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Abstract We report in situ rates of gross oxygen production (GOP), community respiration (R),
and net community production (NCP) in the North Pacific Subtropical Gyre derived from mixed layer
O,/Ar measurements. The measurements were conducted between November 2013 and January

2019 at the site of the Hawaii Ocean Time-series program. Biological O, concentration anomalies in
the mixed layer showed a consistent diel variation, with values increasing during daytime due to net
community production and decreasing during nighttime due to respiration. In situ mixed layer GOP
and R, determined from these variations, covaried but showed no clear seasonal pattern, averaging

0.9 and 0.8 mmol O, m™>d7}, respectively. In situ rates of NCP determined from mixed layer O,/Ar
ranged between —1.2 and 16.6 mmol O, m™> d™". Our analyses indicate that at certain times of the

year the diapycnal flux of O, across the base of the mixed layer may be non-negligible and, therefore,

a fraction of O,/Ar-derived NCP may form below the mixed layer. The seasonal climatology of NCP
below the mixed layer (down to 150 m) was also estimated using near-monthly changes in dissolved O,
concentrations. These calculations allowed us to estimate NCP for the entire euphotic zone (0-150 m),
which shows pronounced seasonality, with a maximum in April-May and a minimum in December,
when the ecosystem becomes temporarily net heterotrophic. Annual NCP was estimated to be

2.1 + 0.6 mol O, m™2 yr™', approximately 1.7 times the export of C through sinking particles captured in
sediment traps at 150 m.

1. Introduction

Oceanic primary production, primarily through oxygenic photosynthesis, is the main input of energy into
marine ecosystems (Karl, 2014), is the first step of the ocean’s food web (Ryther, 1969), and produces ap-
proximately half of the oxygen (O,) on the planet (Field et al., 1998). In addition, primary production in
the ocean fuels the marine biological carbon (C) pump that in turn affects climate (Volk & Hoffert, 1985).
Planktonic primary production and respiration can be quantified in terms of energy or material flows
(Williams, 1993), but the latter is operationally easier to measure. Therefore, gross primary production (GPP)
is commonly defined as the total amount of inorganic C that is reduced to organic C by photosynthetic or-
ganisms (Williams, 1993). A large fraction of this C is oxidized back to carbon dioxide (CO,) through com-
munity respiration (R) by both autotrophic and heterotrophic organisms. The difference between GPP and
R, net community production (NCP), represents the amount of biologically produced organic C that can be
potentially transported out of the euphotic zone into the ocean's interior via the biological C pump, mainly
through sinking particles, vertically migrating zooplankton (Longhurst & Harrison, 1988), and the export of
dissolved organic C (Carlson et al., 1994). Through these processes the biological C pump effectively seques-
ters CO, from the atmosphere for extended periods of time (Volk & Hoffert, 1985) and provides the main C
source that fuels mesopelagic and abyssopelagic organisms (Karl & Church, 2017).

The oligotrophic subtropical gyres occupy ~40% of the world's surface (Karl & Church, 2014) and, be-
cause of their large areal extent, they contribute substantially to the global oceanic biological C pump (Em-
erson, 2014; Emerson et al., 1997). However, quantifying metabolic rates in the subtropical oligotrophic
gyres is challenging, mostly due to the low rates that characterize these regions of the ocean, the episodic
nonsteady state nature of these habitats, and the susceptibility of the microbial communities to small en-
vironmental perturbations introduced during incubation procedures (Williams et al., 2004). Proof of this
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Figure 1. Box and whisker plot of mean mixed layer AO,/Ar measured over a diel cycle for each cruise during the
study period, reflecting the range of variability over a 24-h period (a). The red line inside each box is the median, and
the bottom and top edges indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme
data points, excluding outliers (crosses). (b) Dissolved O, as a function of depth and time during the study period. The
white line represents the mixed layer depth.

difficulty is the clear discrepancy in NCP estimates from in vitro versus in situ geochemical mass balance
methods that has generated much debate over the metabolic status of the surface oligotrophic ocean (e.g.,
Duarte et al., 2013; Ducklow & Doney, 2013; Williams et al., 2013). Accurate estimates of the biological C
pump in subtropical oligotrophic gyres are, therefore, critical for constraining the oceanic C cycle, under-
standing the factors driving its temporal variability, and improving our capability to predict how ocean
ecosystems will respond to climate change.

Because the production and consumption of O, are directly linked to GPP and R, O, has been frequently used
as a biochemical tracer of NCP and biological C fluxes (Emerson et al., 1995, 1997; Nicholson et al., 2008;
Riser & Johnson, 2008; Yang et al., 2017). In the mixed layer, the concentration of dissolved O, is controlled
by biological processes (GPP and R), air-water gas exchange (both through diffusive fluxes and bubble injec-
tion), as well as horizontal and vertical mixing and diffusion. In the North Pacific Subtropical Gyre (NPSG)
horizontal O, advection is thought to be small, so it is normally neglected (Emerson et al., 1997). Diapyc-
nal O, fluxes at the base of the mixed layer are also often considered to be small in the NPSG (Nicholson
et al., 2012; Quay et al., 2010), although recently Barone et al. (2019b) showed that they are non-negligible.
Vertical fluxes associated with entrainment events due to the deepening of the mixed layer can potentially
have a larger impact in the mixed layer O, budget, particularly if entrained waters have different dissolved
O, concentration (Nicholson et al., 2012; Quay et al., 2010).

In the absence of entrainment, a deviation of dissolved O, from equilibrium in the mixed layer can be due to
either biological or physical processes. Physical processes include bubble injection through breaking waves,
changes in solubility due to heating and cooling processes, and changes in atmospheric pressure (Hamme
& Emerson, 2006). The use of O, to Ar gas concentration ratios (hereafter O,/Ar) eliminates to a large extent
the effects of these physical processes because Ar is biologically inert but has physical properties similar to
0,. Consequently, the deviation of O,/Ar from equilibrium is assumed to be primarily caused by biological
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processes that modify O, concentration (Craig & Hayward, 1987; Hamme & Emerson, 2006). When diffu-
sive gas exchange, advection, and entrainment can be estimated or directly measured, in situ O,/Ar have
proven to be a reliable constraint on O,-based NCP (e.g. Hamme & Emerson, 2006; Juranek & Quay, 2005;
Kaiser et al., 2005; Luz & Barkan, 2009; Quay et al., 2010; Reuer et al., 2007). The air-sea flux of biological
O, determined from O,/Ar, under steady state conditions, approximates NCP over the residence time of O,
in the mixed layer prior to the measurement (typically ~1-2 weeks). Recently, Teeter et al. (2018) demon-
strated that, on time scales longer than the mixed layer O, residence time, the air-sea flux of biological O,
determined from O,/Ar measurements represents the exponentially weighted-average NCP, independent of
whether the system is in steady state or not.

In addition to being used as a time-integrative proxy of NCP, in situ mixed layer O,/Ar collected over a
diel cycle can be used to estimate rates of gross oxygen production (GOP) and O, consumption through
R on shorter time scales (12-24 h; Ferron et al., 2015; Hamme et al., 2012; Tortell et al., 2014). The diel
O,/Ar method relies on calculating net community production from the net increase in O,/Ar during
daytime and R from the net decrease in O,/Ar during the night, in both cases after a correction is made
for gas exchange. In contrast to other in situ geochemical approaches, this method provides values that
average over similar time scales as in vitro-derived rates. This might prove useful for comparing in vitro
and in situ methods and determining whether the discrepancy between them might be due to episodic
or spatially heterogeneous processes that would be missed by the in vitro methods (Karl et al., 2003a;
Williams et al., 2013).

Herein, we discuss the temporal variability of GOP, R, and NCP in the NPSG derived from in situ meas-
urements of mixed layer O,/Ar collected at near-monthly intervals over a period of >5 years. The samples
were collected at the Hawaii Ocean Time-series (HOT) site, Station ALOHA (22°45’N, 158°00'W), located
100 km north of the island of Oahu, within the oligotrophic NPSG (Karl & Lukas, 1996). Established
in 1988, Station ALOHA is one of the “few regions in the sea where we have sustained, decadal-scale
observations on the interactions between ocean biogeochemistry, hydrography, and ecology” (Church
et al., 2013). Core primary production measurements in the HOT program include dawn-to-dusk rates
of C-bicarbonate assimilation (**C-PP) and sediment trap measurements of particulate matter export
at 150 m. The former provides rates that represent values between net primary production (GPP minus
autotrophic R) and GPP (Karl & Church, 2017). The latter provide measurements of particulate C flux
from sinking particles, which is a fraction of export production (Boyd et al., 2019). Our study aims to con-
tribute to the program by providing in situ rates of GOP, R, and NCP derived from O,/Ar measurements.
While this is not the first time that O,/Ar has been measured at Station ALOHA, the characteristics of
our sampling and analyses have several advantages with respect to previous efforts. First, by measuring
the diel variation of O,/Ar we were able to estimate mixed layer GOP and R using a novel approach for
open ocean oligotrophic regions (Ferron et al., 2015), and we were able to better constrain mixed layer
NCP from an O,/Ar mass balance (that typically does not account for the diel variability). Second, by
combining mixed layer measurements of O,/Ar and measurements of O, below the mixed layer (down
to 150 m) we were able to obtain NCP for the entire euphotic zone. Third, the multiannual length and
the temporal coverage of our measurements enabled the determination of seasonal and interannual var-
iability of metabolic rates and a quantitative estimation of annual NCP, a proxy for export production
(Emerson, 2014), which is arguably one of the most critical terms to understand the role of the ocean in
regulating Earth's climate.

