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Abstract

Uncertainties in the temporal and spatial patterns of marine primary production and respiration limit our
understanding of the ocean carbon (C) cycle and our ability to predict its response to environmental changes.
Here we present a comprehensive time-series analysis of plankton metabolism at the Hawaii Ocean Time-series
program site, Station ALOHA, in the North Pacific Subtropical Gyre. Vertical profiles of gross oxygen production
(GOP) and community respiration (CR) were quantified using the '®0O-labeled water method together with net
changes in O, to Ar ratios during dawn to dusk in situ incubations. Rates of '*C-bicarbonate assimilation (**C-
based primary production [**C-PP]) were also determined concurrently. During the observational period (April
2015 to July 2020), euphotic zone depth-integrated (0-125 m) GOP and '*C-PP ranged from 35 to 134 mmol O,
m 2 d ! and 18 to 75 mmol C m % d !, respectively, while CR ranged from 37 to 187 mmol O, m > d . All
biological rates varied with depth and season, with seasonality most pronounced in the lower portion of the
euphotic zone (75-125 m). The mean annual ratio of GOP to '*C-PP was 1.7 + 0.1 mol O, (mol C)~'. While pre-
vious studies have reported convergence of GOP and '*C-PP with depth, we find a less pronounced vertical
decline in the GOP to '*C-PP ratios, with GOP exceeding '*C-PP by 50% or more in the lower euphotic zone.
Variability in CR was higher than for GOP, driving most of the variability in the balance between the two.

The reduction of carbon dioxide to organic matter through
phytoplankton oxygenic photosynthesis is the main source of
organic C and energy for heterotrophs in oceanic ecosystems
(Karl 2014), accounting for approximately half of the primary
production in the biosphere (Field et al. 1998). Phytoplankton
primary  production supports higher trophic levels
(e.g., fisheries) and fuels the oceanic biological C pump, a pro-
cess fundamental to the global C cycle, where organic and
inorganic C are transported from the well-lit surface waters to
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the deep ocean. Respiration of organic matter regenerates
nutrients needed for primary production and limits the
organic C available for export to deeper layers. Understanding
how primary production and respiration change in response
to environmental variability is key to constraining the global
C cycle and improving our ability to predict how the biologi-
cal C pump will respond to climate change (Karl et al. 2003).
Accurate estimation of plankton metabolic rates is a great
challenge for oceanographers, given a lack of standardization
in how these processes are measured (IOCCG 2022). Field
techniques to quantify photosynthetic rates range from mea-
surements of gross or net O, production to measurements of
net C accumulation (Church et al. 2019), whereas respiration
is most often measured as O, consumption in the dark
(Robinson and Williams 2005). One approach to constrain the
uncertainty of primary production and respiration measure-
ments is to compare different methods (Laws et al. 1984),
which itself is challenging because different methods often
measure different processes (e.g., gross vs. net primary produc-
tion), in different units (e.g., C vs. O,), and over different time
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and spatial scales (e.g., incubation measurements vs. non-
incubation mass balance estimates via chemical tracers). How-
ever, these comparisons can be useful not only for estimating
the uncertainty of the measurements but also for understand-
ing physiological and ecological processes that introduce vari-
ability in primary production and respiration.

At Station ALOHA (22°45'N, 158°W)—Ilocated in the east-
ern portion of the oligotrophic North Pacific Subtropical Gyre
(NPSG)—the Hawaii Ocean Time-series (HOT) program rou-
tinely measures, at near monthly intervals since October
1988, a suite of physical, biological, and biogeochemical
parameters designed to improve our understanding of the pro-
cesses controlling the oceanic C cycle (Karl and Lukas 1996).
This long record has allowed the study of seasonal,
inter-annual, and decadal variability in '*C-based primary pro-
duction (**C-PP) and particulate matter export via sinking par-
ticles (Karl et al. 2021). After three decades of observations,
the seasonal cycle in "*C-PP is well characterized and contrib-
utes about 30% to the total observed variance (Karl
et al. 2021). Due to losses of labeled C through respiration,
grazing, and excretion of dissolved organic C during the incu-
bations, the *C-PP rates measured by the HOT program (over
sunrise-to-sunset incubations) are less than gross primary C
production but probably greater than net primary C
production—the balance between gross primary C production
and photoautotrophic respiration (Marra 2002; Karl
et al. 2021; Marra et al. 2021). Where exactly '*C-PP estimates
lie in relation to net and gross C production cannot be easily
constrained as it can vary as a function of phytoplankton
community structure (Pei and Laws 2013), net growth
rate (Halsey et al. 2011, 2013; Pei and Laws 2014), and the
production of labeled dissolved organic C by processes such as
exudation, grazing, and viral lysis (Karl et al. 1998; Viviani
et al. 2015).

Global and regional-scale satellite assessments of primary
production are currently validated using observations of
14C.PP (Westberry et al. 2023 and references therein). More
recently, the development and refinement of non-incubation
approaches to measure gross oxygen production (GOP),
including the analysis of the triple isotopic composition of
dissolved O, (Juranek and Quay 2013 and references therein),
as well as the diel cycle of dissolved O, (e.g., Ferrén
et al. 20135; Nicholson et al. 2015; Barone et al. 2019) and par-
ticulate organic C estimated from bio-optical properties
(e.g., White et al. 2017; Stoer and Fennel 2022), have
increased our ability to characterize oceanic primary produc-
tion and understand its variability (Huang et al. 2021;
Johnson and Bif 2021; Stoer and Fennel 2022). In addition, it
is now possible to quantify gross O, production with the
80.water incubation method (*®*O-labeled gross O, produc-
tion ['®0O-GOP]) using membrane inlet mass spectrometry
(MIMS) (Ferrén et al. 2016; IOCCG 2022), making GOP mea-
surements more accessible and enabling at sea analyses of
samples, which in turn can be pivotal for validating non-
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incubation methods as well as emerging satellite gross primary
production models (Westberry et al. 2023).

