O2, which are further from air-sea equilibrium than O2/Ar saturation ratios.
Consequently, it might be easier to detect a correlation of DON stocks with rates of GOP as opposed to rates
of NCP. The higher correlation of DON stocks with rates of GOP than rates of NCP warrants further investiga-
tion, although DON consumption may contribute to the decoupling of NCP from GOP (see section 4.2 below).
Additionally, if DON production is spatially and/or temporally separated from new/export production fueled
by DON consumption it may not be surprising that upper 50-m DON stocks do not correlate strongly with
metrics of new/export production. Regardless, while our data do not constrain the precise location of DON
production and/or consumption, rates of GOP appear capable of accounting for the accumulation of DON
in the upper 50-m in the ETSP. For example, assuming that 5% of GOP accumulates in the dissolved organic
matter (DOM) pool, assuming that the DOMwas produced over 90 days (a rough approximation of the grow-
ing period prior to sampling), converting rates of GOP from carbon to N using Redfield stoichiometry, and
distributing that DON accumulation throughout the upper 50 m, suggests that rates of GOP could raise
the upper 50-m [DON] by 0.5 μM (Station 5 in 2010) to 2.0 μM (Station 13 in 2011).

Figure 4. Correlations between upper 50 m dissolved organic nitrogen (DON)
stocks and rates of gross oxygen production (GOP) measured in both 2010 and
2011 (filled circles) and upper 50-m DON stocks and surface chlorophyll a con-
centration measured in 2011 (open triangles), as well as the Pearson correlation
coefficients and the p value calculated with the Student’s t test.
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The positive correlations of upper 50-m DON stocks with both surface ocean [chl a] and rates of GOP is
also consistent with decades of observations of marine DOM distributions in the ocean, with highest
surface ocean DOC and DON concentrations being found in the euphotic zone (Carlson, 2002), and with
peak production associated with spring blooms (e.g., Hansell & Carlson, 2001). These and other prior
studies indicate that physical mixing typically entrains 3- to 4-μM DON from subsurface waters into the
euphotic zone, where an additional 1- to 2-μM DON accumulates in the surface waters of open ocean
gyres during the spring and summer associated with maximum rates of productivity. These observations
are also consistent with incubation-based studies that show higher rates of DON release when 15N-labeled

NO�
3 (as opposed to 15N-labeled NHþ

4 ) is the primary substrate, at stations closer versus further from shore,
and in the deeper portion of the euphotic zone (Bronk et al., 1994; Bronk & Ward, 1999, 2000, 2005; Ward
& Bronk, 2001). Additionally, several geochemical lines of evidence indicate that DOM has a predominantly
photosynthetic origin. For example, both the carbon isotopic composition (Beaupre, 2015) and the chemi-
cal composition of marine DOM (Arakawa et al., 2017) indicate that the precursors of much of surface
DOM have a photosynthetic source. A photosynthetic as opposed to a heterotrophic origin for marine
DON is also consistent with DON δ15N measurements, which are closely linked to the δ15N of subsurface
NO�

3 (Knapp et al., 2005, 2011), the dominant source of new N fueling export production in the oligo-
trophic North Atlantic (Altabet, 1988; Knapp et al., 2005) and North Pacific (Bottjer et al., 2017; Casciotti
et al., 2008) gyres.

Similarly, DON in the ETSP is produced with a δ15N that reflects the dominant source of new N, which in these
waters, is subsurface NO�

3 + NO�
2 (Knapp et al., 2016). However, the relationship between the δ15N of subsur-

face NO�
3 + NO�

2 and surface ocean DON δ15N in the ETSP manifests in two different ways. First, in regions
where there is significant (i.e., >0.1 μM) unconsumed surface ocean NO�

3 + NO�
2 , DON can be produced in

surface waters with a δ15N that is lower than the δ15N of subsurface DON. This scenario is characterized by
relatively high surface ocean [DON] and low DON δ15N and is evident at Station 6 in 2010 and Station 13
in 2011, where the [DON] at both stations was ~6 μM and the DON δ15N was ~3.5‰ (Figures 2 and 3).
Alternatively, in regions where mixed layer NO�

3 + NO�
2 is nearly completely consumed (i.e., <0.1 μM) and

the subsurface NO�
3 + NO�

2 δ15N is influenced by NO�
3 reduction processes such as denitrification, the incre-

ment of new DON produced in themixed layer may have an elevated δ15N. This pattern is evident at Station 1
in 2010, where the [DON] below the mixed layer at 60 m was 4.1 μM with a δ15N of 3.0‰ and at 5 m was
5.0 μM with a δ15N of 6.0‰ (Figure 2). Mass balance calculations indicate that the 0.9-μM DON that accumu-
lated in the mixed layer in addition to the subsurface DON with its δ15N of ~3‰ had a δ15N of 15 to 21‰,
which brackets the δ15N of NO�

3 + NO�
2 at 60 m, 18‰ (Table 1). Maps of sea surface height during the time

of sampling at Stations 1 and 2 in 2010 indicate the presence of a cyclonic (upwelling) eddy (Figure S1),
underscoring the likely role of subsurface NO�

3 + NO�
2 in fueling productivity in surface waters. However,

δ15N budget calculations suggest that the NO�
3 + NO�

2 from 100 mmay be a more likely candidate for fueling
export production at Station 1 in 2010 (Knapp et al., 2016), and the elevated [NO�

3 + NO�
2 ] at 100 m precludes

precise estimates of [DON] and DON δ15N at that depth. Consequently, while the δ15N of the “new”DON accu-
mulating in the mixed layer at Station 1 in 2010 appears to have the same δ15N as that of NO�

3 + NO�
2 at 60 m,

we do not expect such a strict correspondence necessarily holds in all cases, as the depth for the NO�
3 + NO�

2

fueling productivity in surface waters cannot be precisely determined. Likely the upwelled waters are sourced
from an interval (e.g., 60 to 100 m), rather than an exact depth, and could have a lower δ15N (Knapp et al.,
2016). Regardless of the precise δ15N of NO�

3 + NO�
2 fueling production in surface waters, the proposed

mechanism is consistent with our understanding of DON production with a δ15N similar to that of photosyn-
thetic biomass, with subsequent elevation during DON consumption and/or degradation (Knapp et al., 2011).
Additionally, the proposed mechanism of DON production by photosynthesis explaining the correlation
between upper 50 m DON stocks and 5 m [chl a] may also explain the subsurface maxima in [DON] observed
at Station 6 in 2011, which is coincident with the subsurface [chl a] maximum (Table 1). While all of the sta-
tions in the ETSP have subsurface chl a/fluorescence maxima, most have surface ocean maxima in [DON].
Identifying the mechanism responsible for surface versus subsurface DON accumulation may benefit from
molecular studies of light, iron, or other physiological stress markers in surface and subsurface phytoplankton
communities at stations with different light and nutrient distributions (e.g., Bronk & Ward, 1999; Chappell
et al., 2015).

10.1029/2017GB005875Global Biogeochemical Cycles

KNAPP ET AL. 776



4.2. DON Consumption: Preferential Consumption of Low-δ15N DON

DON is known to be consumed by both marine heterotrophs as well as phytoplankton (Kujawinski, 2011, and
references therein), and DON consumption has been invoked as a source of N fueling export production in
oligotrophic gyres (Letscher et al., 2016; Torres-Valdes et al., 2009). In particular, recent data suggest that
DON consumption occurs as waters transit from productive gyre margins to the interior of gyres (Letscher
et al., 2013). In some areas of the ETSP PO3�

4 is relatively abundant in the mixed layer (i.e., >0.1 μM) but
NO�

3 is <0.1 μM (Garcia et al., 2014), making the ETSP an environment well suited to examining trends in
DON production and consumption. While net geostrophic flow in the ETSP is generally from the east to west
(Kessler, 2006), surface ocean density distributions suggest components of nonzonal circulation (Figure 5). In
particular, the Humboldt Current is associated with net northwest transport between 80°W to 90°W and 10°S
and 20°S (Kessler, 2006) and also affects regional subsurface oxygen distributions (Czeschel et al., 2011).
Additionally, different surface water salinity and density distributions were observed in the ETSP in 2010 ver-
sus 2011, likely related to El Niño and La Niña conditions in the two years, respectively (Figure 5 and Table 1),
underscoring the complex regional circulation that precludes simple zonal analysis of DON fluxes from the
east to the west. For example, mass balance calculations assuming only zonal transport of surface water
DON from Station 1 to Station 5 in 2010 would correspond to the net accumulation of 0.5-μM DON with a
δ15N of �10‰ in Station 5 surface waters, which is difficult to reconcile with higher rates of GOP at
Station 1 than Station 5. While N2 fixation would be a potential mechanism capable of adding DON with a
δ15N of ~ � 1‰ to surface waters between Stations 1 and 5, both 15N2 uptake- and δ15N budget-based N2