2. Methods
2.1. Sample Collection and Analysis

Seawater samples were collected between November 2013 and January 2019 on 48 HOT cruises to Station
ALOHA that were conducted at approximately monthly intervals. Seawater was collected using 12-L Ni-
skin-type bottles attached to a CTD-rosette. The samples were transferred into 250 mL borosilicate serum
bottles using Tygon® tubing, filling from bottom to top, and allowing the water to overflow at least twice the
volume of the bottle. Immediately after collection, samples were poisoned with 200 uL of saturated mer-
curic chloride solution to inhibit biological activity, crimp sealed, and stored in the dark at room tempera-
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ture until analysis, within 3-5 days of collection. For all HOT cruises, duplicate samples were collected at
Station ALOHA every 3 h at 25 m during a 24-h period, to measure diel variability in O,/Ar values (Ferréon
et al., 2015). Starting in April 2015 (HOT cruise 271 and onward), as well as during the first cruise (Novem-
ber 2013, HOT 257), duplicate samples were also collected at 5 m. These depths were chosen to capture the
conditions in the surface mixed layer.

Dissolved O,/Ar molar ratios were measured in the lab by membrane-inlet mass spectrometry (MIMS)
following Kana et al. (1994). The MIMS dissolved gas analyzer (Bay Instruments, Easton, Maryland) is de-
scribed in detail by Ferron et al. (2016). Briefly, the water sample is drawn at a constant flow (~2 mL min™")
into a capillary tubing that passes through a 23.00 (£0.01) °C water bath to stabilize the sample temper-
ature, and then through a 2.5 cm long semipermeable microbore silicone membrane (Silastic™, DuPont)
that is connected to a vacuum inlet system. As the sample flows through the membrane, a fraction of the
dissolved gases are extracted into the vacuum, pass through a cryo-trap that removes water vapor and CO,,
and enter a quadrupole mass spectrometer (HiQuad™ QMG 700) equipped with a cross-beam ion source.
A standard, consisting of filtered seawater (0.2 um) from Station ALOHA (25 m depth) equilibrated with
ambient air at 23.00 (+0.01) °C, was run every ~30 min, to correct for instrument drift. Dissolved O, and
Ar concentrations in the standard were calculated using the solubility equations reported by Garcia and
Gordon (1992) and Hamme and Emerson (2004), respectively. Based on the expected concentrations in the
standard, calibration factors were calculated for every standard run and interpolated with time to correct for
drift (Kana et al., 2006). The precision of duplicate samples (measured as the coefficient of variation) was,
on average, 0.03% for O,/Ar ratios.

2.2. Ancillary Measurements From the HOT Program

Since our sampling and subsequent measurements occurred as part of HOT cruises, a number of other bio-
geochemical parameters were available. The entire HOT data set and measurement protocols are available
at: http://hahana.soest.hawaii.edu/hot/.

Briefly, 14-15 vertical profiles of temperature, salinity, dissolved O,, and chlorophyll fluorescence were col-
lected at Station ALOHA on every HOT cruise during a 36-h burst sampling period (Karl & Lukas, 1996).
These measurements were collected using a conductivity, temperature, and depth (CTD) package (SBE-
911Plus, Sea-Bird), a Seapoint chlorophyll fluorometer, and a polarographic O, sensor (SBE43, Sea-Bird)
attached to a rosette. The conductivity, O,, and fluorescence sensors were calibrated with discrete samples
following HOT procedures. Chlorophyll a and phaeopigments were measured fluorometrically and used
to calibrate in situ fluorescence. Particle flux was measured using free-floating sediment traps deployed at
150 m (Karl et al., 1996). Primary production was measured by the "*C-fixation method. Samples were incu-
bated in situ from dawn to dusk at different depths (5, 25, 45, 75, 100, and 125 m), using a free-floating array
(Letelier et al., 1996). Depth-integrated (0-125 m) “C-PP was obtained by applying the trapezoidal rule, and
the uncertainty estimated by propagating the standard deviation (hereafter SD) of triplicate measurements
at each depth.

The mixed layer depth was first calculated for each vertical profile as the first depth where the potential
density was at least 0.03 kg m™ larger than the value at 10 m (de Boyer Montégut et al., 2004). Then,
for each cruise the largest potential density value at the base of the mixed layer was determined, and
the cruise mixed layer depth was calculated as the mean depth of this isopycnal surface (as per Barone
et al., 2019b).

2.3. NCP From Mixed Layer O,/Ar Mass Balance

NCP (mmol O, m™ d™") in the mixed layer, NCPy 4, can be determined from the in situ O,/Ar (Cassar
et al., 2011; Craig & Hayward, 1987; Giesbrecht et al., 2012; Kaiser et al., 2005). The simplest approach
assumes that, in the absence of vertical and horizontal mixing with other water masses, the net biological
production of O, approximates its flux to the atmosphere via gas exchange:

NCPy g = (AOZ/Ar)[O2 ]eq P 1)
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where k, is the weighted gas transfer velocity for O, (m d™, see below), [O.]eq is the O, concentration at
equilibrium with the atmosphere (mmol kg™"), o is the density of seawater (kg m™) in the mixed layer, and
AO,/Ar is the mean biological O, saturation anomaly for the mixed layer, determined as:

(0:/4r)

meas _ |

AO,/Ar =
2)

0,/A (

(0:/4r),

where (O/Ar)meas and (O,/Ar)eq are the measured O,/Ar ratio and that expected at equilibrium with the

atmosphere, respectively. AO,/Ar represents the biological O, saturation anomaly.

The instantaneous gas transfer velocities for O,, k02, were determined from wind speed measurements us-
ing the quadratic dependence reported by Wanninkhof (2014), which updates the widely used parameteri-
zation of Wanninkhof (1992). The Schmidt number for O, was calculated from the updated temperature-de-
pendent equations reported by Wanninkhof (2014) for seawater. The uncertainty associated with ko, is
~20% (Wanninkhof, 2014). To calculate ko, We used ERAS reanalysis hourly wind speed estimates at 10 m
above the sea surface, produced by the Copernicus Climate Change Service (C3S) (Hersbach et al., 2020),
which have a spatial resolution of 31 km. Spot wind speed measurements (1-min temporal resolution)
collected at 3.4 m above sea surface at the WHOI-Hawaii Ocean Time Series (WHOTS) mooring (22°45'N,
157°55'W), are also available online at http://uop.whoi.edu/projects/ WHOTS/whotsdata.htm. However,
there was a gap in the data set between August 2016 and April 2017. A comparison between WHOTS wind
speed measurements, scaled to a height of 10 m above sea surface (Smith, 1988), and ERAS reanalysis wind
speeds showed good correlation (¥ = 0.84, p < 107°, Figure S1), but ERA5 wind speed estimates were on
average 4.8% smaller than WHOTS observations. Estimated k,, for cruises with both data products available
also showed a strong correlation (r* = 0.98, p < 107%), with NCPy.miq calculated using ERA5 wind speeds
being on average 9% lower than when using WHOTS data.

To account for wind speed variability prior to the measurements and calculate k,,, we used a 30-day weight-
ed-averaging technique following Reuer et al. (2007) with the modifications proposed by Teeter et al. (2018).
In principle, Equation 1 assumes that NCPy. 4 and air-sea gas exchange are at steady state. However, a
recent analysis by Teeter et al. (2018) has demonstrated that independent of whether the assumption of
steady state condition is valid or not, Equation 1 approximates the exponentially weighted NCPg.4 over
the residence time of O, in the mixed water prior to the measurement. Residence times during our time
series (estimated as the mixed layer depth divided by the gas transfer velocity for O,) ranged between 5 and
30 days, with a mean value of 13 + 6 days (+ SD).

Another assumption of Equation 1 is that the contributions of vertical mixing and lateral mixing and advec-
tion to the O,/Ar mass balance are negligible. The assumption of negligible horizontal mixing is supported
by weak horizontal gradients of O, and Ar, which are the result of relatively fast air-sea gas exchange (Em-
erson et al., 1995, 1997). However, the contribution of vertical mixing, either through diapycnal mixing or
entrainment, is not always negligible (see below).

2.4. GOP and R From a 24-h Cycle in O,/Ar

Variations in mean mixed layer O,/Ar over a 24-h cycle were used to estimate in situ rates of GOP and R.
First, for each cruise, we determined a 24-h time series of biological O, concentration[oz]b_o, from O,/Ar
1

ratios:

(Oz/Ar)meas o

[0,], = W[ 2 ) 3)

For each diel cycle, [02]5 was corrected for diffusive gas exchange since the first measurement:
10

1 1
[Oz]bcig(t) = [Oz]bio (t) +at{]ﬁ’i°02dt €]
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where ¢ is time, t, is the time of the first measurement in the time series, Zy; is the depth of the mixed

layer, and Fy;00, is the air-sea diffusive gas exchange of [Oz]bio’ calculated as in Equation 1 but using the

instantaneous ko, instead of k. Foio0, is positive when the direction of exchange is from the ocean to the
atmosphere.

The contributions of GOP and R to the diel variability in [02 ]Em were estimated following the approach

proposed by Barone et al. (2019b), which assumes that R is constant throughout the day and that photo-
synthesis is linearly proportional to light intensity (modeled as a function of solar elevation in cloud free

c
conditions). These simple assumptions constrain the shape of the diel variation of [Oz]bio so that the prob-

lem can be solved to obtain rates of GOP and R using a linear least squares approach. Rate uncertainties

were calculated by bootstrapping the residuals between [02 ];O and the fitted model (Barone et al., 2019b).

