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Abstract Mixed layer (ML) gross (GOP) and net (NOP) oxygen production rates based on in situ mass
balances of triple oxygen isotopes (TOI) and O2/Ar are influenced by vertical transport from below, a term
traditionally difficult to constrain. Here we present a new approach to estimate vertical eddy diffusivity (Kz)
based on density gradients in the upper thermocline and wind speed-based rates of turbulent shear at the
ML depth. As an example, we use this Kz, verified by an independent 7Be-based estimate, in an O2/TOI budget
at a site in the oligotrophic South Pacific Gyre. NOP equaled 0.31 ± 0.16mmolm�2 d�1 in the ML (~55–65m
depth) and 1.2 ± 0.4mmolm�2 d�1 (80%) beneath the ML, while GOP equaled 74± 27mmolm�2 d�1

(86%) in the ML and 12± 4mmolm�2 d�1 (14%) below, revealing a vertical gradient in production rates
unquantifiable without the Kz estimate.

1. Introduction

The oligotrophic central gyres are the largest continuous ecosystems on the planet, currently covering
approximately 50% of Earth’s surface and expanding [McClain et al., 2004; Polovina et al., 2008]. The biological
pump is an important control on the partial pressure of carbon dioxide in the atmosphere, transporting bio-
logically fixed carbon from the euphotic zone into the interior of the open ocean [Sarmiento and Siegenthaler,
1992]. Thus, accurate estimates of the net metabolic state of these regions are crucial in our understanding of
the global carbon budget. However, whether these regions are net producers or consumers of oxygen and
fixed carbon remains uncertain [del Giorgio and Duarte, 2002]. Evidence based on decades of bottle incuba-
tion experiments indicates that these regions may be net heterotrophic [del Giorgio et al., 1997; Duarte et al.,
1999]. But in situ observations of net oxygen flux to the atmosphere [Emerson et al., 1995; Najjar and Keeling,
2000] and particulate export into the abyss [Emerson et al., 1997] suggest net autotrophy. Given the vast
expanse of the central gyres, satellite-based ocean color measurements have become an important tool
for evaluating biological productivity in oligotrophic regions [McClain, 2009]. However, these estimates are
of the net metabolic state of autotrophs alone (net primary production or NPP), neglecting heterotrophic
metabolism. Furthermore, because of the uncertainty in relating chlorophyll concentration to carbon bio-
mass in phytoplankton [Westberry et al., 2008], inherent assumptions about export efficiency [Lutz et al.,
2007], and the reliance on that which is visible from orbit [Banse and Postel, 2003], this approach so far has
been unable to reliably assess variability in net biological production and export in the vertical dimension.

The net metabolic state of the surface ocean can be quantified as net community O2 production (NOP),
defined as the balance of gross oxygen production (GOP) and total community respiration (R) [Emerson,
1987]. At steady state over the residence time of O2 (weeks at many locations in the oligotrophic gyres),
NOP represents the portion of biological production that is available for export. NOP can be derived from
the surface O2 mass balance:

H
∂ O2½ �
∂t

¼ GOP� R� K O2½ � � O2½ �eq
� �

� Kz

Z
O2½ � � O2½ �deep

� �
(1)

where H is the mixed layer depth, [O2] is the dissolved O2 concentration in the mixed layer (mmolm�3), the
subscript “eq” denotes at equilibrium with the atmosphere, “deep” denotes the sample below the mixed
layer (ML), k is the gas transfer coefficient (md�1), Kz is the eddy diffusivity coefficient (m2 d�1), and Z is
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the scaling distance (m; in practice, is the vertical distance between the base of the ML and the depth of the
sample below the ML). GOP in the surface ML can be estimated using the triple oxygen isotopic composition
(TOI; 16O, 17O, and 18O) of dissolved oxygen [Luz and Barkan, 2000]. The TOI approach takes advantage of
the characteristic mass independent depletion of 17O relative to 18O in atmospheric O2, defined as 17Δ
(17Δ/106 = ln(x17/ x17std)� λ*ln(x18/x18std), where λ is a reference slope, x* represents the ratio of *O/16O, and
the subscript “std” denotes the ratio in atmospheric oxygen as a standard [Luz and Barkan, 2009]), to estimate
the relative contributions of air-sea gas exchange and photosynthesis to the mixed layer dissolved oxygen
pool (see review by Juranek and Quay [2013, and references therein]).