fixation rate estimates from 2010 are at least an order of magnitude too low (i.e., 0 to
98 μmol N · m�2 · day�1; Knapp et al., 2016) to account for the elevated DON with a significantly lower
δ15N at Station 5 relative to Station 1. Moreover, the δ15N associated with N2 fixation, �2‰ to 0‰
(Carpenter et al., 1997; Minagawa & Wada, 1986), is insufficiently low to account for the difference in surface
DON δ15N between Stations 1 and 5 in 2010, even if rates of N2 fixation were high enough to account for the
elevated [DON]. Indeed, we know of no process that could add N with a δ15N of �10‰ to the mixed layer.
Together with regional circulation patterns, and consistent with the differences in surface density distribu-
tions between Stations 1 and 5 in 2010 (Figure 5), these observations indicate that it is perhaps inappropriate
to expect the mixed layer DON at Station 5 to have been produced at Station 1 and transported zonally to
Station 5.

While it is challenging to identify which stations are upstream and downstream of each other in the ETSP,
some broader trends shed light on processes influencing the distribution of [DON] and DON δ15N. For exam-
ple, the significant negative correlation between the stock of DON in the upper 50 m and the mass-weighted
upper 50-m stock DON δ15N (Pearson r = �0.84, Student’s t test p = 0.0006, Spearman r = �0.82, Student’s t
test p = 0.002; Figure 6) strongly suggests that DON consumption contributes to observations of low [DON]
with high DON δ15N in the ETSP. While not statistically significant, discrete [DON] and DON δ15N

Figure 5. Maps of surface ocean dissolved organic nitrogen [DON] (μM; a) and the δ15N of the upper 50-m DON stock (b) with overlay of density surfaces (sigma
theta) from the 2010 cruise and of surface ocean [DON] (μM; c) and the δ15N of the upper 50 m DON stock (d) with overlay of density surfaces (sigma theta) from
the 2011 cruise.
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measurements within the upper 50 m of the ETSP are negatively corre-
lated (Pearson r =�0.64, Student’s t test p = 0.53), and the slope of the lin-
ear best fit to the data suggests that DON is consumed with an isotope
effect (15ε) of 5.5 ± 1.2‰ (Figure 7; the N isotope effect, 15ε, is defined here
as (14k/15k � 1) × 1,000, where 14k and 15k are the rate coefficients of the
reactions for the 14N- and 15N-bearing forms of DON, respectively).
Consumption of DON with a modest isotope effect is consistent with
our understanding of the controls on the δ15N of DON in the ocean, where
DON is largely produced with a δ15N similar to that of its parent material,
but that DON consumption raises the δ15N of the residual DON somewhat
above its initial δ15N (Knapp et al., 2011).

Indeed, the spread in the discrete measurements in Figure 7 are bracketed
by Rayleigh, or closed system, models of DON consumption with an 15ε of
5.5‰ but with initial DON δ15N values of 2.5 and 5.0‰ (“Rayleigh 1” and
“Rayleigh 2,” respectively, Figure 7). Wemight expect DON to be produced
with a range of initial δ15N values in the ETSP given the variability in the
δ15N of subsurface NO�

3 (Casciotti et al., 2013; Knapp et al., 2016; Rafter

& Sigman, 2016). Together with our inability to subtract out the δ15N of

low concentrations (i.e., ≤0.2 μM) of NHþ
4 in some samples, these effects

will preclude fitting the discrete measurements in Figure 7 with a single
line. The initial DON δ15N values in these models were selected based
on the δ15N associated with relatively high surface water [DON] (i.e.,
~6.0 μM) samples at Station 6 in 2010 and Station 1 in 2011, 3.3‰ and
5.0‰, respectively (Figures 2 and 3 and Table 1). This somewhat limited
sample set precludes us from determining whether a Rayleigh or open sys-
tem type model better represents the isotope dynamics of DON consump-
tion in the ETSP. An open system model would correspond to a scenario
where DON is incrementally produced and consumed in the same water
mass (Sigman et al., 1999). Alternatively, a Rayleigh model might corre-
spond to a situation where there is significant net DON accumulation in
highly productive ocean margins, and where that “excess” DON is
advected away from the region of production to more oligotrophic surface
waters supporting net DON consumption. Figure 7 includes an open sys-
tem estimate of DON consumption using an initial DON δ15N of 3.3‰
and 15ε of 5.5‰. We expect that differences in rates of DON production,
DON composition, biological community composition, and macronutrient
and micronutrient availability as surface waters cross fronts separating
coastal, high-nutrient, low-chlorophyll, and oligotrophic regions, which
may exhibit different demands for DON as a source of assimilative N,
may differentially affect the isotopic expression of DON consumption in
surface waters. While our data do not constrain the precise location of
DON production or consumption in the ETSP, we expect that along the
spectrum of net DON consumption versus production, that these samples
were collected closer to the end of net DON consumption given the simi-
larity of these [DON] and DON δ15N values to those measured in oligo-
trophic waters in the North Pacific (Knapp et al., 2011), as well as the
distance these samples were collected from sites of peak productivity in
the ETSP (Figure 1).

The estimate for the magnitude of the isotope effect for DON consump-
tion, 5.5 ± 1.2‰, is consistent with prior reports of the range in ε for
peptide and amide hydrolysis, as well as transamination reactions, 3‰
to 10‰ (Bada, et al., 1989; Calleja et al., 2013; Macko et al., 1986; Oleary

Figure 6. The δ15N of upper 50-m dissolved organic nitrogen (DON) stock
versus the inventory of DON in the upper 50 m from both the 2010 (open
circles) and 2011 (filled circles) cruises.

Figure 7. Estimates of the isotope effect (ε) for dissolved organic nitrogen
(DON) consumption based on DON concentration and δ15N measurements
made in the upper 50 m on samples from the 2010 (open circles) and
2011 (filled circles) cruises. The linear fit of the data (solid line) has a slope of
�5.5 ± 1.2, providing an estimate of the ε for DON consumption in the
eastern tropical South Pacific. Other estimates of ε include Rayleigh models
where the ε = 5.5‰ and the initial DON δ15N = 2.5‰ (Rayleigh 1, dotted
line), the ε = 5.5‰ and the initial DON δ15N = 5.0‰ (Rayleigh 2, dashed line),
and an open system model where the ε = 5.5‰ and the initial DON
δ15N = 3.3‰ (open system, dash-dotted line).
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& Kluetz, 1972; Silfer et al., 1992). Notably, our estimated ε for DON consumption is indistinguishable from the
5.7 ± 0.4‰ ε estimated for amino acid degradation in suspended particles in the North Pacific, and a mean ε
of 5.5 ± 0.5‰ for the degradation of the amino acids aspartic acid, glutamatic acid, isoleucine, phenylalanine,
and serine, specifically (Hannides et al., 2013). One station where the potential influence of DON consumption
is evident is at Station 2 in 2010, which has relatively low [DON] in surface waters, 4.3 μM, weak [DON] gra-
dients with depth, and surface ocean DON δ15N of 5.5‰ to 6.0‰ (Figure 2 and Table 1). Satellite altimetry
data indicate that a cyclonic eddy was present at Station 2 in 2010 (Figure S1), which could entrain relatively
degraded DON from the subsurface into surface waters. Similarly, surface waters at Station 6 in 2011 have
relatively low [DON], 5.0 μM, and relatively high DON δ15N, 6.2‰ (Figure 3). Regardless of the measurements
at any one station/depth, the significant negative correlation between upper 50-m DON stocks and their δ15N
indicates that within the discrete [DON] and DON δ15N observations in the ETSP there is a broader pattern of
DON production and consumption, with low [DON] with elevated DON δ15N associated with more degraded
samples than those with higher [DON] that are associated with higher rates of GOP (see section 4.1 above).