In this study, we compile a 5-year time series of metabolic
rates at or near Station ALOHA to investigate their patterns of
variability. Our observations provide an improved understand-
ing of the vertical and seasonal variability in GOP and CR in
the oligotrophic ocean and highlight the need to better char-
acterize CR variability.

Materials and methods

Sample collection and incubation

Sampling for this study was conducted between April 2015
and July 2020 on oceanographic cruises at or in the vicinity of
Station ALOHA (Supporting Information Table S1; Fig. S1).
These cruises included regular HOT cruises and research expe-
ditions from the Simons Collaboration on Ocean Processes
and Ecology (SCOPE) program. Whole seawater samples were
collected using standard 12-L polyvinyl chloride Niskin®-type
bottles equipped with Teflon®-coated springs and Viton®
O-rings and attached to a conductivity-temperature-depth
rosette sampler. Seawater samples were collected from six
depths within the euphotic zone (5, 25, 45, 75, 100, and
125 m), except for the field experiments conducted during
2015, in which the deepest depth (125 m) was not sampled
(Supporting Information Table S1).

Seawater for subsequent GOP and CR measurements was
sub-sampled into volume-calibrated quartz bottles (~ 150 mL)
with flat-bottom ground-glass stoppers. Before each cruise, the
bottles and stoppers were rinsed with dilute detergent
(Liquinox® or Citranox®, 1% vol/vol) and Milli-Q water (resis-
tivity > 18.2 MQ-cm at 25°C), soaked in dilute HCI (10%
vol/vol) for at least 24 h, and thoroughly rinsed with Milli-Q
water. During sampling, the bottles were rinsed with seawater
and filled from bottom to top using acid-washed silicone tub-
ing, allowing the water to overflow at least twice the volume
of the bottles. From each depth, three samples were collected
as time-zero and three were spiked with labeled water and
incubated (dawn to dusk, ~ 11-13 h) at their depth of
collection on a free-drifting surface tethered array, alongside
bottles for “C-bicarbonate assimilation measurements (Karl
et al. 2021). Incubation samples were spiked with '*O-labeled
water (97.6% 80, Medical Isotopes Inc.). Samples collected
between 5 and 45 m were spiked with 650 uL of labeled water,
whereas samples collected between 75 and 125 m were spiked
with 1000 pL (Ferron et al. 2016). These additions would bring
the 880 of seawater, relative to the Vienna Standard Mean
Ocean Water, to ~ 2000%o0 and 3100%o, respectively, which
was required for the low productivity NPSG. The time-zero
samples were fixed with 0.27 M mercuric chloride solution
(~0.1% of the total sample volume) at the time of deploy-
ment of the array to terminate biological activity. Tapered gro-
und glass stoppers were used to reseal the bottles without
introducing air bubbles (IOCCG 2022). The stoppers were held
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in place with electrical tape. Then the bottles were slowly
inverted three times to mix the mercuric chloride, and subse-
quently stored upside down in the dark with the neck
immersed in Milli-Q water to keep the seal wet to restrict air
exchange. The same procedure was applied to fix the incu-
bated samples after the recovery of the array. Samples were
analyzed by MIMS either onboard the vessel or in the shore
laboratory within 1-6 d of collection (Ferron et al. 2016).

Primary production from *C-bicarbonate assimilation

The '*C method was also used to estimate primary produc-
tion (**C-PP) following HOT standard protocols (available at
http://hahana.soest.hawaii.edu/hot/protocols/protocols.html;
Karl et al. 2021).

Sample analysis by MIMS

The relative abundances of dissolved *0'°0 and '°0'°0 as
well as O, to Ar molar concentration ratios were measured in
seawater using a MIMS dissolved gas analyzer (Bay Instru-
ments). The instrument and methodology are described in
detail by Ferrén et al. (2016). A standard consisting of filtered
(0.2 ym) surface seawater of known salinity (collected at
Station ALOHA) and equilibrated with ambient air at 23.00°C
(£ 0.01°C) was used to calibrate the MIMS and account for
drift in the signals (Kana et al. 1994; Ferrén et al. 2016). Dur-
ing operation, the standard was typically analyzed every three
samples (at intervals of ~ 20 min).

The concentrations of dissolved O, and Ar in the standard
were calculated using the solubility equations of Garcia and
Gordon (1992) and Hamme and Emerson (2004), respectively.
The isotopic composition of dissolved O, in the standard was
calculated using the solubility fractionation reported by
Kroopnick and Craig (1972).

Determination of metabolic rates

Daily GOP (mmol O, m™2 d') was determined from the
change in the isotope ratio of dissolved O, over the incuba-
tion period, covering one photoperiod (Bender et al. 1987,
1999; Kiddon et al. 1995):

18 R(O»).. _ 18 R(O5). ...
GOP= 1815(1122)2;1)&1_ 18R(£)22)1);1112T1 X [Oz]intian (1)
where 8R(02)initial and "®R(O2)gnar are the initial and final iso-
tope ratios (*20/'°0) for dissolved O, [Oslinitiar i the initial
dissolved O, concentration, and 18R(HZO) is the isotope ratio
of the incubation water, which is calculated based on the
amount of labeled water added and the calibrated volume of
the incubation flask. On average, the standard deviation (SD
hereafter) and coefficient of variation of the triplicate GOP
measurements in the top 45 m were 0.12 mmol O, m 3 d™!
and ~ 10%, respectively, whereas in the 75-125 m region they
were 0.05 mmol O, m™> d! and ~ 14%, respectively. On
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average, the SD (and standard error) for GOP measurements
was 0.09 (0.05) mmol O, m—3d~L.