2.5. NCP Below the Mixed Layer

The O,/Ar method estimates NCP in the mixed layer, which at Station ALOHA is almost always shallow-
er than the euphotic zone. Therefore, to estimate NCP in the entire euphotic zone, we calculated NCP in
the lower euphotic zone (NCP,y4.150m) by performing an O, mass balance using CTD O, profiles collected
during consecutive HOT cruises. Considering the low temporal resolution of the data (near-monthly), for
this analysis we used the HOT program time series to expand our study period and then binned the results
by month. We define the lower euphotic zone as the layer between the mixed layer depth and 150 m. This
depth is very close to the mean compensation depth at Station ALOHA (155 m, Laws et al., 2014) and
matches the depth where gravitational particle C export is routinely measured by the HOT program. For
each HOT cruise, we binned CTD dissolved O, profiles on potential density (to remove the effect of internal
tides in the vertical displacements of isopycnals), and took the median O, profile. The CTD O, sensor is
calibrated on each cruise against Winkler measurements (a description of sensor calibration can be found at
http://www.soest.hawaii.edu/HOT_WOCE/oxyhist/3.html). The history of O, CTD sensors used since the
beginning of the HOT program can be found at http://www.soest.hawaii.edu/HOT_WOCE/oxyhist/2.html.
‘We chose to conduct our analysis between January 1996 and January 2019, after revised procedures to check
for possible sensor problems were implemented in late 1995. We excluded HOT cruises 142 through 147
(November 2002 to April 2003) due to problems with the Winkler analyses (http://www.soest.hawaii.edu/
HOT_WOCE/oxyhist/samp5.html). This approach assumes that NCP4.150m has not significantly changed
during the period inbetween cruises. The mean absolute difference between matching CTD O, and Winkler
0, measurements (£SD) in the upper 150 m for all cruises is 1.0 + 1.3 mmol O, m~>, or <0.5% of dissolved
0.

NCPy4.150m between two consecutive cruises (with a period of time between them no longer than 60 days)
was estimated as:

NCPyyg-150m (1) = Z, [92 Junsasom (2) ~[92 Jus0m () )
(tz - tl)
where t; and t, are the times of the two HOT cruises, t is the time between cruises, [Oz]mld_lsom is the mean

O, concentration (either at £; or t,) in the layer between the base of the mixed layer at ¢, and 150 m, and Z,
is the thickness of the layer between the base of the mixed layer at t, and 150 m. These estimates do not
account for fluxes of O, at the two boundaries: the base of the mixed layer and 150 m. In most cases, ver-
tical mixing acts to decrease O, in the lower euphotic zone, therefore, NCPp4.150m Should be considered as
a conservative estimate. Conversely, due to the seasonal accumulation of O, below the mixed layer in this
environment (Shulenberger & Reid, 1981), our estimate of O,/Ar-derived NCPy. ;¢ Will typically be an upper
bound estimate since the vertical flux from below the mixed layer generally acts to increase O, in the mixed
layer. That is, in some cases, NCP derived from mixed layer O,/Ar measurements includes a contribution
from below the mixed layer. However, when we add NCPg.y ¢ and NCPy4.150m, the contribution of O, mix-
ing at the base of the mixed layer cancels out so that estimates of NCP for the entire euphotic zone are not
affected by this uncertainty.
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Since diapycnal O, mixing can affect our NCP estimates, we assessed the

potential uncertainty due to these fluxes by calculating the vertical O,
gradients at the 150 m horizon and at the base of the mixed layer. The
vertical gradients in O, were determined for each cruise from the median
vertical profile in dissolved O,, binned on potential density to remove the
effect of internal tides in vertical displacements of isopycnals (Haskell

6:00

et al., 2016). The gradients at the base of the mixed layer and at 150 m

12:00 18:00 0:00 . .
were calculated as the slope of a linear regression between O, concentra-
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tion and depth over a 10 m section, with the first point being at 150 m or
at the base of the mixed layer, respectively.

2.6. Estimates of Entrainment

To get an idea of the extent to which entrainment might bias O,/Ar-de-
rived NCPy.,ig We estimated, for the HOT data set (using the same subset
as for Section 2.5), the entrainment flux (E, mmol O, m™2 d™") between
consecutive HOT cruises (with a period of time between them no longer

6:00

12:00 18:00 0:00 than 60 days). To do this, we assume that NCPy .4 in a cruise is affected

0:00
~ o by E when the mixed layer in the previous cruise was shallower, and E
e (©) is estimated assuming that the rate of mixed layer deepening is constant
i/ between consecutive cruises, so that:
E 0.05
£ (2)-2(0)
IS Z\ty) - Z(,
5 0 E(r) =————=x([02],, (1) ~=[02], (1) (©)
o 274
c
©
5 -0.05
5 where t; and ¢, are the times of the two HOT cruises, ¢ is the time between
% cruises, [O;]yy, is the concentration of O, in the mixed layer, and [O,]g is
o '0'8:00 6:60 12;00 18:00 0:00 the mean O, concentration in the layer between the mixed layer depth (Z)
Local time (hours:minutes) at t, and t; (the layer entrained). The values are then binned by month.
We only consider E occurring between October and December, when the
Figure 2. Mean diel cycle of (a) solar irradiance and (b) O, anomaly at monthly climatology shows a deepening of the mixed layer. This estimate

Station ALOHA in the mixed layer during the study period. Red circles in provides an upper boundary for mean monthly E, as it does not include

(b) depict all individual samples, and black circles represent the mean for
binned values around the main sampling hours (£SD). (c) Rate of change
in mean O, anomaly as a function of the time of day.

the occasions when there is a shoaling of the mixed layer (and, therefore,
no entrainment).

2.7. Satellite-Derived Sea Surface Height Anomalies

We obtained satellite measurements of sea surface height from the Copernicus Marine and Environment
Monitoring Service (http://marine.copernicus.eu). We used the delayed time sea level anomaly (SLA) data
product, which is obtained by merging the observations from all available satellites. SLA is defined as the
signed difference (in cm) of sea surface height above the geoid with respect to its average during the 20-
year reference period between 1993 and 2012. Corrected SLA, SLA., Was computed by interpolating SLA
horizontally to estimate its value at Station ALOHA, and by removing the interannual trend and seasonal
cycle (Barone et al., 2019a).

3. Results
3.1. Temporal Variability in AO,/Ar

Measured O,/Ar ratios in the mixed layer at Station ALOHA exceeded those expected at atmospheric equilib-
rium on most occasions, resulting in mostly positive AO,/Ar values (Figure 1). Mean AO,/Ar for each cruise
varied between —0.09% and 1.67%, with a mean value for the time series of 0.65 =+ 0.41% (+SD). AO,/Ar values
showed clear variations over a 24-h cycle as well as seasonally. Over 24-h cycles, minimum AO,/Ar values typ-
ically occurred near sunrise and maximum values near sunset (Figure 2). This pattern is the result of biological
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Figure 3. Time series of metabolic rates at Station ALOHA. (a) Volumetric rates of mixed layer GOP (red circles)
and R (blue circles) derived from diel changes in O,/Ar. Negative values of R, which have no physiological meaning,
are depicted as gray circles. Error bars represent fit uncertainty, calculated as the SD obtained from bootstrapping the
residuals. (b) Areal rates of O,/Ar-based NCPy.,q. Error bars represent 1 SD of mean NCP,_,4 calculated over a 24-h

period.

activity, with the daytime increase in AO,/Ar being a result of net community production and the nighttime
decrease resulting from community respiration (Ferrén et al., 2015). The amplitude of mixed layer AO,/Ar
variations over a 24-h cycle ranged from 0.12% to 1.31%, with a mean value of 0.39 + 0.23 (+SD) %. Over an
annual cycle, AO,/Ar showed higher values in summer and fall, and lower values in winter and spring.

Table 1
Weighted and Non-weighted Mean GOP and R in mmol O, m™> d™" for
Different Subsets of Data

GOP R GOP-R
Weighted
All? 0.92 £+ 0.50 0.83 £ 0.63 0.09 + 0.29¢
p< 0.05° 0.93 £ 0.50 0.83 £ 0.64 0.10 + 0.30°
p <0.05and R > 0° 1.00 + 0.47 0.95 £ 0.56 0.06 + 0.25°
Non-weighted
All? 0.90 £+ 0.57 0.67 £ 0.81 0.23 £ 0.99
p< 0.05° 0.92 £+ 0.68 0.68 £+ 0.86 0.24 £ 1.04
p<0.05&R > 0° 1.05 + 0.55 0.91 £ 0.75 0.14 £ 0.93

The errors are the weighted and non-weighted SD, and for the third
column, the propagated errors.

“All rates included. "Rates from observations with a statistically significant
fit to the theoretical O, curve. “Rates from observations with a statistically
significant fit to the theoretical O, curve that did not resulted in negative
values of R. *Error propagation takes into account the covariance between
GOP and R.