The negative correlation between the stocks of DON in the upper 50 m and their mass-weighted δ15N is likely
more evident in the ETSP than in the oligotrophic gyres of the North Atlantic and North Pacific oceans (Knapp
et al., 2005, 2011) due to the larger range in productivity encountered in the ETSP (Pennington et al., 2006).
Consequently, similar trends may be evident in other regions spanning gradients in rates of productivity
and/or surface water [NO�

3 + NO�
2 ]. However, significant uncertainties still exist regarding what controls

DON consumption in the surface ocean. For example, while previous work in the eastern North Atlantic
(Bourbonnais et al., 2009) has reported lower DON δ15N, 2.6‰, than the δ15N of DON found in the
Sargasso Sea, 3.9‰ (Knapp et al., 2005, 2011), there was no difference in [DON] between the western and
eastern North Atlantic in these studies, 4.7 μM. Consequently, additional processes may contribute to the
different DON δ15N observed in the western versus eastern North Atlantic, likely including the greater impor-
tance of N2 fixation fueling production on the eastern side of the basin (Bourbonnais et al., 2009), and/or DON
consumption occurring over spatial scales smaller than the width of the Atlantic basin. Further, due to the
steep nitracline in the Pacific, it is difficult to evaluate whether the same isotopic trend for DON consumption
holds below the euphotic zone in the ETSP, where different microbes may play a more important role in DON
consumption compared with the upper 50 m. Finally, tests of surface water DOC and DON consumption in
incubation experiments with water collected at Stations 1 and 5 in 2011 showed no net consumption of
DON when incubated with either surface or subsurface microbes for 14 or 9 days, respectively (Letscher et al.,
2015). Consequently, we lack a precise understanding of both what controls DON consumption, as well as the
temporal and spatial scales over which surface ocean DON is consumed in the ETSP.

Even without a robust understanding of the controls on DON consumption, the negative correlations in
Figures 6 and 7 inform both the location of DON consumption in the water column, as well as the role of
DON in supporting new versus gross production in the ocean. Specifically, the higher correlation between
either discrete concentration and isotopic measurements or the stock of DON and its δ15N in the upper
50 m compared with discrete measurements made throughout the upper 200 m indicates that significant
DON consumption occurs in the upper euphotic zone in the ETSP, and not solely as the result of mixing
surface DON with sub-euphotic zone microbes. This observation has important implications for evaluating
the role of DON in supporting photosynthetic production and the depth horizon within which DON is
consumed, in particular since prior incubation studies have shown surface ocean DON in the ETSP to be less
available to surface versus subsurface microbes (e.g., Letscher et al., 2015). These results indicate that some
DON is consumed within the upper euphotic zone, though not necessarily at the site of production.
Instead, DON that has been generated in productive waters may be laterally advected to a more oligotrophic
(i.e., N-limited) location where it is consumed within the euphotic zone by phytoplankton. In this scenario, to
the extent that both the C and the N in DON are consumed by phytoplankton, this consumption may decou-
ple rates of GOP from NCP in N-depleted waters. In order for allochthonous DON to serve as a source of new N
to phytoplankton, then organic carbon would likely be respired, thus consuming photosynthetically derived
O2. In other words, assimilation of DON as a N source (in this case, as “new” N, not recycled in situ) would
increase community respiration rates, effectively lowering the local NCP as recorded by O2/Ar ratios, but
allowing for higher rates of gross photosynthetic O2 production (GOP) as additional N becomes available.
Such decoupling of the new N-based production from net O2 production is recorded by the accumulation
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of an elevated triple O2 isotope signature associated with elevated rates of gross photosynthesis, but low net
O2 accumulation. Thus, consumption of DON-derived new N by autotrophs may contribute to the observed
higher correlation between upper 50-m DON stocks and GOP rates versus upper 50-m DON stocks and NCP
rates in the ETSP (Table S2). Given the capacity for phytoplankton to assimilate organic substrates (Björkman
et al., 2015; Church et al., 2004; Gómez-Baena et al., 2008; Yelton et al., 2016), this may occur regularly.
However, we expect that the more favorable signal-to-noise ratio for estimating rates of GOP with triple
oxygen isotope measurements of dissolved O2 compared with estimating NCP rates with O2/Ar ratios also
contributes to the higher correlation of DON stocks with GOP rates. Regardless, a potential decoupling of
GOP from NCP rates due to DON consumption would be consistent with the notably low ratios of net to gross
production in the ETSP, 0.02 to 0.06, relative to other locations (Haskell et al., 2015). Prior work has suggested
that low mixed layer NCPs in the ETSP may result from a shift in productivity to the deeper portion of the
euphotic zone (Bender & Jönsson, 2016; Haskell et al., 2016). Importantly, such a mechanism is not excluded
by our work; rather, a shift in productivity to the deep euphotic zone would be distinct from the consumption
of DON in the upper 50 m identified here, and thus would represent another, complementary mechanism to
explain low mixed layer NCP rates in the ETSP. The potential role of upper euphotic zone DON consumption
in decoupling rates of GOP from NCPmerits further investigation in similar settings where DONmay accumu-
late in high-productivity surface waters and then be advected to more oligotrophic regions. Furthermore, the
consumption of DON with an ε of 5‰ to 6‰ should provide a source of low-δ15N N to fuel new/export
production. If the δ15N of bulk DON being consumed is 3‰ to 5‰ (Figures 6 and 7), then the δ15N of the
N removed from that initial DON would range from �3‰ to 0‰ and thus would have a similar isotopic
signature to N derived from N2 fixation (Carpenter et al., 1997; Hoering & Ford, 1960; Minagawa & Wada,
1986) and N in atmospheric deposition (Hastings et al., 2003; Knapp et al., 2008) and could provide an alter-
native explanation for low-δ15N material captured in sediment traps in the ETSP, which was previously attrib-
uted to N2 fixation (Knapp et al., 2016).