The net O, change (AO,, mmol O, m~®) over the incuba-
tion period can be simultaneously determined in the same
incubation bottle as GOP from the net change in O,/Ar
(Bender et al. 1999):

(OZ/Ar)ﬁnal
A02= |:(OZ/AI)initial - 1} * Ozl @
where (O/Ar)initiai and (O»/Ar)gna are the initial and final
O,/Ar ratios. Assuming that photosynthesis and respiration
are the only two processes affecting the O,/Ar molar ratio in
the incubation bottle, and that CR is constant throughout
the day, then CR (mmol O, m~2 d!) can be calculated from
GOP and AO, (Ferrén et al. 2016):

CR:% « [GOP — AO; 3)

where At is the time period between the poisoning of time-
zero and incubated samples (h). Note that estimates of CR
were determined from triplicate incubation bottles. Triplicate
measurements of CR showed substantially higher variability
than GOP, particularly between February 2017 and April 2018
(Supporting Information Fig. S2). During this time, occasional
extreme values in CR were observed (Supporting Information
Fig. S3). We identified outliers as values exceeding or falling
below specific thresholds. The upper threshold was calculated
as the third quartile plus twice the interquartile range, and the
lower threshold was calculated as the first quartile minus twice
the interquartile range. While this method did not identify
any outliers in GOP, 19 out of 694 CR measurements (< 3%)
were categorized as outliers and subsequently removed from
further analysis (Supporting Information Fig. S3). This
removal, targeted at individual replicates, resulted in a ~ 1%
reduction of mean CR values. Removed CR outliers were dis-
tributed throughout the water column but were more abun-
dant at or below 100 m (~ 63%) and did not exhibit a distinct
seasonal pattern. Even after outlier removal, the period
between February 2017 and April 2018 continued to display
higher variability in CR replicates compared to the rest of the
time series (Supporting Information Fig. S2). On average,
the SD (and standard error) of triplicate CR measurements dur-
ing this period was 0.32 (0.18) mmol O, m 2 d~!, while out-
side of this period it was 0.21 (0.12) mmol O, m 3 d~?, with
the overall values for the entire time series being 0.26 (0.15)
mmol O, m > d~'. On average, the coefficient of variation
was approximately 22% in the top 45 m and 36% in the 75—
125 m layer. In fewer than 6% of cases (14 out of 236), derived
CR values were negative. While negative values are distributed
throughout the year, they were predominantly located in the
lower euphotic zone (75-125 m), with 79% of cases occurring
at 125 m. Although these negative CR values lack biological
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meaning, as they would imply that AO, is larger than gross
production, we chose not to exclude negative CR values under
the premise that the different sources of uncertainty would
equally bias CR estimates high and low, and excluding all neg-
ative values would only remove estimates biased low, as rea-
soned by Barone et al. (2019).

Light-dark O, method

We compare our rate measurements with a compilation of
GOP and CR measured during HOT cruises at Station ALOHA
by the light-dark O, method, as described in detail by Wil-
liams et al. (2004). The compilation includes data collected
from May 2001 to May 2002 (reported by Williams
et al. 2004) as well as previously unpublished data collected
from June 2005 to June 2007, using the same methodology.
From nighttime CTD casts, 24 discrete samples (8 replicates
each for time-zero, light, and dark bottles) were collected into
volume-calibrated borosilicate ground glass stoppered bottles
(~ 125 mL). The light and dark bottles were deployed in a
free-drifting array before sunrise and incubated in situ for
approximately 24 h. Time-zero samples were fixed for Winkler
titration immediately after the array was deployed, and light
and dark bottles immediately after the array was recovered.
The depths sampled for Winkler measurements were 5, 235,
45, 75, 100, and 150 m for the earlier data (2001-2002); and
5, 25, 45, 75, 100, and 125 m for the later data (2006-2007).
The change in O, relative to time-zero samples in the light
and dark bottles provides a measurement of net community
production (NCP) and CR, respectively. Gross oxygen produc-
tion is derived as the sum of NCP and CR. The mean standard
errors for NCP, GOP, and CR in the compiled dataset were
0.09, 0.09, and 0.08 mmol O, m > d?, respectively.

Gross oxygen production and respiration

Data analysis

Areal rates of *0-GOP, C-PP, and CR (mmol m~2 d~!)
were calculated using trapezoidal depth integration, and their
uncertainties were determined by propagating the SD of tripli-
cate measurements at each depth (Karl et al. 2021). As the
shallowest sample is collected at 5 m, integration to the sur-
face is done by assuming the rates in the upper 5 m layer to
be homogeneous. In a total of 5 vertical profiles of '0-GOP
and CR conducted during 2015, rates were not measured at
125 m (Supporting Information Table S1). In those cases, the
0-125 m depth-integrated rates were estimated from the O-
100 m depth-integrated values using a linear regression
(model II fit) between 0-125 and 0-100 m integrated rates
obtained from the rest of the dataset. The correlation equa-
tions used to transform 0-100 to 0-125 m depth-integrated
180.GOP and CR are, respectively: ¥ = —1.294 (+ 1.340) +
1.083 (+0.018)X, *=0.991, p<0.00001; Y=-1.753
(& 3.391) + 1.144 (+ 0.043)X, r* = 0.960, p < 0.00001.

Meteorological definitions of seasons were used, with win-
ter covering December to February, spring March to May,
summer June to August, and fall September to November.

Unless otherwise specified, comparisons between two
groups of data were done using the Wilcoxon rank-sum test at
a significance level of p < 0.05.

When model II linear regressions were applied, they were
determined using the geometric mean or reduced major axis
method.