3.2. Mixed Layer GOP and R From O,/Ar Variations Over a 24-h
Cycle

We obtained estimates of GOP and R from diel changes in O,/Ar on
48 cruises (Figure 3a). On ~85% of occasions, the correlation between
measured biological O, values and the theoretical sinusoidal curve used
to estimate metabolic rates was significant (p < 0.05). The median r*
for the fits was 0.82. On ~15% of occasions we obtained negative values
for R, implying nighttime increases in O, relative to Ar, but all GOP
values were positive. These negative rates were independent of the
season. Mean values were obtained using a weighting approach based
on the uncertainties in the rates (Barone et al., 2019b). The weighted
mean GOP and R for the entire data set were similar: 0.9 + 0.5 and
0.8 + 0.6 mmol O, m~ d™" (weighted mean + weighted SD), respective-
ly (Table 1). To avoid biases in our calculations, we included rates from
poor fits (those with a p > 0.05) as well as negative rates that biological-
ly would not make sense (Barone et al., 2019b). Excluding negative rates
and poor fits would result in mean values that are ~9% and 15% larger
for GOP and R, respectively (Table 1). The fit uncertainties for GOP
and R individual rate estimates, computed as the SD obtained from
bootstrapping the residuals, averaged 0.24 and 0.28 mmol O, m™> d”/,
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respectively. Given these fit uncertainties, the difference between diel
al ® p<0.05 & rates>0 ® GOP and R, or NCP estimated from diel O,/Ar variations, is not sig-
¢ p>005 nificantly different from zero. The mean fit variance accounted for
p<0.05 & rates<0 ~40% and 37% of the GOP and R weighted variance measured for all
— 37 cruises, respectively. GOP and R were significantly correlated (Figure 4,
ke ¥* = 0.77), indicating a coupling between the production and consump-
(‘?E 2t tion of O, in the upper ocean. This correlation was not a bias due to the
5 covariance of the two estimates from the least squares method (Fig-
g 1t ure S2). There was larger variability in R than GOP (Figure S2). GOP
E and R showed no clear seasonal trend (Figures 5a and 5b).
0
3.3. Net Community Production in the Mixed Layer
-1r NCPy.miq estimated for each cruise, which is the mean over a diel cycle,
varied from —1.2 to 16.6 mmol O, m~>d ™" (mean + SD: 5.2 + 3.9 mmol O,

0 1 2

3 4 m~> d™") (Figure 3b). NCP,.;q Was positive in all but three cruises, in-

GOP (mmol m= d-1) dicating generally net autotrophic conditions. Diel GOP and NCPq 4

were not significantly correlated (p > 0.05), but NCPy 4 showed a sig-

Figure 4. Rates of GOP and R estimated from the diel changes in AO,/Ar.  npificant positive correlation with mean **C-PP within the mixed layer
Positive rates resulting from fits with p < 0.05 are depicted as red circles, ( 2 =022 p = 0.001). Volumetric NCPq.nyq rates (YNCPy.mq), calculat
— V.zs, - Y. . 0-ml 0-mld/» -

rates from fits with p > 0.05 as blue circles, and negative R from fits with
p < 0.05 as green circles. Error bars represent the fit uncertainty, calculated
as the SD obtained from bootstrapping the residuals.

GOP (mmol O, m™ d™)

R (mmol O2 m3 d'1)

Figure 5.

ed by dividing NCPy..,iq by the mixed layer depth, ranged from —0.01 to
0.45 mmol O, m™> d™" (mean + SD: 0.11 + 0.09 mmol O, m~> d™!). Both
NCPymg and vNCPy.q4 values showed a clear seasonal pattern, with
higher values between May and August and lower values in the winter
(Figures 5c and 5d). Diel changes in AO,/Ar introduced on average ~21%
variability (calculated for each diel cycle as the coefficient of variation)
in estimated NCPy.,q. In comparison, the variability in areal NCPy,_ 4 for
the entire time series was ~76%.
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Climatologies of metabolic rates: (a) volumetric GOP, (b) volumetric R, (c) areal NCPq. 4, and (d) VNCPyq.pq.

Red circles depict all observations. Red error bars in (a) and (b) represent the error in the individual fits, whereas in (c)
and (d) they represent the SD over a 24-h cycle. Black circles depict the mean for each month (+ SD).
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Figure 6. (a) Monthly climatology of dissolved O, in the upper 150 m at
Station ALOHA. Black solid and dashed lines depict the mixed layer depth
and deep chlorophyll maximum, respectively. (b) Estimates of month-to-
month NCPpy4.150m at Station ALOHA. Red circles depict all individual
estimates during the HOT time series, and black circles represent the
monthly mean values (+SD). (c) O, gradients at the base of the mixed
layer (red circles) and at 150 m (blue circles). Negative values indicate
decreasing dissolved O, concentration with depth. Red and blue triangles
represent the monthly mean in the O, gradients at the base of the mixed
layer and at 150 m, respectively, with the error bars showing 1 SD of the
mean.

3.4. Net Community Production Below the Mixed Layer

Month-to-month estimates of NCPyy4.150m based on HOT program ob-
servations (January 1996 to January 2019) varied widely, from —50.9 to
50.0 mmol O, m~* d ™" (Figure 6b). However, the range of monthly mean
values was much narrower, from —5.8 mmol O, m~> d~! in October to
7.2 mmol O, m™ d™" in April, averaging 0.6 + 4.5 mmol O, m™>d™". In
comparison, the monthly mean NCP,.,4 ranged from 0.8 to 8.4 mmol
0, m2d™". The uncertainty associated with NCPyy4.150m is large, partly
because our method is not Lagrangian and we could be interpreting
horizontal variability as temporal changes. However, we assume that
the horizontal variability in O, did not preferentially increase or de-
crease the estimate of NCP,14.150m because from one month to the next it
was equally likely to sample waters with higher or lower baseline O, in-
ventory. For this reason, unless there is seasonal advection of water with
consistently higher or lower O, concentration, the effect of horizontal
variability in NCPyy4.150m €Stimates would cancel out by averaging all
rates over monthly intervals. Another factor affecting the accuracy of
our NCP4.150m €stimates is turbulent mixing, which causes vertical O,
fluxes into and out of the lower euphotic zone. These fluxes take place
both at the top and the bottom of the lower euphotic zone layer and
they can be estimated as the product of the vertical O, gradient (mmol
0, m™*) and the vertical diffusion coefficient (K, m* s™) at the bound-
ary of the layer. Based on the sign of the O, gradient, vertical fluxes
at 150 m resulted in a loss of O, from the layer in > 90% of the cases,
causing an underestimation of NCPyyj4.150m- Monthly mean O, gradients
at 150 m ranged between —0.28 and —0.05 mmol O, m™ (Figure 6c).
Assuming a vertical diffusivity (K;) of 107> m?® s™* (Ledwell et al., 1993),
these O, fluxes would increase NCPyy4.150m €Stimates by between 0.04
and 0.24 mmol O, m™* d™! (mean =+ SD: 0.12 + 0.05 mmol O, m~>d™%).
At the base of the mixed layer the monthly mean O, gradients showed
a more pronounced seasonal variability (Figure 6c), ranging from —0.12
to 0.85 mmol O, m™. Positive values, which occurred on 87% of oc-
casions, imply an export of O, from the lower euphotic zone into the
mixed layer and, as such, result in an underestimation of NCP4.150m
and an overestimation of NCPy.,4. At the base of the mixed layer K, is
expected to be larger than below (Sun et al., 2013). In previous studies at
Station ALOHA, K, at the base of the mixed layer has been assumed to
be between 0.1 x 10~ and 1 x 10™* m?* s™! (Hamme & Emerson, 2006).
Quay and Stutsman (2003) inferred that K, at the base of the mixed lay-
er needed to be roughly 0.5 X 10™* m* s™' on an annual basis, to balance
their diagnostic C balance model. In contrast, Keeling et al. (2004) esti-
mated K, based on density gradients showing values of ~0.1 x 10™* m’
in summer and fall when stratification is strong, and of ~0.4 X 10~ m?
s~ in the winter. Here we assume a K, of 0.5 X 10™* m*s™" to estimate
the monthly mean O, fluxes at the base of the mixed layer, ranging be-
tween —0.5 and 3.7 mmol O, m™ d™* (mean + SD: 1.3 + 1.4 mmol O,

m~> d™"). The sensitivity of diapycnal O, fluxes at the base of the mixed layer to changes in K, and vertical
O, gradients is shown in Figure 7. Note that the magnitude of this flux, while uncertain, does not matter
when adding up O,/Ar-derived NCPq.p1q and NCPyyq.150m, @s the fraction of NCP that escapes one layer is
taken into account when estimating NCP in the next layer.
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One of the advantages of assessing metabolism through time-resolved
diel in situ sampling is that this approach provides a way to estimate met-
abolic rates without requiring incubations. Previous studies at Station
ALOHA have reported differences in GOP rates measured using in vitro
and in situ methods, with the latter generally resulting in larger values
(Juranek & Quay, 2005; Quay et al., 2010). However, the weighted-aver-
age rates obtained in this study (0.9 + 0.5 and 0.8 + 0.6 mmol O, m™—> d™"
for GOP and R, respectively) fall well within the range of previous-
ly reported incubation-based measurements at Station ALOHA, al-
though the range of all values is larger (Table 1 and Figure 3a). Wil-
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liams et al. (2004) used the light-dark bottle O, technique during a
1-year period at Station ALOHA. They reported GOP values in the up-
per 50 m ranging between 0.3 and 1.3 mmol O, m™ d™' (mean * SD:
0.8 + 0.3 mmol O, m>d ™), and R values from 0.3 to 1.5 mmol O, m > d ™
(mean + SD: 0.9 + 0.3 mmol O, m™ d™'). Published GOP measure-
ments using the in vitro '*0-H,0 method (**0-GOP) in the upper 50 m
at Station ALOHA range between 0.4 and 1.6 mmol O, m™ d7! (Ferron
et al., 2016; Juranek & Quay, 2005; Quay et al., 2010). Between March
2006 and February 2008, '*0-GOP in the upper 50 m from a total of 21
cruises averaged 1.0 + 0.3 (=SD) mmol O, m>d™? (Quay et al., 2010).