In many studies employing this approach, O2 and
17Δ increase below the ML [Luz and Barkan, 2000; Juranek

and Quay, 2005; Quay et al., 2010; Stanley et al., 2015b], and recent publications have demonstrated that
entrainment of waters below the ML or vertical flux of O2 (in the case of a stable ML depth) can have a large
effect on ML GOP estimates [Sarma et al., 2006; Quay et al., 2010; Nicholson et al., 2012; Jonsson et al., 2013].
In this study, we present an approach to estimate eddy diffusivity (Kz), a notoriously difficult parameter tomea-
sure directly, for use in equation (1) based on (1) the density gradient below theML and (2) an estimate of tur-
bulent energy dissipation at the base of the ML, which, like k, can be calculated from wind speed
measurements. As an illustration of the approach, using tidally resolved mean profiles of density in the calcu-
lation, we find that at 20°S, 100°W within the oligotrophic South Pacific Gyre (SPG), Kz agrees to within 10%
with an independent 7Be-based estimate that integrates the eddy diffusive transport over 1month [Haskell
et al., 2015]. In this example, though based on only a small number of measurements, we are able to quantify
the partitioning of NOP andGOPbetween themixed layer and the upper thermocline using the derived Kz. Our
estimates suggest that at this site, the NOP/GOP ratio, a measure of potential export efficiency, in the lower
part of euphotic zone substantially exceeds that within the mixed layer. However, because data supporting
this conclusion is limited, further study is needed to confirm whether these results apply over the entire SPG.

2. Methods
2.1. O2/Ar and TOI Analysis

Samples for O2/Ar and TOI analysis were collected from Niskin bottles fired at two depths (5m and 78m) in
500mL glass flasks equipped with airtight Louwers-Hapert 3 O-ring valves and side arms [Emerson et al., 1999;
Hendricks et al., 2004; Reuer et al., 2007], which were poisoned with 150μL saturated HgCl2, dried in an oven at
50°C, and preevacuated to < 1mtorr for 5min. After returning from sea, the samples were equilibrated with
the headspace for ~12–24 h on a shaking table [Emerson et al., 1995], weighed, and drained. The headspace
was analyzed in the lab of R. Stanley (Woods Hole Oceanographic Institution) for O2 and Ar by peak jumping,
and 18O16O (m/z 34) and 17O16O (m/z 33) on a Thermofisher MAT 253 multicollector isotope ratio mass spec-
trometry, following the procedure of Barkan and Luz [2003] and detailed in Stanley et al. [2015b]. The 17O16O
of air samples are corrected for isobaric interference of Ar scattering by running standard mixtures of Ar and
O2 every 2weeks. Analytical precision is ± 0.007‰ and ± 0.015‰ for δ17O and δ18O, respectively, based on
the long-term standard deviation of measurements made on deionized water equilibrated with the atmo-
sphere. O2/Ar was also corrected for the difference in O2 and Ar solubility during the sample/headspace
equilibration step. The long-term standard deviation of O2/Ar ratios in a laboratory standard is 0.2 %.