Results

Vertical variability in primary production and respiration
Vertical profiles of '®0-GOP, *C-PP, and CR showed the
expected decrease in rates with depth throughout the

Table 1. Summary of '®0-GOP, CR, and '*C-PP for each depth, including the range and mean =+ SD. The ratios of mean '80-GOP to
14C-PP ('80/'*C), and the ratios of mean '80-GOP to CR (+ propagated SD) are also provided.

m mmol O, m3d™! mmolCm3d! mol O, (mol C)~’ mol O, (mol 0,) '
Depth 80.GopP CR 4c.ppP 180/14C 80.GOP/CR
5 0.53to 2.32 0.10 to 2.05 0.28 to 0.92 1.0to 2.7 0.5t0 10.6
0.98 + 0.31 0.84 + 0.46 0.56 £ 0.15 1.7 £ 0.4* 1.2 £0.5*
25 0.53to 2.26 0.16 to 2.12 0.21 to 0.95 1.3to 3.1 0.5t0 6.0
1.07 £0.32 0.97 +0.49 0.57 £ 0.14 1.9 +£0.3* 1.1 £0.5*
45 0.28 to 1.45 —0.14to 2.16 0.13 to 0.90 1.2t0 3.5 —-5.8t05.0
0.86 + 0.22 0.82 + 0.46 0.49 £ 0.13 1.8 +£0.3* 1.1 £0.5*
75 0.17 to 0.83 —-0.39t0 1.73 0.11 to 0.52 0.7to0 2.6 —-0.8t0 3.5
0.52 +0.17 0.78 + 0.49 0.30 £ 0.10 1.8 £ 0.4* 0.7 + 0.4*
100 0.10 to 0.61 0.03to 1.75 0.06 to 0.42 0.6 to 3.3 0.1 to 8.5
0.28 £0.13 0.55 +0.42 0.18 + 0.09 1.5+ 0.5* 0.5 + 0.4*
125 —0.02t0 0.24 —0.43t0 0.94 0.02t0 0.17 —0.4t03.2 —11.2t0 9.1
0.11 +£0.07 0.22 +0.34 0.07 + 0.04 1.5+ 0.6* 0.5+ 0.7*

14C-PP, "C-based primary production; CR, community respiration; '80-GOP, '80-labeled gross oxygen production.

*Ratio of the mean values + propagated SD.
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Fig. 1. Mean depth profiles of (a) 80-GOP, (b) "C-PP, and (c) CR. Error bars in (a—c) represent the standard error, while the shaded red areas
represent 4 1 SD of the mean values. (d) Ratio of mean '80-GOP to mean '“C-PP for each depth (+ propagated standard error) in mol O, (mol C)~". (e)
Ratio of mean '80-GOP to mean CR for each depth (+ propagated standard error). The vertical dashed line in (e) represents a ratio of 1, where the sys-
tem would be in metabolic balance (GOP = CR). '*C-PP, "*C-based primary production; CR, community respiration; '#0-GOP, '®0-labeled gross oxygen

production.

euphotic zone (Table 1; Fig. 1). The depth distributions and
the variability of '®0-GOP and '*C-PP were very similar, with
180-.GOP consistently exceeding *C-PP at all depths (p < 0.03).
Community respiration exhibited substantially more variability
within each depth compared to both ®*0-GOP and '*C-PP, as
well as previous dark CR measured by the light-dark O, method
(Supporting Information Fig. S4). In addition, the decline of CR
with depth was less pronounced than for primary production
(Table 1; Fig. 1). For example, mean '®0-GOP and '*C-PP at
125 m represented ~ 10-12% of the mean values at 25 m,
whereas mean CR at 125 m was ~ 23% of the value at 25 m. In
the top 45m of the euphotic zone, '0-GOP exceeded CR

(p=0.001), indicating autotrophy (Table 1; Fig. le). In the
lower portion of the euphotic zone (75-125 m) CR surpassed
180-GOP (p < 0.0001), indicating heterotrophy, and the ratio of
mean '®0-GOP to CR fell below 1 (Table 1; Fig. 1e).

The ratios of mean '®0-GOP to mean '*C-PP (mol O,
(mol C)~') were relatively constant with depth, ranging
from 1.9 + 0.3 mol O, (mol C) ' (4 propagated SD) at 25 m
to 1.5 £ 0.6 mol O, (mol C)~! at 125 m (Table 1; Fig. 1).
There was a significant positive correlation between rates of
80-GOP and ' C-PP (* =0.86, p<0.0001; Supporting
Information Fig. S9), indicating that both measures of pro-
ductivity tracked each other well. The slope of a model II
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regression fit of '®0-GOP against '*C-PP was 1.88 + 0.05
(n = 222). Rates of "¥0-GOP were also significantly corre-
lated with AO, (* = 0.39, p < 0.0001) and CR (r* = 0.33,
p <0.0001).

Depth-integrated rates

Depth-integrated (0-125 m) values of '®0-GOP and '*C-PP
varied fourfold (Table 2; Fig. 2), averaging 80 + 19 (+ SD)
mmol O, m2 d~! and 45+ 10 (£ SD) mmol C m~2 d},
respectively. Because not all the seasons were equally represen-
ted in our time series (Supporting Information Fig. S1), we cal-
culated the seasonally unbiased annual fluxes by averaging the
mean values from each season (Table 2, last row). Mean annual
80.GOP and '“C-PP were 74 + 14 mmol O, m~2 d~! and
43 + 5 mmol C m 2 d!, respectively. Depth-integrated values
of ®0-GOP and '*C-PP were positively correlated (**=0.57,
GOP = —-7.9 (+ 10.8) + 1.9 (+ 0.2) *C-PP, p < 0.0001).

Depth-integrated (0-125 m) CR varied fivefold, averaging
89 + 37 mmol O, m 2 d~'. The observed variability in CR was
higher than previous measurements using the light-dark
Winkler method (Supporting Information Fig. S5). The season-
ally unbiased annual mean (+SD) for this study was
80 + 18 mmol O, m~2 d~! (Table 2; Fig. 2). Depth-integrated
rates of CR were significantly but weakly correlated with
180.GOP (*=0.27, p=0.001), but not with "C-PP

Gross oxygen production and respiration

(p=0.11), and they were not significantly different from
180-GOP (p = 0.52).