0.5

Figure 7. Sensitivity of the diapycnal flux of O, at the base of the mixed Martinez-Garcia and Karl (2015) used the in vivo INT (tetrazolium salt
layer to changes in vertical O, gradients and K,. The triangles on the x 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride) meth-
axis encompass 95.5% of the measured vertical gradients. The bottom od as a proxy to estimate R at Station ALOHA over the course of a year,

histogram shows the distribution of vertical O, gradients measured
between January 1996 and January 2019.

with rates in the upper 100 m ranging from 0.3 to 1.5 mmol O, m™> d™*
(mean =+ standard error: 0.9 = 0.1 mmol O, m™ d™). In addition, the
weighted-average rates obtained in this study are very similar to those ob-
tained using the in situ diel O, approach from glider measurements (Barone et al., 2019b), which averaged
1.0 = 0.7 mmol O, m~> d™" for both GOP and R during four missions during spring and autumn. Nicholson
et al. (2015) obtained higher mean GOP (1.8 + 0.7 mmol O, m™* d™") using a similar method during sum-
mer. Ferrén et al. (2015) also reported mean GOP and R values of 1.2 + 0.1 and 1.0 + 0.3 mmol O, m > d™*
in a March cruise using the in situ O,/Ar diel method. Relatively higher R rates were reported by Wilson
et al. (2014) using continuous O, measurements in gliders near Station ALOHA, ranging between 2.4 and
4.6 mmol O, m~> d™". It is more challenging to compare our rates with other non-incubation approaches,
such as the triple O, method, as these rates are typically reported as areal estimates. However, rates of GOP
derived using the in situ triple isotope O, method at Station ALOHA consistently exceeded those derived by
the in vitro '*0-H,0 method by ~25-70% (Juranek & Quay, 2005; Quay et al., 2010), but our results agree
well with the range of reported GOP using the in vitro '*0-H,0 method.

4.2. Validity of GOP and R Derived From Diel O,/Ar Measurements

On 85% of occasions, our observations showed a statistically significant fit to the theoretical diel O,
curve (p < 0.05). In comparison, Nicholson et al. (2015) excluded ~30% of the data based on the lack of
a significant fit between modeled values and measured O,. Barone et al. (2019b) found that on ~30% of
occasions either the fit was not statistically significant or the metabolic rates were negative and, thus,
biologically improbable. These authors argued against excluding values from poor fits and negative rates
as this could lead to a bias in the average rates; specifically, it would likely result in an overestimation of
the average rates by disproportionately excluding rates when the amplitude of O, is small due to lower
rates. Instead, they proposed to utilize a weighted average technique based on the uncertainty of the
fits, which we also use here (Table 1). In this study, the percentage of poor fits (p > 0.05) and negative
rates was also ~30%; however, in contrast to the results from Barone et al. (2019b) who found negative
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values in either GOP or R rates, we only obtained negative R rates (all GOP estimates were positive). The
reason for this is unknown. In any case, excluding poor fits and negative rates would result in weighted
mean GOP and R rates that are only 11% and 16% higher, respectively, than when all values are included
(Table 1).

An approach we can use to evaluate the validity of our in situ rates is to compare them to rates measured
on HOT cruises using alternative methods, such as dawn-to-dusk '*C assimilation rates. One considera-
tion when comparing these values is that the sampling for *C-PP typically occurs 14 h before the initial
sampling for O,/Ar (that covers a 24-h period). The different sampling time not only means a different
temporal coverage but also that the two estimates are from different water parcels due to the Eulerian
sampling of a heterogeneous ocean. Despite this, we found a weak but significant positive correlation
(r* = 0.19, p = 0.003) between diel GOP and “C-PP for the mixed layer, indicating that both independent
methods tracked similar trends in primary productivity. Rates of GOP were, on average, 1.7 &+ 0.9 times
larger than "*C-PP (mol O, mol C™"). This difference is expected as, due to respiration of labeled organic
C and refixation of respired *CO, during the incubation, **C uptake in dawn-to-dusk incubations yields
a value that is thought to approximate net primary production rather than GPP (Marra, 2002, 2009).
In addition, the production of dissolved organic 14C, if not measured, results in an underestimation
of productivity by the "*C method (Karl et al., 1998). A compilation of measurements collected by the
Joint Global Ocean Flux Study (JGOFS) program from different marine environments showed a fair-
ly constant ratio of *0-GOP and 24-h "C-PP (Marra, 2002). The mean ratio from these observations
was 2.7 mol O, mol C™}, which would be equivalent to 2.0 mol O, mol C™* for *C incubations lasting
12 h instead of 24 h (Juranek & Quay, 2012; Marra, 2002). Nearly monthly measurements over a 2-year
period at Station ALOHA yielded a mean *0-GOP to '*C-PP (12-h) ratio of 1.9 + 0.5 mol O, mol C™*
(Quay et al., 2010), consistent with the JGOFS compilation (Marra, 2002). However, concurrent in situ
A-GOP measurements exceeded '*0-GOP by 25-60%, and yielded a mean "’A-GOP to **C-PP (12-h) ra-
tio of 2.5 mol O, mol C™' (Quay et al., 2010). These authors suggested that the discrepancy between both
methods could be due to an underestimation of productivity by the incubation approach, either due to
missed stochastic productivity events (Karl, et al., 2003b) or, more likely, due to biases introduced in bot-
tle incubations associated with the perturbation of the environmental conditions. However, the mean
GOP to "*C-PP (12-h) ratio for this study, 1.7 + 0.9 mol O, mol C™’, using in situ diel GOP estimates, is
more in line with those obtained using the in vitro '*0O method and lower than those derived from the
in situ "’A method. Both the "*0 and '’A methods provide a measurement of gross O, production from
splitting water, regardless of whether the production of O, is linked to the fixation of C. As such, the 0]
and A methods overestimate GOP to the extent that the Mehler reaction and photorespiration occur,
typically by 15%-20% (Bender et al., 1987; Laws et al., 2000). By multiplying the '*0-GOP and '"A-GOP
estimates by 0.85 to correct for the Mehler reaction and photorespiration (Juranek & Quay, 2005), the
mean GOP to "“C-PP reported by Quay et al. (2010) would be 1.6 and 2.1, respectively and, therefore,
the ratio determined in this study from in situ diel changes in O,/Ar would still be more similar to that
derived by the incubation-based method. However, GOP measurements using the in vitro light-dark O,
method over a 1-year study at Station ALOHA yielded GOP to "*C-PP ratios of 1.2-1.5 mol O, mol C™*
in the upper 50 m of the water column (Williams et al., 2004), ~12% to 29% lower than the mean ratio
derived from this study.

4.3. Diel Variability in Biological O,

The mean diel cycle in biological O, at Station ALOHA shows that the net rates of O, production and con-
sumption in the mixed layer are not constant throughout the day. During daytime, net O, production starts
after 6:00 (~local dawn), but the majority of O, production occurs on average between 9:00 and 15:00, after
which the mixed layer becomes net heterotrophic until the next morning (Figure 2c). Similarly, during
nighttime the mean rate of O, consumption is not constant, being lowest in the hours before dawn. A simi-
lar pattern was reported by Barone et al. (2019b) near Station ALOHA, and together with our observations
support the idea that R might vary throughout the day due to changes in the availability of fresh organic
matter produced by photosynthesis (e.g., Sadro et al., 2011; Viviani & Church, 2017; Weger et al., 1989). The
assumption of constant R throughout the day in our model could, therefore, introduce uncertainty in our
estimates.
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Figure 8. Monthly NCP means: (a) Uncorrected O,/Ar-derived NCP in
the mixed layer (NCPy.nq, dark blue bars), estimated NCP flux correction
due to diapycnal O, fluxes at the base of the mixed layer (green bars,
calculated using a K of 0.5 x 10~ m? s™), and estimated flux correction
due to entrainment (red bars). Error bars denote the standard error (SE).
(b) Uncorrected NCP for the lower euphotic zone (NCPy14.150m, dark blue
bars) and estimated NCP flux correction due to both vertical O, fluxes

at the base of the mixed layer and at 150m (calculated using a K, of

0.1 X 10™* m* s™") (green bars). Error bars denote 1SE. (c) Total NCP in
the euphotic zone (NCPy_;s5on), calculated by adding uncorrected NCP,4
plus uncorrected NCP,4.150m minus the flux of O, across 150 m. Note that
by adding NCPy4 and NCPyy4.150m there is no need to correct for the flux

across the base of the mixed layer. The error bars show the propagated SE.

In (a) and (b) positive NCP correction fluxes are out of the layer (would
need to be added to NCP values to correct for O, vertical fluxes), and vice
versa. NCP, net community production.

4.4. Seasonal Variability in GOP and R

The 30-year record at Station ALOHA shows that the depth-integrat-
ed values of *C-PP for the euphotic zone follow a seasonal trend, with
higher rates in the summer and lower rates in the winter. The seasonal
variability in "*C-PP is partly driven by variations in photosynthetical-
ly available radiation (PAR) throughout the year (Karl & Church, 2017).
In our time series, mixed layer '*C-PP also showed a seasonal pattern of
higher values in the summer and lower values in the winter (Figure S3),
with a ~2-fold change in mixed layer "*C-PP throughout the year, and a
coefficient of variation for the entire data set of ~27%. In contrast, we did
not observe a clear seasonal pattern for mixed layer diel GOP and R esti-
mates (Figures 5a and 5b). The uncertainty of GOP and R estimates from
diel O,/Ar measurements was on average ~38% and ~ 48% of individual
GOP and R, respectively, which may preclude detection of seasonal var-
iability. Similarly, in situ ’A-GOP values did not show a clear seasonal
pattern during a 2-year study at Station ALOHA, when concurrent in vit-
ro *O-GOP showed a seasonal trend with summer values being ~30%
higher than winter values (Quay et al., 2010). Additionally, previous stud-
ies have shown considerable short term variability in diel GOP and R
estimates (Barone et al., 2019b; Ferron et al., 2015), so the lack of seasonal
variability could also be due to the fact that we are basing our estimates
on a single 24-h cycle for each cruise, which might not be representative
of the season.