2.2. Calculation of NOP and GOP

Assuming steady state on the time scale of the ML ventilation and accounting for the vertical transport of O2

through eddy diffusive mixing from the thermocline, equation (1) can be rewritten to express NOP in the
mixed layer as

NOPML ¼ k O2½ �eq*ΔO2bio þ Kz

Z
O2½ �eq*ΔO2bio

� �
ML

� O2½ �eq*ΔO2bio

� �
deep

� �
: (2a)

where ΔO2Bio represents the biological component of O2 deviation from the atmospheric equilibrium. ΔO2Bio

is quantified by measuring the O2/Ar ratio, which accounts for solubility-driven disequilibrium of O2 and thus
gives an estimate of the supersaturation of oxygen due to biological production alone [Craig and Hayward,
1987]:

ΔO2bio ¼ O2=Arð Þsamp

O2=Arð Þsat
� 1 (2b)
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An expression for GOP in the mixed layer can also be obtained from equation (1) using measurements of
16O16O, 17O16O, and 18O16O isotopologues [Prokopenko et al., 2011]. Accounting for vertical diapycnal mixing,
the expression for GOP in the mixed layer at steady state can be written as follows [Prokopenko et al., 2011;
Wurgaft et al., 2013]:

GOPML ¼ k O2½ �eq
x17�x17eq

x17

� �
� λ

x18�x18eq
x18

� �
x17p �x17

x17

� �
� λ x18p �x18

x18

� � þ Kz

Z
O2½ �deep

x17�x17deep
x17

� �
� λ

x18�x18deep
x18

� �
x17p �x17

x17

� �
� λ x18p �x18

x18

� � : (3)

where λ is a reference slope of x17 versus x18 fractionation in respiration, or the ratio of fractionation of 17O
relative to 18O during respiration, of 0.518 [Luz and Barkan, 2005], the subscripts “p” and “eq” denote the
photosynthetic end-member [Luz and Barkan, 2011] and the atmospheric equilibrium end-member
[Stanley et al., 2010], respectively (no subscript indicates the ML dissolved oxygen pool). Duplicate samples
were taken in the ML, and the average of the two is used in calculations (each measurement and end-
members are listed in supporting information Table S2). The mean value of ML ΔO2Bio in this study agreed
with ΔO2Bio measured continuously in the ship’s underway seawater line throughout two diurnal cycles at
this station using an equilibrator inlet mass spectrometer (mean and standard deviation: 0.18 ± 0.09 %
(Figure S2)).

2.3. Conductivity-Temperature-Depth Measurements, Piston Velocity, and Drag Coefficient

Over a 38 h occupation during 11–12 April 2011, we measured 10 profiles of oxygen concentration and den-
sity using the shipboard Seabird conductivity-temperature-depth (CTD) system. Oxygen concentration was
calibrated with Winkler titrations on discrete samples taken with Niskin bottles [Langdon, 2010]. For a month
leading up to the sampling date, time-weighted average wind speed (W10; Advanced Scatterometer (ASCAT)
[NASA, 2013]) was 7.8m s�1, corresponding to a time-weighted [Reuer et al., 2007] gas transfer coefficient (k)
equal to 4.1md�1, following the parameterization of Nightingale et al. [2000]. Using the same wind speeds,
the drag coefficient (CD) was calculated to be 0.001146 (± ~30% [Yelland and Taylor, 1996]).

3. Deriving a Vertical Transport Term for Oxygen

In the absence of advection (upwelling and downwelling) and entrainment events, the contribution of verti-
cal transport, Jtr, to the dissolved O2 mass balance within a mixed layer, is likely to occur mostly as diapycnal
mixing, so that Jtr is expressed as follows:

Jtr ¼ Kz*
∂O2

∂z
(4)

where Kz is a coefficient of turbulent mixing, or eddy diffusivity (m s�2), and ∂O2/∂z is the vertical gradient of
[O2] (mmolm�4). Vertical eddy diffusivity has been shown to be directly proportional to horizontal shear and
inversely proportional to the degree of water column stratification, buoyancy, or Brunt-Vaisala, frequency
squared [Kullenberg, 1978; Denman and Gargett, 1983]:

Kz ¼ ΓεN�2 (5)

where Γ is a constant mixing coefficient of 0.2 [Osborn, 1980; Moum et al., 1995; Rippeth et al., 2003], ε is
turbulent energy dissipation due to horizontal shear (m2 s�3) at the base of the mixed layer, and N2 is
Brunt-Vaisala frequency squared determined by the intensity of water column stratification defined as

N2 ¼ g
ρw

� �
∂ρ
∂z

(6)

where g is gravitational acceleration (m s�2) and ρw is density in the mixed layer. The eddy diffusivity coeffi-
cient is then proportional to horizontal shear at the base of the ML (ε) and inversely proportional to the
density gradient, determined by combining equations (5) and (6):

Kz ¼ Γε
g
ρw

� �
∂ρ
∂z

� 	 : (7)

ε is a difficult parameter to measure directly in the ocean; however, under the assumptions of isotropy
[Yamazaki and Osborn, 1990] and stabilizing conditions (heat flux is downward from the surface), one can
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derive a relationship between wind stress at the sea surface and horizontal shear at the base of the mixed
layer (supporting information):

ε ¼ ρaCDW2
10

ρw

� �3
2

k�zð Þ�1 (8)

where ρa is equal to the density of air at the sea surface (1.2 to 1.3 kgm
�3), CD is the drag coefficient at the sea

surface (~1 × 10�3 to 2.7 × 10�3 [Yelland and Taylor, 1996]),W10 is the wind speed 10m above the sea surface,
k* is the von Kármán’s constant (k* = 0.41 [Thorpe, 2007]), and z is the thickness of the surface mixed layer. By
combining equations (4) and (7), one can derive an equation that illustrates that Jtr is proportional to the ratio
of the gradients in oxygen and density:

Jtr ¼ 0:2ε ρw=gð Þ ∂O2

∂ρ
(9)

4. Application of This Approach in the Oligotrophic South Pacific Gyre
4.1. Accounting for Tidal Variability in Oxygen and Density

To illustrate the application of this approach to estimate Kz, we present data collected at 20°S, 100°W in the
oligotrophic SPG. Individual profiles of oxygen concentration (Figure 1a) and density (Figure 1b) at our study
site fell into two groups defined by ML depth, determined as the depth at which the oxygen concentration
was 0.5% different from the surface concentration [Castro-Morales and Kaiser, 2012]. The groups have been
color coded in purple (~65m) and blue (~55m) in Figures 1a and 1b. The gradients just below themixed layer
are nearly the same for all oxygen and density profiles, but the gradient of the “mean profile” (black dots;
Figure 1) of each parameter, determined as the gradient of the mean values in 1m depth bins in the 7m
immediately below the mixed layer (red dots), is not representative of any of the individual profiles because
of the time-dependent change inmixed layer depth. However, this effect of themean profile deviation occurs
in both oxygen and density; when oxygen and density are plotted against one another (Figure 1c; binned by
depth), the “mean” for this relationship is more representative of the individual profiles because oxygen and
density covary in time.Wenote that themeanof thegradientsofeachprofile isnearlyequivalent to thegradient
of the mean profile (δO2/δzmean gradient = 0.692mmolm�4, gradient of mean O2 profile = 0.742mmolm�4;
δρ/δzmean gradient = 0.015 kgm�4, gradient of mean ρ profile = 0.016 kgm�4).