On average, > 55% of 0-125 m depth-integrated '®0-GOP
and '*C-PP took place in the top 45 m of the water column.
In contrast, vertical changes in CR were less pronounced, with
45% of depth-integrated CR occurring in the upper 45 m
(Fig. 3). There was an offset of approximately 10 m in the
depth where cumulative CR reached 50% of its 0-125m
integrated value (51 m), compared to '0-GOP and '*C-PP
(40-41 m, Fig. 3).

Temporal variability in primary production and
respiration

Over the 5-yr study period, primary production exhibited
an occasional extreme value compared to the 30-yr HOT
observations (Supporting Information Fig. $6), with the mini-
mum in '*C-PP for the entire dataset (post-January 1989)
occurring in February 2018 and relatively elevated production
in August 2017 (Fig. 2; Supporting Information Fig. S6; Karl
et al. 2021). The minimum in February 2018 coincided with a
cloudy day that resulted in a very low daily integrated surface
photosynthetically available radiation (7.7 mol quanta m 2
d™!) compared to light flux measured on both the previous
and subsequent days (35.0 and 19.6 mol quanta m % d ',
respectively). The '80-GOP and the '*C-PP varied by

Table 2. Summary of depth-integrated fluxes. Each row provides either the range or the mean & SD of depth-integrated (0-125 m)
'80.GOP, CR, 'C-PP, '80-GOP to '*C-PP ratios, and '830-GOP to CR ratios for all data during the study period as well as for each sea-
son. Values in parentheses represent median values. Annual values are determined as the mean (£ SD) of the four seasons, to avoid
bias toward summer months. The mean temperature (+ SD) in the upper 125 m at Station ALOHA for each season during the period

2015-2020 is also provided.

'*0-GoP CR '4C-PP '®0/'c '®0-GOP/CR
mmol O, m2d~! mmol C m2d~! mol O, (mol €)' mol O, (mol 0,)7!
All data

35-134 37-187 18-75 1.2-2.5 0.4-2.0

80 (77) £ 19 89 (83) + 37 45 (46) £ 10 1.8 £0.3* 0.9 £ 0.3*
Winter (December-February), T=24.1 + 0.8°C

35-80 37-152 18-50 1.2-2.0 0.4-2.0

61 (65)+ 14 70 (53) &= 44 40 (43) £ 10 1.5+0.2* 0.9 + 0.6*
Spring (March-May), T=23.9 £ 0.5°C

58-83 46-114 30-52 1.5-2.4 0.7-1.5

71 (70) £ 8 79 (88) &= 25 38(37)+ 7 1.8 £0.3* 0.9 £ 0.2*
Summer (June-August), T= 25.0 + 0.4°C

74-134 60-187 42-75 1.4-2.5 0.5-1.7

93 (87) £ 17 104 (108) & 37 52 (49) + 8 1.8 £0.3* 0.9 £ 0.3*
Fall (September—November), T=25.2 + 0.6°C

60-85 43-85 33-50 1.6-2.0 0.8-1.4

73(73) £10 66 (68) =17 42 (42) £ 6 1.7 £0.2* 1.1 £0.3*
Annual unbiased mean

74 + 14 80 +18 4345 1.7 £0.1* 0.9 +0.3*

14C-PP, "C-based primary production; CR, community respiration; '80-GOP, '80-labeled gross oxygen production.

*Ratio of the mean values + propagated SD.
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Fig. 2. Time series of daily 0-125 m depth-integrated rates of (a) '20-GOP, (b) '*C-PP, (c) CR, and (d) the '80-GOP to CR ratios. Blue circles and red
triangles are from field experiments conducted at or in the vicinity of Station ALOHA (Supporting Information Table S1), respectively. Error bars are the
propagated SD as in Karl et al. (2021). The horizontal dash black lines represent the mean values for the time series (Table 2), with + 1 SD shown as hori-
zontal gray dot-dash lines. '*C-PP, "*C-based primary production; CR, community respiration; '#0-GOP, 80-labeled gross oxygen production.

~ 22-24% during our study period (coefficient of variation),
similar to the variation (~ 25%) observed in the full 30-yr time
series of '*C-PP. In contrast, 0-125 m depth-integrated CR
demonstrated greater variability (~ 42%) (Fig. 2c¢) and
appeared to decrease over the period of this study
(slope = —0.039 + 0.010 (mmol O, m > d™ ') d*', #*=0.30,
p =0.0005). The downward trend was partly driven by the
high CR values measured in July—August 2015, where mea-
surements were conducted during a SCOPE cruise targeting an
anticyclonic eddy to the northeast of Station ALOHA (Wilson

et al. 2017; Supporting Information Table S1). Exclusion of
measurements made outside of Station ALOHA (red triangles
in Fig. 2) results in no significant decrease in CR (p = 0.07).
Neither '®0-GOP nor *C-PP displayed a significant trend dur-
ing the study period. The '0-GOP to CR ratios showed con-
siderable variability, with particularly high values (> 1.7) on
three occasions when CR was particularly low.
Depth-integrated '®*0-GOP varied seasonally (Fig. 4a),
with values greatest in the summer (June-August) and lowest
in the winter (December-February; p<0.0001, one-way
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Fig. 3. Cumulative percentage of depth-integrated '®0-GOP (red cir-
cles), '*C-PP (dashed black line), and CR (blue squares). Dotted red and
blue vertical lines represent the depths at which the percentage of depth-
integrated '80-GOP and CR is 50% of the total for the 0-125 m integral
(40 and 50 m, respectively). 14C-pp, “C-based primary production; CR,
community respiration; '80-GOP, '80-labeled gross oxygen production.