5. Conclusions

Year-to-year variability in [DON] and DON δ15N are observed in the ETSP, unlike prior measurements from the
Sargasso Sea. Here we find evidence that photosynthetic production and subsequent consumption of DON in
the upper 50m contribute to the different distributions observed in 2010 and 2011. Specifically, twomechan-
isms are identified that are capable of producing high-δ15N DON: first, the production of new DON from NO�

3

+ NO�
2 with an elevated δ15N resulting from subsurface NO�

3 reduction processes such as denitrification, and
second, preferential consumption of low-δ15N DON. The first process corresponds to observations of high
DON δ15N with elevated [DON], whereas the second process corresponds to samples with high DON δ15N
and relatively low [DON]. Additionally, we propose that low-δ15N DON is produced in waters with significant
unconsumed surface ocean NO�

3 + NO�
2 , where the isotope effect for NO�

3 assimilation produces photosyn-
thetic biomass (which in turn produces DON) with a relatively low δ15N. The net effect of these three pro-
cesses is (1) highly correlated upper 50-m DON stocks and surface ocean [chl a] (Pearson r = 0.96), as well
as a positive correlation between upper 50-m DON stocks and rates of GOP (Pearson r = 0.61; Figure 4),
and (2) a significant negative correlation between upper 50-m DON stocks and their mass-weighted δ15N
(Pearson r = �0.84, p = 0.0006; Figure 6), suggesting an isotope effect for DON consumption of 5.5 ± 1.2‰
(Figure 7), none of which has been previously observed. While some of these correlations do not achieve sta-
tistical significance, they may still warrant further investigation due to their small sample size in this study.

There are several implications for these observations. First, the significant year-to-year variability in [DON]
and DON δ15N underscore the importance of regional circulation for influencing both productivity and the
distribution of these properties. To the extent that the difference in year-to-year [DON] and DON δ15N do
not directly result from differences in circulation but from differences in productivity, the results also suggest
that some measurable portion of the surface ocean DON pool is consumed on annual to subannual time
scales and that the ETSP DON pool was not in steady state. This is in contrast to observations from the
Sargasso Sea, where interannual [DON] and DON δ15N are largely invariant (Knapp et al., 2005, 2011). This
in turn may have implications for the quality of the DON consumed; it is likely that the most recently pro-
duced DON is the most labile, leaving the residual DON pool with more recalcitrant constituents.
Consequently, if the DON consumed is recently produced from NO�

3 -fueled photosynthetic biomass, then
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the remineralization of that DON, either directly or indirectly as the biomass grown from that DON, should
influence the δ15N of subsurface NO�

3 . These results also confirm that DON is consumed with isotopic fractio-
nation in the surface ocean and is likely alleviating N limitation in NO�

3 -poor surface waters of the ETSP gyre.
To the extent that DON is consumed by phytoplankton in waters downstream from where the DON is
produced, the respiration of organic C during DON consumption may decouple rates of GOP from NCP
and help explain observations of apparently anomalously low ratios of rates of export to gross production
in the ETSP (Haskell et al., 2015). Finally, if the correlation between upper 50 m DON stocks and surface ocean
[chl a] is robust and not limited to the ETSP, this relationship may have predictive power for the amount of
DON produced as a function of gross productivity and thus help quantify the capacity of that DON to fuel
new production in NO�

3 -poor surface waters.
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