In order to calculate vertical eddy diffusivity (Kz) (and corresponding diapycnal O2 flux), we must choose the
representative oxygen and density gradients over the residence time of oxygen in the surface ocean (weeks).
Given the similarity in gradient and amplitude of variability between “blue” and “purple” groups, the differ-
ences between the two groups are likely to indicate vertical oscillation associated with propagation of inter-
nal waves. The origin of such a wave is uncertain. However, two of the three “shoaled” (blue) profiles occurred
exactly 24 h apart and thus possibly represent samples during the high (spring) phase of the mixed semidiur-
nal (M2) baroclinic tide, assuming the baroclinic tide closely resembles the barotropic tide (Figure S1) with a
phase shift. However, the timing of the third shoaled profile (lagging the first by ~ 6 h) is not consistent with
tidal forcing. It is possible that this profile was taken during the passing of a shorter-period internal wave,
which may or may not be related to the amphidromic dynamics of tide propagation. Although at present this
issue is unresolved, 30% of the profiles sampled are likely representative of high tides and 70% of the profiles
sampled are likely representative of mid-to-low (nonhigh) tides (Figure S1). This distribution of blue versus
purple profiles is consistent with the semidiurnal M2 tide being in its high tide phase during ~30% of the tidal
cycle (~7 h) at this location. Thus, despite unevenly spaced sampling during the tidal cycle, the mean profiles
are likely representative of the true time-weighted mean of oxygen and density over a weeks-long period of
time because the ratio of time spent at high tide versus mid-to-low tide was ~30/70 (Figure S1 and section 5).
Parameters derived from the oxygen and density profiles are shown in Table S1a.

4.2. Vertical Eddy Diffusivity and Flux of O2 and Its Isotopes

Vertical transport in our study region was dominated by turbulent eddy diffusion, since vertical advection
was negligible [Haskell et al., 2015; Nicholson et al., 2014] and other necessary conditions for Kz estimates were
met [Yamazaki and Osborn, 1990]. Using equations (6) and (7), we calculated Kz at this location to be 3.99
± 1.35m2 d�1. Using the mean O2 gradient in equation (4), the vertical turbulent flux of oxygen across the
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base of the mixed layer (Jtr) was 2.96 ± 1.00mmolm�2 d�1 (Table S1). In a concurrent study, Haskell et al.
[2015] used a mass balance of 7Be (t1/2 = 53 days) in the surface ocean to estimate vertical Kz at the base of
the mixed layer at this station to be 3.72 ± 1.99m2 d�1. Using the 7Be-based Kz and the same gradient of oxy-
gen concentration as in the above calculation, the vertical turbulent flux of oxygen becomes 2.76
± 1.48mmolm�2 d�1. The 7Be-based approach agreed within 7% with the Kz and diffusive oxygen flux calcu-
lated using the O2/density gradient method presented in this study. The good agreement between the two
approaches suggests that not only our estimate of Kz is likely to represent the eddy diffusivity over a compar-
able timescale to the water column 7Be signal (weeks to months), but also that the mean profiles of oxygen
and density are likely near the true time-weighted average over the same timescale. This is a significant
finding because short-term observations, such as those made by sensors mounted on CTDs, rarely agree with
observations that integrate over longer time scales, such as those using geochemical tracers, because they
are typically unable to capture the time scales over which water column features persist. Our results
demonstrate that in the subtropical gyres, properly averaged observations over a full tidal cycle can be repre-
sentative of features present over longer time scales.

4.3. NOP and GOP

To calculate the ML NOP and GOP rates of the study site, we assume steady state over a time period of several
weeks and use equations (2a) and (3), describing the mass balance of biological O2 and the three isotopes of

Figure 1. Oxygen and density versus depth. (a) Oxygen versus depth, (b) density versus depth, and (c) oxygen versus
density. The black dots are the mean values from each 1m depth bin. In Figures 1a and 1b, three profiles are shoaled
(blue) from the rest of the profiles (purple), presumably measured during baroclinic high tides. The thin black lines in the
insets are the depth-binned averages of each color group. The red dots represent the 7m depth interval where the mean
δO2/δz, δσθ/δz, and δO2/δσθ gradients were calculated. The gradients and squared Pearson correlation coefficient of the fit
are shown in the upper right corner.