4.5. Influence of Entrainment and Vertical Mixing on O,/Ar-
Derived Rates

At Station ALOHA, O, accumulates below the mixed layer as this layer
shoals during the spring and until it deepens during the fall (Shulenberg-
er & Reid, 1981, Figure 6a). Therefore, entrainment of high O,/Ar wa-
ter from below during fall months (between September and December)
could violate the steady state assumption and lead to an overestimation
of NCPy.iq (Nicholson et al., 2012). Estimates of diel GOP and R are not
affected by entrainment, unless the entrainment of water occurred dur-
ing the time of the measurements. NCPy 4 estimates are only affected
by entrainment that occurred within the residence time of the O, prior to
O,/Ar measurements. We did not attempt to correct NCPy. 4 values for
entrainment because the mixed layer depth history prior to the measure-
ments was unknown. However, we estimated mean entrainment fluxes
between HOT cruises occurring between October and December, when
the seasonal deepening of the mixed layer generally occurs, to get an idea
of the extent to which these fluxes might bias mixed layer O,/Ar-derived
NCPy.mg- Mean entrainment fluxes ranged between —2.2 and —4.6 mmol
0, m™? d™* between October and December (Figure 8a). This means that
entrainment could potentially account for up to ~65% of monthly O,/
Ar-derived NCPg 4 (in November), reducing annual NCPy 4 by ~12%.
In addition to entrainment events, another process that could bias O,/
Ar-derived rates is diapycnal mixing across the base of the mixed layer.
During the summer and fall months, due to the presence of the seasonal
O, subsurface maximum (Shulenberger & Reid, 1981, Figure 6a), the gra-
dients at the base of the mixed layer are elevated (Figure 6¢). However,
these months also coincide with the presence of stronger density gradi-
ents that might result in lower K, at the base of the mixed layer (Keeling
et al., 2004). Assuming that K, at the base of the mixed layer has an annu-
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al value of 0.5 X 10™* m? s™', monthly mean vertical O, diffusive fluxes indicate that NCP formed below the
mixed layer might contribute up to ~100% to NCPy.nq estimates in September (Figure 8a). In January and
February, the O, gradients at the base of the mixed layer are negative, indicating that NCPg. ;4 during those
months might be underestimated by ~28%. On an annual basis, accounting for vertical diffusive fluxes
(assuming a K, of 0.5 x 10~* m?s™" at the base of the mixed layer) would reduce estimated annual NCPy 4
by ~25%. However, the magnitude of vertical O, diffusive fluxes scales linearly with K, (Figure 7), which is
poorly constrained due to the scarcity of its measurements. If during the summer and fall months K, was
0.1 x 10™* m?s™" (Keeling et al., 2004), monthly mean vertical O, diffusive fluxes would range between —0.5
and 0.9 mmol O, m2d™" (mean + SD: 0.3 + 0.4 mmol O, m > d ™), and the resulting annual NCPy. ;g when
accounting for these fluxes would be reduced by ~6%.

To estimate the effects of vertical diapycnal fluxes in diel GOP and R we divided mean monthly vertical O,
fluxes by the mean depth of the mixed layer. Resulting volumetric O, fluxes estimated assuming an annual
K, of 0.5 x 107* m* s are relatively small compared to GOP and R rates, ranging from —0.01 to 0.06 mmol
0, m™* d™" and contributing on average ~3% to the monthly rates.

4.6. Net Community Production
4.6.1. Seasonal Variability in NCPy_ 14

Monthly means of O,/Ar-derived NCPy.,jq show a clear seasonal pattern, with low values between Decem-
ber and February (1.5 + 0.6 mmol O, m~> d™"), a progressive increase between February and June, and
high values between June and November, except for two minimums in July and September (Figure 8a). The
general seasonal NCPy..,q pattern in this study, with lower NCPg.y4 values in winter and higher values in
summer and fall, is consistent with the overall seasonality of *“C-PP (Karl & Church, 2017), *0-GOP (Quay
et al., 2010), and that of particulate matter standing stocks (Hebel & Karl, 2001). The decrease of NCPy. 4
during July might be related to nutrient limitation due to stratified conditions, followed by an increase in
August due to enhanced N, fixation in late summer (Karl & Church, 2017). The abrupt decrease in NCPy 14
during September (of ~70%) might be related to the recurrent sudden increase of deep-sea particle fluxes in
August that was reported by Karl et al. (2012). This enigmatic phenomenon is thought to be a consequence
of the summertime increase of symbiotic N,-fixing cyanobacteria in association with diatoms. The environ-
mental cue that initiates particle aggregation and subsequent rapid export to the seafloor is unknown, but
it has been hypothesized to be changes in day length (Karl et al., 2012). The monthly seasonal climatology
of upper *C-PP rates (0-45 m), as well as particulate C export fluxes at 150 m, also show a decrease in
September of ~20%-30% compared to August (Figures S4b and S5a). However, NCP, 4 increases again in
October before decreasing in the winter. This rapid increase in NCPg.yg in October could partly be due to an
overestimation of NCP ;4 due to the entrainment of O,/Ar-rich water from below at the onset of the mixed
layer seasonal deepening and/or to diapycnal fluxes (Figure 8a).

4.6.2. Influence of Mesoscale Processes on NCPg 14

Because of the potential of mesoscale physical forcing affecting NCP (Barone et al., 2019a; Church
et al., 2009), we evaluated whether changes in SLA have an effect on rates of NCPy.;,q. At Station ALOHA
mesoscale physical variability, measured as changes in sea surface height, has been linked to changes in the
upper column standing stocks of nitrogen (N) and phosphorus (P), with concentrations of total dissolved
N and P significantly increasing with SLA (Barone et al., 2019a; Church et al., 2009). These changes are
not directly coupled to the displacement of layers of water but presumably are the result of a biological
ecosystem response to mesoscale dynamics. In addition, SLA was found to be inversely correlated to the eu-
karyotic biomass at the deep chlorophyll maximum, as a consequence of the increase in the vertical supply
of nutrients associated with the uplifting of isopycnal surfaces and subsequent enhancement of diapycnal
fluxes (Barone et al., 2019a). Because rates of '*C-PP at the deep chlorophyll maximum were independent of
variations in SLA, the authors hypothesized that the increase in biomass was a result of an increase in NCP,
but not GOP. Similarly, Nicholson et al. (2008) also demonstrated the effect of mesoscale processes in net O,
rates below the mixed layer, which were elevated during periods of isopycnal shoaling. Variations in N, fixa-
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tion rates and the dominant diazotrophic community have also been linked to mesoscale physical processes
(Bottjer et al., 2017; Church et al., 2009). Specifically, episodically high rates of N, fixation are typically
associated with the proliferation of larger filamentous diazotrophs that occur during periods of high SLA,
warm temperatures, and high light fluxes (Church et al., 2009). Despite the potential of mesoscale physical
forcing to affect NCP, NCPy.yq in this study was not significantly correlated with SLA (p > 0.05), but larger
NCP,. 4 rates were observed when SLA values were extreme (either larger than 9 cm or lower than —9 cm),
compared to intermediate values (one-way ANOVA, p < 0.05) (Figure S6). However, when the effect of
the seasonal signal was removed by subtracting the monthly mean from each point of the time series, the
relationship was no longer significant. One would expect that the influence of mesoscale processes on NCP
would be more noticeable in the lower portion of the euphotic zone (Barone et al., 2019a). Unfortunately,
our estimates of NCPyq.150m are climatological monthly averages and thus, our analysis does not allow us
to investigate this relationship.

4.6.3. Incorporating NCP Below the Mixed Layer

The mixed layer depth monthly climatology at Station ALOHA, calculated as described in Section 2.2, os-
cillates between ~40 m in the summer and ~85 m in the winter (mean + SD: 60 + 16 m). Therefore, by
estimating NCP in the mixed layer we, in principle, neglect the deeper portion of the euphotic zone where
an important fraction of new production occurs (Letelier et al., 1996, 2004). A few studies have estimated
NCP in the lower portion of the euphotic zone beneath the mixed layer near or at Station ALOHA using an
O, mass balance approach. Hamme and Emerson (2006) estimated annual NCP in this region to be between
0and 0.9 mol O, m™>yr™', depending on whether K, was assumed to be 0.1 x 10™*m*s™" or 1 x 10™* m’s™".
Using O, measurements collected from gliders, Nicholson et al. (2008) estimated NCP in the lower euphotic
zone to be between 0.9 mol O, m™ yr~* and 1.5 mol O, m ™ yr™', depending on whether diapycnal mixing
was assumed negligible or 1 X 107 m*s™". Similarly, Riser and Johnson (2008) used O, measurements from
profiling floats to estimate NCP as a function of depth, showing that ~25% of annual NCP takes place below
the mixed layer depth (~0.6 mol O, m™2 yr_l). Our estimates of NCP 14.150m are considered a lower bound
because the diapycnal O, fluxes across the top and bottom layer boundaries are not taken into consideration
(Figure 8b), resulting in an annual NCP,4.150m 0f 0.21 & 0.13 (£SD) mol O, m™ yr_l, much lower than the
estimates reported by Nicholson et al. (2008) and Riser and Johnson (2008), but within the range reported
by Hamme and Emerson (2006). However, adding diapycnal O, fluxes at the base of the mixed layer (as-
suming K, = 0.5 x 10~ m? s™!) and at the 150 m reference depth (assuming K; = 0.1 X 10 m* s™) would
increase annual NCPy4.150m by 0.48 and 0.04 mol O, m™? yr"l, respectively. The resulting annual NCPy4.150m
of 0.65 mol O, m™> yr"1 is more in line with previously published estimates (Hamme & Emerson, 2006;
Nicholson et al., 2008; Riser & Johnson, 2008). During the months when the mixed layer shoals and the
seasonal subsurface O, accumulation occurs, O,/Ar-derived NCP, 4 estimates incorporate the O, diapy-
cnal fluxes across the base of the mixed layer, that is, a considerable portion of NCPg.,q might have taken
place below it (Figure 8a). By adding monthly NCPyj4.150m to O,/Ar-derived NCPy., g We eliminate the need
to correct for the diapycnal fluxes at the base of the mixed layer, and the correction for diapycnal fluxes at
150 m is small. This results in total monthly NCP for the euphotic zone (NCPy_;5om) ranging between —0.9
and 13.4 mmol O, m™>d™! (Figure 8c). Because a considerable portion of NCPy.,,¢ might already incorpo-
rate a fraction of lower euphotic NCP, we estimate that annual NCPy ;s is only ~14% larger than annual
NCPy.miq derived from mixed layer O,/Ar measurements alone (Table 2).