ANOVA). Similarly, C-PP was greatest in summer and
lower in spring (March-May) and winter (p = 0.0005, one-
way ANOVA) (Fig. 4d). Seasonality in 0-125m depth-
integrated productivity was more pronounced for '*0-GOP
than for '*C-PP, with mean values in summer exceeding
those in winter by 53% and 31%, respectively. Seasonality in
primary production was also more pronounced in the lower
euphotic zone (75-125 m, Fig. 4c,f) compared to the well-lit
portion of the upper ocean (0-45 m, Fig. 4b,e). Mean sum-
mertime depth-integrated (0-45m) '®0-GOP and '*C-PP
values were 41% and 24% larger than mean winter values,
respectively. In difcontrast, mean summer values in the
lower euphotic zone (75-125 m) were 95% and 44% larger
than winter values, respectively. Ratios of mean depth-
integrated (0-125 m) '*0O-GOP to '*C-PP (*®*0/'*C) for each
season ranged between 1.5 + 0.3 mol O, (mol C)~! in winter
and 1.8+ 0.3 mol O, (mol C) ' in spring and summer
(Table 2). In the lower euphotic zone (75-125 m), '*0/'*C
averaged 1.3 + 0.3 mol O, (mol C)"! in winter, significantly
lower than for all the other seasons (p = 0.0001, one-way
ANOVA).

The rates of depth-integrated (0-125 m) CR exhibited simi-
lar seasonal patterns to those of primary production (Fig. 4g),
with mean values in summer exceeding those in winter by
49%, but the variations were not statistically significant
(p =0.128, one-way ANOVA). This is probably due to the
higher variability associated with CR measurements. If

Gross oxygen production and respiration

the winter outlier (Fig. 4g) is excluded from the statistical test,
the seasonality becomes statistically significant (p = 0.024,
one-way ANOVA). The ratios of '®0-GOP to CR integrated
over the top 125 m did not vary significantly with the seasons
(p=0.715).

Discussion

Comparison with the light-dark O, method

The mean depth-integrated (0-125 m) GOP derived from
the compilation of light-dark O, measurements (O,-GOP)
conducted during 2001-2002 and 2005-2007 was
55+ 15 mmol O, m~2 d7}, 32% lower than the annual '#0-
GOP derived from this study (Table 2). The difference between
these two datasets was significant for all depths (p <0.035;
Fig. 5a; Supporting Information Table S3), while mean rates of
14C-PP did not differ at any depth between the two study
periods (p > 0.05; Fig. Sb; Supporting Information Table S2).
Previous studies measured '®0-GOP at Station ALOHA to
depths of 100 m (Juranek and Quay 2005; Quay et al. 2010),
and the rates of '0-GOP (0-100 m) reported here are not sig-
nificantly different from those reported by Quay et al. (2010)
(p > 0.05), with annual means from both studies nearly identi-
cal: 70 + 12 and 71 + 16 mmol O, m 2 d ™!, respectively. The
180-GOP differs from O,-GOP in that the former is a measure
of the total O, evolution from the splitting of water in photo-
system II, including the fraction that is not involved in C fixa-
tion, for example, when O, gets subsequently photo-reduced
back to water through the so-called water-water cycles or is
lost to photorespiration (Bender et al. 1987, 1999). Results
based on experiments using the chlorophyte Dunaliella
tertiolecta and the marine diatom Thalassiosira weissflogii indi-
cate that these pathways can contribute up to 25% of the '®0-
GOP (Halsey et al. 2010, 2013). Consistent with our findings,
pairwise comparisons of ®*0-GOP and O,-GOP have found
that the isotopic method often yields greater rates, with a
median '®0-GOP to 0,-GOP ratio of 1.3 (Regaudie-de-Gioux
et al. 2014).

If we interpret the difference in mean GOP between this
study and the light-dark O, method at Station ALOHA as the
fraction of the photosynthetic electron flow directed to
water—water cycles and photorespiration, we would expect
our CR estimates to exceed those derived from the light-dark
O, method by an even a larger extent. In contrast, the mean
annual 0-125m depth-integrated CR for this study,
80 + 18 mmol O, m 2 d !, is very similar to that derived
from the compilation of Winkler measurements,
77 +£ 16 mmol O, m 2 d~! (p = 0.276). Hence, the difference
in GOP between these studies does not appear to be
explained solely due to the reduction of O, by water-water
cycles and photorespiration; such a difference could reflect
changes in these ecosystem processes between the two time
periods (separated by a decade), or stem from methodological
differences. For example, the light-dark O, method, as
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Fig. 4. Plots of seasonal variability in metabolic rates. Box and whisker plot of depth-integrated 80.GOP (a—c), '“C-PP (d-f), and CR (g-i) for each sea-
son. Left panels show depth-integrated values for the entire euphotic zone (0-125 m), while middle and right panels show the upper (0-45 m) and lower
(75-125 m) portions of the euphotic zone. The red lines represent the median, and the bottom and top edges of the boxes indicate the 25™ and 75"
percentiles, respectively. The whiskers extend to the most extreme data points, excluding outliers (black crosses), defined here as 1.5 times the inter-
quartile range. '*C-PP, '*C-based primary production; CR, community respiration; '®0-GOP, '®0-labeled gross oxygen production; Win, winter; Spr,

spring; Sum, summer; Fal, fall.

employed at Station ALOHA, measures CR over a 24-h period
(sunrise to sunrise) in the dark, and assumes that CR is the
same under light and dark conditions and is decoupled from
contemporaneous primary production (note that the incuba-
tions started at sunrise, after natural communities spent the
10-12 h in the dark). In contrast, we estimate CR during day-
time hours under in situ light conditions, derived as the dif-
ference between '®0-GOP and the net O, change; daily CR
was calculated by extrapolating this daytime rate to 24 h,
assuming constant CR. Any substantial daily segregation

in light-dependent or dark respiration rates, as has
been reported for some diazotrophs (Kana 1992; Stockel
et al. 2008), could potentially bias our estimates. Given these
differences, the similarity between both CR datasets is sur-
prising, as it would in principle indicate that CR is indepen-
dent of contemporaneous primary production, that CR is
constant throughout the day, and that the losses of O, to
water—water cycles and photorespiration are minimal (con-
trary to what the comparison of ®0-GOP and light-dark
GOP indicates).
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have been offset 3 m below the collection depth for easier visualization. '*C-PP, '#C-based primary production; CR, community respiration; '0-GOP,

'80-labeled gross oxygen production.