Geophysical Research Letters 10.1002/2016GL069523

HASKELL ET AL. GRADIENT IN NOP AND GOP IN THE SPG 7594



oxygen, respectively (Figure 2a). At steady state, a lower limit of NOP and GOP rates beneath the mixed layer
is equivalent to the transport termwe use to correct theML NOP for eddy diffusive flux of oxygen from below.
When the vertical transport term using Kz is included in the ML GOP calculation (equation (3)), the ML GOP
rate is estimated as 74 ± 27mmolm�2 d�1, 14% lower than the total GOP rate calculated by ignoring the
transport term (86± 32mmolm�2 d�1; Tables 1a and 1b and Figure 2b). This finding is consistent with those
of Nicholson et al. [2012] andWurgaft et al. [2013], that vertical transport of oxygen from the thermocline can
impact the ML GOP signal. The NOP rate within the mixed layer is only 0.31 ± 0.16mmolm�2 d�1, 20% of the
total surface air-sea flux of 1.5 ± 0.6mmolm�2 d�1, implying that the remaining 80% is generated within the
deeper region of the euphotic zone (euphotic depth =~110m). This is also consistent with a model-based
evaluation of ML NOP in the Southern Ocean by Jonsson et al. [2013], though that study focused on simula-
tions of much higher rates of NOP typical for their study region. While the magnitude of NOP below the
mixed layer is ~5 times greater than within the ML, the vertical distribution of GOP is the opposite: 86% of
the GOP occurs within the ML, and only 14% of the signal is transported into the ML from below.

The NOP/GOP ratio, which quantifies the portion of GOP that is available for export over long temporal/spatial
scales and is analogous to the “f ratio” [Dugdale and Goering, 1967; Eppley and Peterson, 1979], is 0.1 below the
ML and 0.004 within the ML. The very small ratio in the ML implies that almost none of the carbon produced
in the ML is available for export; carbon is tightly recycled. This ML ratio is smaller than measurements of the
ratio elsewhere [Juranek and Quay, 2013], perhaps because of the ultraoligotrophic nature of the SPG. If we
take a similar approach of many previous TOI-based productivity studies and do not account for the transport
term explicitly, the ML ratio at our study site is 4–5 times greater (~0.02) but is still low compared to other
regions (summarized by Juranek and Quay [2013]).

The vertical partitioning in NOP/GOP may be in situ chemical evidence that in the oligotrophic SPG, net and
gross biological production are vertically decoupled (Figure 2b), and therefore a gradient exists in the
strength of the biological pump through the euphotic zone, a notion that has lacked sufficient field-based
evidence. However, we present these results with caution, since they are based on a small number of

Figure 2. Schematic illustration of NOP and GOP in the oligotrophic South Pacific Gyre. (a) Illustration of the two vertical
zones, “ML” and “deep,” in the euphotic zone at the study site. The solid black line is a representative oxygen concentra-
tion ([O2]) or O2/Ar. The red dashed line represents the section of the profile used to determine the oxygen gradient
below the mixed later, k is the gas exchange velocity at the sea surface, and the paired up/down arrows between zones
represent eddy diffusivemixing at rate, Kz. (b) Illustration of GOP, R, and NOP that occurs in themixed layer (top) andwhat is
transported from the deep zone (bottom). The solid blue and red lines are approximate relative rates of GOP and R,
respectively. NOP (green shading) is equivalent to the difference between GOP and R. The measured values of GOP, NOP,
and NOP/GOP are shown to the right (All ± ~37%, except ML NOP ± ~50%). The majority of GOP occurs within the ML, but
the majority of NOP occurs below the ML.

Table 1a. Measurements of ΔO2bio and Oxygen Isotopes

[O2]eq (mmolm�3) ΔO2bio (%) [O2]meas (mmolm�3) δ17O (‰) δ18O (‰)

Mixed layer 216 0.17 ± 0.06 217 0.372 (±0.013) 0.664 (±0.014)
78m (23m below MLD) 228 3.18 ± 0.06 236 0.238 (±0.007) 0.247 (±0.015)
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individual measurements taken at a single location over a short period of time. Further studies are needed to
confirm whether these results apply to the entirety of the SPG.