The monthly climatology in NCP estimates in the lower euphotic zone shows a very different pattern than
the mixed layer (Figure 8b). NCPyy4.150m iS positive during the months where the mixed layer is shoaling,
January through May, to then become negative for the rest of the year, with the exception of July and Sep-
tember. The larger NCP,,4.150m at the beginning of the year is consistent with the observations by Letelier
et al. (2004), who found that the deepening of isolumes in early spring resulted in the availability of nitrate
(previously unavailable due to light limitation) and the consequent increase of phytoplankton biomass at
the deep chlorophyll maximum layer, which the authors compared to a spring bloom event.

Similarly, primary production at Station ALOHA, measured as '*C assimilation, shows distinct seasonal
patterns at the surface (0-45 m) and at the lower euphotic zone (75-125 m) (Figure S4, Winn et al., 1995).
Whereas seasonal cycles of primary production in the lower euphotic zone are mostly driven by changes
in solar irradiance (Letelier et al., 2004), increasing between December and June and decreasing between
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Table 2
Annual Net Community Production at Station ALOHA

NCPymia" NCPy.150m” GOP* R° Hc-pp PC flux*
Year mol O, m™2 yr™* mol Cm ™2 yr™!
2014 2.0+ 0.5 23+0.6 24.6 £12.1 239+ 14.2 194+14 0.77 £ 0.19
2015 23+0.6 2.6 +£0.7 224 +£9.1 18.5 +17.8 18.7 + 1.9 1.10 = 0.29
2016 2.0+04 22+0.5 13.2+8.1 9.4 +11.7 17.6 £ 2.0 0.90 £ 0.12
2017 2.1+0.6 24 +0.7 11.7 £ 11.1 7.6 £14.1 17.8 £ 1.7 0.81 £0.11
2018 1.0 £ 0.4 1.2+04 121+ 44 10.4 + 4.7 142 +1.3 0.87 £ 0.15
2014-2018 1.9 £ 0.5° 21+0.5 19.3 +10.4¢ 17.3 +13.6¢ 17.6 + 1.6" 0.89 + 0.16°

NCPy. 14/ GOP GOp/*c® NCPg150m / “C-PP PC flux/NCPq.50m"

Year 0,/0, 0,/C c/C c/C
2014 0.08 £ 0.05 21+1.0 0.09 £+ 0.02 0.47 £ 0.16
2015 0.10 £ 0.05 19+0.8 0.10 £ 0.03 0.59 £ 0.22
2016 0.15 £ 0.10 1.0 £ 0.7 0.09 £+ 0.02 0.57 £ 0.15
2017 0.18 + 0.18 1.0+ 0.9 0.10 £ 0.03 0.47 £ 0.15
2018 0.08 £+ 0.04 14 +0.5 0.06 £+ 0.02 1.06 + 0.45
2014-20182 0.10 £ 0.06 1.7+ 0.9 0.09 £+ 0.02 0.58 £ 0.19

Top: annual values of NCP for the mixed layer (NCPy.mq4) and the entire euphotic zone (0-150 m, NCPy.,sy ), mixed layer GOP, mixed layer R, **C-based
primary production (14C-PP, 0-125 m) and particulate C (PC) export at 150 m by gravitational sinking. Bottom: flux ratios of annual values (+propagated SD).

“Annual values calculated by integrating NCP with time using the trapezoidal rule. For individual years, values at the beginning and end of the year were
estimated by linear interpolation of rates/fluxes over time. Uncertainties represent the propagated SD for each cruise. ®Annual NCPy_;som estimated as
1.14 x annual NCP . “Mean (£SD) of all individual values between 2014 and 2018. “Mean “C-PP for the mixed layer. 'NCPy_,50m converted to C units assuming
a photosynthetic quotient = 1.4 mol O,: mol C. #Ratio of mean annual values for the period 2014-2018 (+propagated SD).

“Annual areal values calculated from weighted volumetric annual means (+SD) multiplied by average mixed layer depth for each year.

June and December, primary production in the upper part of the water column remains high until late
summer (Figure S4). As mentioned before, the higher rates of surface primary production and NCPg. 4
in late summer are thought to be driven by increasing rates of N, fixation that relieve the system from N
limitation. So while O,/Ar-derived NCPy.y4 tracks the seasonality of 14C-PP, seasonal variability in NCP,,.
1d-150m does not seem to be solely driven by changes in primary production (Figure 8b). When taken togeth-
er, our monthly estimates of NCP down to 150 m (Figure 8c) show a different seasonality than NCPy 4.
Monthly means of NCPy_;s5o, experience a gradual increase from January to May, with a significant drop
in total NCP in June. Between June and September monthly NCPy_;s,, values are intermediate, averaging
5.7 + 1.5 mmol O, m™2 d~%, to then show another drop (~3-fold) in October, and continue to decrease until
December, when our estimates indicate that the euphotic zone is temporarily net heterotrophic. Therefore,
the net production of O, in the euphotic zone shows an intriguing seasonal pattern that is uncoupled from
monthly depth-integrated '*C assimilation (0-125 m) and C export by sinking particles at 150 m (Figures S4
and S5). In addition, NCP, ;5o shows a strikingly large dynamic range compared to 14C-PP and the gravi-
tational C export at 150 m (which vary monthly by ~2-2.5 fold). Interestingly, our estimates imply that the
euphotic zone becomes net heterotrophic in December, despite the measurable export of sinking particles
during that montbh. It is also possible that net heterotrophy is reached earlier in the year (in October or No-
vember) if our estimates of total NCP are overestimated due to the effect of entrainment. This decoupling
between particle export and NCPy_;s5om, could be due to the consumption of organic matter accumulated
during previous months (Hebel & Karl, 2001).

4.6.4. Annual NCP and Interannual Variability

At steady state, net community production integrated over an annual cycle equals the export of biologically

produced organic C from the euphotic zone, also known as the biological C pump. We estimate annual NCP

for the euphotic zone for our study period tobe 2.1 + 0.6 mol O, m™>yr™" (Table 2) or 1.5 + 0.4 mol Cm > yr™",
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gzlr)nl;asrison of Annual NCP Estimates in mol C m ~* yr ' in the Subtropical North Pacific, at or in the Vicinity of Station ALOHA

Reference Method Time Depth range NCP
Brix et al. (2006) C isotope mass balance 1988-2002 0-150 m 31+03
Emerson et al. (1995) 0,, Ar, N, mass balance 1990 0-100 m 1.0 £ 0.7*
Emerson et al. (1997) 0,, Ar, N, mass balance 1990, 1992, 1995 0-100 m 27+1.7°
Emerson et al. (2008) 0,, N, mass balance 2004-2005 Mixed layer 42+1.9°
Hamme and Emerson (2006) 0,, Ar, N, mass balance 2000-2001 ~0-115m 1.1 +£0.5*
Keeling et al. (2004) C isotope mass balance 1988-2002 Mixed layer 23+0.8
Lee (2001) Summertime DIC change 1990 Mixed layer 1.7-2.2
Quay and Stutsman (2003) C isotope mass balance 1994-1999 Mixed layer 23+13
Quay et al. (2009) C isotope mass balance 2004-2005 Mixed layer 2.4 +1.0°
Quay et al. (2010) O,, Ar mass balance 2006-2007 Mixed layer 3.7 £ 1.0
Riser and Johnson (2008) 0, mass balance 2002-2005 0-150 m 1.6 +0.2¢
Sonnerup et al. (1999) CFC-based model 1991 0-100 m 22+0.5
Sonnerup et al. (2013) CFC/SF¢-based model 2008 Winter mixed layer 2.5-3.0
Yang et al. (2017) O, mass balance 2014-2015 Winter mixed layer 2.4 +0.6°
This study O,, Ar mass balance 2014-2018 0-150 m 1.5+ 0.4

*Converted to C units using a photosynthetic quotient of 1.4 mol O, mol C™*. "Converted to C units using a photosynthetic quotient of 1.25 mol O, mol C™".
“Converted to C units using a photosynthetic quotient of 1.45 mol O, mol C™. “Converted to C units using a photosynthetic quotient of 1.42 mol O, mol C™*.