Seasonal variability in metabolic rates

Our 5-yr observation period at Station ALOHA was charac-
terized by unusually warm, low-salinity, and low-density sur-
face ocean waters compared to the > 30-yr HOT record (Karl
et al. 2021; Supporting Information Fig. S7). During this time,
both measures of primary production, '*0-GOP and '*C-PP,
showed significant seasonality. During the summer, rates of
180-GOP were 1.5 times higher than in winter (Fig. 4;
Table 2). Such seasonality is consistent with Quay et al.

10

(2010), where the mean summer to winter ratio was 1.5
(Supporting Information Fig. S8). In contrast, '*C-PP and
0,-GOP demonstrated less seasonality, with mean summer to
winter ratios of 1.3 (Fig. 4; Supporting Information Fig. S8;
Table 2). A potential explanation for greater seasonality in
180.GOP may reflect seasonal variability in the fraction of
newly produced O, that gets lost to water-water cycles and
photorespiration (and hence is not routed to C fixation). Rates
of CR showed a similar seasonal trend than *0-GOP, with a
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mean summer to winter ratio of 1.5, pointing to a seasonal
coupling between '®0-GOP and daytime CR, but the seasonal
differences were not significant.

While rates of primary production were consistently higher
in the top 45 m of the water column, seasonal variations were
more pronounced in the lower portion of the euphotic zone
(75-125 m) (Fig. 4; Table 2). For 180-GOP, values in the lower
portion of the euphotic zone were higher in spring and sum-
mer compared to winter and fall, with mean rates two times
greater in summer than in winter. Seasonality in primary pro-
duction in the lower euphotic zone is a manifestation of sea-
sonal variations in daily integrated solar irradiance at those
depths. For example, the depth of a constant daily integrated
photon flux of 0.415 mol quanta m 2 d~! (representing the
annual average at the 1% light level), varies seasonally by
approximately 30 m—from ~ 90 m in the winter to ~ 120 m
in the summer. Such changes are due to variations in surface
solar intensity, photoperiod, and variations in water column
light attenuation (Letelier et al. 2004, 2017). In surface waters,
light saturation and seasonal changes in the chlorophyll con-
tent of phytoplankton combine to decouple solar irradiance
from the seasonal patterns in primary production (Karl
et al. 2021).

Variations in the '*0-GOP to '*C-PP ratio

Rates of '*C assimilation, measured in situ using dawn to
dusk incubations, have been routinely measured at Station
ALOHA since 1988 (Karl et al. 2021). However, only a few
studies have measured both '®*0-GOP and '*C-PP at this site
(Juranek and Quay 2005; Quay et al. 2010; Ferr6n et al. 2016).
From these studies, only Quay et al. (2010) have the temporal
coverage to resolve seasonality (Fig. 5; Supporting Information
Fig. $8). In the present study, '®*0-GOP and '*C-PP were signif-
icantly correlated (Supporting Information Fig. S9), with the
slope of a model II regression, including all individual volu-
metric rates, being 1.88 £ 0.05 (mol O, (mol C)~!) and the
coefficient of determination 0.86 (n = 222). In comparison,
for the Quay et al. (2010) dataset, this slope is 2.49 + 0.15 and
the coefficient of determination is 0.69 (n =95) (Supporting
Information Fig. S9). Combining both datasets, the resulting
slope is 2.02 + 0.05 and the coefficient of determination is
0.81 (n =317), implying '®0-GOP is approximately twice as
large as '*C-PP at Station ALOHA. Such findings are in agree-
ment with the average '®*0-GOP to '*C-PP (12-h incubation)
ratio of ~ 2.0 derived from the Joint Global Ocean Flux Study
global compilation, collected across different ocean basins
(Laws et al. 2000; Marra 2002; Hendricks et al. 2004; Juranek
and Quay 2005). Similarly, the slope of GOP measured by the
light-dark O, method vs. '*C-PP at Station ALOHA is
1.65 + 0.10 (* = 0.50, n = 170), comparable to the slope of
1.83 obtained along a latitudinal transect along the Atlantic
Ocean (Serret et al. 2023).

The ratio of the annual mean in 0-125 m depth-integrated
180.GOP to mean '*C-PP was 1.7 + 0.1 for this study, similar to
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1.8 £ 0.4 derived from the 0 to 100 m depth-integrated values
reported by Quay et al. (2010). In comparison, the ratio of GOP
from the light-dark O, method was 1.2 + 0.4. Previous studies
have shown that the ratio of GOP to '*C-PP at Station ALOHA
varies both with season and depth (Williams et al. 2004; Juranek
and Quay 2005; Quay et al. 2010). The *0-GOP to *C-PP ratio
from volumetric rates varied seasonally, with the highest values
in spring and the lowest in winter (p =0.0002, one-way
ANOVA). The depth-integrated (0-125 m) '®0-GOP to '*C-PP
ratios tended to be elevated in spring and lower in winter
(Table 2), and this was particularly pronounced in the lower
portion of the euphotic zone (75-125 m, p < 0.0001, one-way
ANOVA), with larger ratios in spring compared to all other sea-
sons. Deepening of isolumes in the spring causes an increase in
new primary production in the lower euphotic zone and the
consumption of nitrate that has accumulated over the winter
(Letelier et al. 2004); such changes could underlie increases in
'80-GOP to '*C-PP ratios.