The uncertainty in NOP using this approach is approximately ± 50% in the ML and ± 37% in the deeper zone
(Table 1b), calculated by propagating the uncertainty in ΔO2bio (~34% and ~6%, respectively), estimates of k
(~15% [Stanley et al., 2009; Ho et al., 2006]) and Kz (~34%; propagated from uncertainty in CD (±30%) and k;
Table S1c). Uncertainty in GOP (±37%) is estimated in the same manner, with measurement uncertainties
equal to ± 2% in the ML and ± 5% below (Table S2). No statistical difference was found between different
depth intervals (6, 7, 8, or 9m) in the fit of density gradients used in the calculation of Kz (all within 10% of
the 7Be-derived Kz). The assumptions made in order to make estimates of ε (i.e., isotropy and water column
stability) contribute significantly to the uncertainty in Kz. However, high uncertainty is common for estimates
of eddy diffusivity and our value is consistent with previously reported values for the oligotrophic central
gyres [Lewis et al., 1986; Michaels et al., 1996; Planas et al., 1999; Capone et al., 2005]. Since the vertical flux
in oxygen is proportional to the gradients in oxygen and density (δO2/δρ; equation (8)), and Kz likely decreases
with depth, we estimate that the downward oxygen flux below the oxygen maximum is negligible (~5% of
the upward flux).

5. Possible Explanations for Vertical Gradients in NOP and GOP

The vertical gradient in NOP/GOP ratio is somewhat surprising, particularly in the context of the compensa-
tion depth paradigm [Sverdrup, 1953], where the vertical distribution of O2 consumption is assumed constant.
With the caveat of the small size of our data set in mind, we find it useful to discuss possible reasons for
vertical variability in the NOP/GOP ratio. One explanation for our observations could be that most of the bio-
logical production within the ML in these regions is fueled by recycled nutrients, while most new production
available for export occurs below the ML, a region that likely receives a higher flux of “new” nutrients from
below. This mechanism is consistent with previous observations that in the oligotrophic SPG, in situ recycled
nitrogen sustains up to 95% of the total primary production [Raimbault and Garcia, 2008] and that in many
oligotrophic regions, vertical turbulent diffusion of new nutrients from below is the dominant control on
new production [Dugdale and Goering, 1967; Eppley and Peterson, 1979; Lewis et al., 1986; Stanley et al.,
2015a; Knapp et al., 2016]. Opposing vertical gradients in light and nutrients typically drive a depth distribu-
tion of phytoplankton taxa based on physiological adaptations [Dugdale, 1967; Venrick, 1982; Landry et al.,
1996; Landry et al., 2000]. At this site, phytoplankton in the deep euphotic zone may have adapted to effi-
ciently consume nitrate and/or disproportionally contribute to export [Michaels and Silver, 1988], as observed
of eukaryotes in the oligotrophic subtropical North Atlantic by Fawcett et al. [2011].

There could also be unique heterotrophic communities within and below the ML. While oceanic respiration
and organic matter decomposition are believed to be dominated by heterotrophic bacteria [del Giorgio and
Duarte, 2002; Williams, 1981], the role of marine Archaea in remineralization has not yet been fully realized
[Ingalls et al., 2006]. Orsi et al. [2015] have recently demonstrated that one group of Archaea is specifically
associated with particulate organic matter in the euphotic zone. Furthermore, zooplankton metabolic
demand can be a significant contributor in organic matter remineralization [Steinberg et al., 2008], but zoo-
plankton can also significantly contribute to export production either through production of fast-sinking fecal
pellets [Fowler and Knauer, 1986] or active diel transport [Steinberg et al., 2000], especially in open ocean oli-
gotrophic settings [Dam et al., 1995]. Through these means, the zooplankton community may facilitate
higher export efficiency from the deep euphotic zone than the mixed layer.