assuming a photosynthetic quotient of 1.4 (Laws, 1991). Our estimate is well within the range of previously
reported values at or near Station ALOHA, ranging between 1.0 and 4.2 mol C m™2 yr™' (Table 3). At Station
ALOHA, the mean particulate organic C flux by sinking particles between 1988 and 2013 determined using
sediment traps is 0.8 + 0.3 mol C m™ yr™}, and 0.9 + 0.2 mol C m™ yr™' for our study period. However,
the gravitational settling of particles measured using sediment traps, which represent the only core meas-
urement of export production by the HOT program, may not be a good reflection of the biological C pump
due to the potential contribution by other mechanisms to the export of sinking, suspended, and dissolved
organic matter (Boyd et al., 2019). These other mechanisms include: (i) the physical subduction of particles
(and dissolved organic matter) due to the seasonal shallowing of the mixed layer, large scale circulation, and
mesoscale or subscale frontal circulation (Boyd et al., 2019 and references therein), (ii) the active transport
by migrating zooplankton (Boyd et al., 2019; Hannides et al., 2009), and (iii) the diffusive flux of dissolved
organic matter (Emerson, 2014). During our study period the gravitational settling of particles captured
in sediment traps at 150 m accounted on average for 58% of NCPg_;som (converted to C units assuming a
photosynthetic quotient of 1.4) (Table 2). At Station ALOHA, the diurnal vertical migration of zooplank-
ton was estimated to account on average for 19% of C export by sinking particles (Hannides et al., 2009),
that is, ~0.17 mol C m™ yr~" for our study period (or ~11% of NCPg_;som). The diffusive flux of dissolved
organic C at 150 m can be estimated based on measurements collected by the HOT program and assuming a
Kz =0.1x 10" m’s™". Although measurements of dissolved organic C during the period of our study were
not available, we estimated the mean diffusive flux during the period between 2002 and 2010 (prior years
were not included due to the use of a different methodology). The estimated diffusive flux of dissolved organ-
ic matter at 150 m is 0.05 + 0.02 mol C m™ yr‘l, contributing by ~ 3% to NCPq_;50m. Under the assumption
that our estimate of net community production is a good proxy of C export production, alternative export
mechanisms (Boyd et al., 2019) other than the passive sinking of particles as measured by sediment traps,
the active transport by zooplankton, and the diffusive flux of dissolved organic C are needed to account for
up to 28% of the biological C pump. Previous studies have suggested that particle flux measurements from
shallow surface-tethered sediment traps might be biased, typically showing an undercollection of particles
compared to the Z4ThH disequilibrium method (Benitez-Nelson et al., 2001; Buesseler, 1991). Therefore, un-
dercollection of particles by the sediment traps is also a plausible explanation for the discrepancy.
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The ratio of the mean annual NCPg. ;4 to mean GOP for our study period was 0.10 =+ 0.06 (Table 2), indicat-
ing that most of the O, produced in the mixed layer is consumed by respiratory processes. In comparison,
Juranek and Quay (2005) reported mixed layer NCP/*’A-GOP values at Station ALOHA ranging from —0.13
in winter to 0.13 in summer, whereas Quay et al. (2010) estimated NCP/"’A-GOP values of 0.12 + 0.05 in
winter and 0.22 + 0.08 in summer. To evaluate export efficiency in the entire euphotic zone, we look at
the ratio of annual NCPy_;5, to depth-integrated 14C-PP, as our estimates of diel GOP do not extend below
the mixed layer depth. The mean NCPg_;5om/ 1C-PP of 0.09 + 0.02 is also indicative of a system where pri-
mary production is mostly sustained by recycled nutrients. This ratio is smaller than that reported by Brix
et al. (2006) for years 1988-2002 (0.22 £ 0.03). The reason for this discrepancy is a combination of a long-
term increase in "*C-PP at Station ALOHA (Kavanaugh et al., 2018) and our lower estimates of annual NCP.

Interannual variability of annual NCPy_soy in the first 4 years of the study period was low, with a coefficient
of variation of ~7%. However, when 2018 is included in the analysis the variability increases to ~27%. This
is because annual NCP, ;s in 2018 was anomalously low, 52% lower than the 2014-2018 mean value (Ta-
ble 2). That year also coincided with the lowest depth-integrated **C-PP of our time series (Table 2). Annual
NCPy_150m and “C-PP were significantly and positively correlated (¥ = 0.86, p = 0.02), indicating that en-
hanced C export occurs during years with higher primary production. However, the NCPg_;5om/ 14C-PP ratio,
or fraction of *“C-PP that is exported from the euphotic zone, was also lower in 2018 compared to the other
years, which would be suggestive of more efficient recycling (through grazing and/or heterotrophic respi-
ration) during years of lower productivity. In contrast to the statistically significant correlation between
annual NCP,_;som and **C-PP, particulate C export measured with the sediment traps was not significantly
correlated to annual **C-PP or NCPy_som (p > 0.05). Although YC-PP and particulate C export might be
temporally decoupled (Buesseler, 1998; Karl & Church, 2017; Karl et al., 1996), it is surprising that they do
not track each other when integrated over a year. An analysis of more than 10 years of data at Station ALO-
HA found no significant correlation between annual NCP, 4C-PP and particulate C flux (Brix et al., 2006).
The authors attributed the high scatter obtained in the interannual analyses to biases introduced by un-
dersampling episodic events, which might affect annual means but would probably not affect long-term
seasonal means. Due to the decoupling of particle export and primary production, it is conceivable that un-
dersampling might affect the integrated annual values of NCP, **C-PP and particulate C export differently.
In addition, the extent of undersampling might differ for the different variables. During our study period,
the deployment of the sediment traps or the '*C primary production array had to be canceled on a number
of occasions due mostly to bad weather, affecting the annual coverage for those measurements. ~20% of
cruises between 2014 and 2018 where we collected O,/Ar data do not have concurrent sediment trap export
flux measurements, and ~10% do not have '*C-PP data. The coverage was particularly low in 2018, with only
five and six cruises with sediment trap and 14C-PP data, respectively, for the entire year, and only 8 cruises
with O,/Ar measurements (there are typically 10 cruises per year).

5. Summary and Conclusions

In the NPSG, mixed layer AO,/Ar varies over a diel cycle due to the biological processes of photosynthe-
sis and respiration, with values increasing during daytime and decreasing during nighttime. Estimates
of in situ mixed layer GOP and R from AO,/Ar variations over a 24-h cycle, averaging 0.9 = 0.5 and
0.8 + 0.6 mmol O, m™ d™" respectively, are in good agreement with previous rates estimated using both in
vitro and in situ diel methods in the same environment, but lower than previous GOP estimates using the
in situ triple isotope O, method. The mean rates of net biological O, change for this study indicate that R
may not be constant throughout the day, an assumption in our model. Diel GOP and R covaried, indicating
a tight coupling between the production and consumption of O, in the mixed layer, but did not show a clear
seasonal pattern. Increasing the time period used for our calculations could improve the accuracy of these
estimates.

NCP in the NPSG showed pronounced seasonality, with a much larger dynamic range than other measures
of production such as diel GOP, '*C assimilation, and gravitational C export. During summer and fall, the
diapycnal flux of O, across the mixed layer may be considerable and, therefore, a fraction of NCP derived
from mixed layer O,/Ar measurements may be formed below the mixed layer. Additionally, between Oc-

FERRON ET AL.

18 of 22



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006744

Acknowledgments

We appreciate the dedicated efforts of
the HOT team who facilitated this work
and assisted with sample collection,

as well as the captains and crew of

R/V Kilo Moana and R/V Kaimi-
kai-O-Kanaloa for safe and efficient
field operations. Additionally, we thank
Gerianne Terlouw, Macarena Burgos,
and Andrés Salazar for helping with O,/
Ar analyses. The manuscript benefited
from the inputs of two anonymous re-
viewers. This research was supported by
the 2015 Balzan Prize for Oceanography
(awarded to David M. Karl), the Simons
Foundation (Simons Collaboration on
Ocean Processes and Ecology, award
329108 to David M. Karl, Angelicque

E. White, and Matthew J. Church), the
Gordon and Betty Moore Foundation
(Grant #3794 to David M. Karl) and
NSF through the Center for Microbial
Oceanography: Research and Education
(C-MORE, EF04-24599 to David M.
Karl) and the HOT program (OCE-
0926766 and OCE-1260164 to Matthew
J. Church and David M. Karl, and OCE-
1756517 to Angelicque E. White and
David M. Karl).

tober and December, when the mixed layer deepens, the entrainment of O,/Ar-rich water could result in
an overestimation of NCPg_;5om. Monthly means of NCP in the mixed layer and in the lower euphotic zone
show very different patterns. The resulting seasonality of NCP for the euphotic zone shows a maximum in
April-May and a minimum in December, when the system becomes temporarily net heterotrophic, despite
observations of persistent vertical export through sinking particles. Such observations highlight the decou-
pling between the seasonal pattern of NCPy_;so, and the gravitational C export measured by sediment traps.

Our estimates indicate that annual NCP for the euphotic zone at Station ALOHA is 2.1 + 0.6 mol O, m™? yr"l,
or 1.5 + 0.4 mol C m™ yr™" if we assume a photosynthetic quotient of 1.4. This value, within the range of
previous estimates in the same environment, is ~1.7 times the export of C by sinking particles measured
using sediment traps, suggesting that additional, largely unquantified mechanisms of C export might be
important in this ecosystem, and/or that sediment traps undercollect sinking particles.
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scmap.com/). ERAS5 reanalysis wind speeds are distributed by the Copernicus Climate Change Service (doi:
https://doi.org/10.24381/cds.adbb2d47). The buoy wind data are available online at http://uop.whoi.edu/
projects/WHOTS/whotsdata.htm and are from the WHOTS mooring, which is supported by the Nation-
al Oceanic and Atmospheric Administration (NOAA) through the Cooperative Institute for Climate and
Ocean Research (CICOR).
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