However, we cannot exclude the possibility that our estimate of net production is not representative of new
or “export” production [Estapa et al., 2015]. New and export production are defined operationally, as biologi-
cal production fueled by new nitrate and N2 fixation and the portion of production that escapes the surface

Table 1b. Production Rate Calculations

k (m d�1) Z (m) Kz
a (m2 d�1) Jtr (mmolm�2 d�1) NOP (mmolm�2 d�1) GOP (mmolm�2 d�1)

With eddy diffuse flux 4.1 ± 0.6 23 3.99 ± 1.35 2.96 ± 1.00 0.31 ± 0.16 74 ± 27
ML only 4.1 ± 0.6 23 0 0 1.5 ± 0.6 86 ± 32

aUncertainty in Kz and Jtr is propagated from uncertainty in ε, δρw/δz, and δO2/δz (Table S1).
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ocean (typically by particles sinking past a designated depth), respectively. Therefore, net production is only
equivalent to new and/or export production over sufficiently long time/space scales over which the input of
new nitrogen, net production, and export approach a steady state. Here we assume that the residence time of
the oxygen signal (several weeks; ML depth is ~60m and k= 4.1md�1) is long enough to represent a quasi
steady state between nutrient input and export. Therefore, since ML GOP and R are so closely coupled, it is
likely that biological production in the ML is fueled mostly by recycled nutrients, whereas beneath the ML,
a further separation of GOP and R is evident (higher NOP), implying that more new production occurs at
the base of the euphotic zone, proximal to the nutricline. This is consistent with δ15N budgets indicating that
NO3

� drives export in this region [Knapp et al., 2016].

6. Conclusions

If our observations are representative of the productivity patterns within the oligotrophic gyres, then there
are two implications that may be worth exploring in future efforts: (1) Satellite algorithms designed to esti-
mate export production from measurements of sea surface ocean color must account for the variability in
the respired fraction of NPP with depth [Banse and Postel, 2003]. Thus, these estimates could be greatly
improved by further mechanistic understanding of the vertical partitioning of nutrient dynamics and biolo-
gical production through the euphotic zone [Lutz et al., 2007; Cullen, 1982]. (2) The decades-long discrepancy
between geochemical budget-based and bottle incubation-based net production estimates in oligotrophic
regions could be the result of subsurface production, which is difficult to sample during short station occupa-
tions. This supports the notion proposed by Riser and Johnson [2008] (hereafter referred to as R&J08), who
estimated a subsurface nonsteady state NOP of 3.45mmol O2 m

�2 d�1 in the SPG (22°S, 120°W) using oxygen
sensors on profiling floats from 2003 to 2006. Our NOP estimate is approximately one half of their reported
NOP rate (1.5 ± 0.6mmolm�2 d�1), but our approach is unable to account for nonsteady state accumulation
of oxygen beneath the mixed layer, while their approach did not account for the O2 loss through vertical
fluxes. Nevertheless, our findings agree with R&J08 that subsurface production contributes significantly to
total net production in oligotrophic regions.

In addition to nonsteady state dynamics, the difference between our NOP estimate and R&J08’s estimate may
be due to the effect of physical processes on the saturation state of dissolved oxygen, which is removed from
our O2/Ar-based estimate. By estimating the vertical flux of oxygen (Jtr) calculated as the product of Kz and
the O2 (not ΔO2Bio) gradient at the base of the mixed layer (Table 1b; 2.96mmolm�2 d�1), we find that it
is similar to the NOP reported by R&J08, while our estimate of the vertical flux of biologically produced oxy-
gen across this boundary using the O2/Ar ratio is much lower (1.19mmolm�2 d�1). The cause for the differ-
ence is likely temperature changes along the pathway of the water mass, which affects the saturation of
oxygen and argon similarly, and thus does not affect the O2/Ar ratio. This discrepancy suggests that the
sum of our reported steady state rate of ~1.5mmolm�2 d�1 and the nonsteady state estimate made by
R&J08 (3.45mmol O2 m�2 d�1; Sum=4.95mmol O2 m�2 d�1) is likely the upper limit of NOP in the SPG,
whereas our O2/Ar-based estimate is likely a lower limit.
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