Prior studies at Station ALOHA found that '*0/'*C con-
verged at depth (e.g., Juranek and Quay 2005; Quay
et al. 2010; Fig. 5). Quay et al. (2010) reported mean values
in '®0/'*C ranging from 2.4 at 5 m to 1.1 at 100 m (Fig. 5¢),
while Williams et al. (2004) found that O,-GOP/'C were
1.2-1.4 in the upper 50 m, and closer to 1 in the lower
euphotic zone (75-150 m). Processes influencing this vertical
variation in ®0/'*C are not well understood, but may stem
from differential rates of labeled dissolved organic C produc-
tion (Karl et al. 1998), changes in community composition
(Pei and Laws 2013), growth/grazing rates (Halsey
et al. 2011, 2013; Pei and Laws 2014), and/or the photosyn-
thetic quotient. Whatever the reason behind the previously
described vertical patterns in '80/'*C, it is enigmatic that
180-GOP and 'C-PP in this study did not converge at depth.
Our results only show a modest decrease in '®*0/'*C with
depth relative to previous studies—from 1.9 + 0.3 at 25 m to
1.6 £ 0.4 at 100 m—indicating that even in the lower
euphotic zone, '0-GOP was > 50% larger than *C assimila-
tion (Table 2; Fig. 5c¢). It is possible that our findings point to
temporal increases in the '®0/'*C ratio in the lower euphotic
zone. The '®0-GOP in the 75-100 m depth range was signifi-
cantly higher in this study compared to the earlier data
reported by Quay et al. (2010) (p < 0.0001). Moreover, Karl
et al. (2021) recently reported a sustained long-term increase
in C-PP in the NPSG between 1989 and 2018 (>0.7%
yr~1), a trend that appears largely driven by changes in the
lower euphotic zone (75-125 m). Notably, this upward trend
did not coincide with greater export fluxes, but was accom-
panied by significant increases in particulate C and N, and
chlorophyll a in the lower euphotic zone (Karl et al. 2021).
Additionally, the authors “found no evidence for a system-
atic change in surface PAR, or photon fluxes” in the lower
euphotic zone, and attributed these trends to an increase in
the horizontal supply of nutrients from enhanced anthropo-
genic atmospheric deposition to the northwest of Station
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ALOHA, through subducted North Pacific Tropical Water.
Although our observations do not reveal significant tempo-
ral trends in either '80-GOP or '*C-PP, such long-term
trends are difficult to detect in shorter (less than 1-2
decades) time series.

Balance of metabolism

On an annual basis, CR exceeded '*0O-GOP by 6 + 8 mmol
0, m 2 d"!, or approximately 2.3 mol O, m > yr! (Table 2),
a value not statistically different from zero (p = 0.521). Such
findings imply that the euphotic zone was near metabolic bal-
ance over the period of our observations. However, because
180-GOP decreased more rapidly with depth than CR, we find
that heterotrophy prevailed in the deeper portion (75-125 m)
of the euphotic zone, with a mean annual deficit of
3.0+ 1.3mol O, m2yr ' (p=0.006). Intriguingly, rates
of CR were lower during the latter 2019-2020 period of the
time series (Fig. 2¢; p = 0.006), a change that was not accom-
panied by lower '®0-GOP, resulting in balanced metabolism
(**0-GOP = CR) in the deeper 75-125 m layer (p = 0.791),
and autotrophic conditions (**O-GOP > CR) in the upper
45 m (p = 0.038). Variations in the balance between ¥0-GOP
and CR in our time series were mostly driven by changes in
CR and not '"®0-GOP (Supporting Information Fig. $10). Net
community production values estimated by the difference
between 0 and 125 m depth-integrated '*0-GOP and CR were
negatively correlated with CR (p <0.0001, 7*=0.603) but
showed no correlation with *0-GOP (p = 0.460) (Supporting
Information Fig. $10). The compilation of incubation-based
light-dark O, measurements presented here (Fig. 5) indicated
that on average, CR exceeds GOP (p <0.0001), with an
annual deficit of 8 mol O, m 2 yr '. These findings are simi-
lar to those of Williams et al. (2004). In contrast, numerous
non-incubation approaches in the oligotrophic waters of the
NPSG have consistently revealed the prevalence of autotro-
phic conditions (Emerson 2014 and references therein).
The discrepancy between incubation and non-incubation
approaches might reflect the fact that most of these studies
only integrate down to the base of the well-lit mixed layer,
while most of the incubation-based methods point to hetero-
trophy in the dim lower euphotic zone. However, several
non-incubation estimates, that have included the lower por-
tion of the euphotic zone, indicate autotrophic conditions
prevail in this layer (e.g., Nicholson et al. 2008; Riser and
Johnson 2008; Ferrén et al. 2021). The reasons for the dis-
crepancies between incubation and non-incubation based
approaches for the determination of NCP in oligotrophic
regions remain unresolved (Duarte et al. 2013; Westberry
et al. 2012; Williams et al. 2013). Indeed, some studies have
shown that incubation-dependent light-dark O, methods do
not always yield heterotrophic conditions in the oligotrophic
gyres; for example, in the low productivity waters of South
Atlantic gyre (Serret et al. 2015, 2023). Serret et al. (2023)
suggested that large differences in precision and accuracy in
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existing datasets (e.g., Regaudie-de-Gioux et al. 2014) “may
partly explain the sustained disagreements and high uncer-
tainty in regional estimations of NCP based on in vitro
changes in O,.”

Our measurements of CR differ from previous measure-
ments of CR in that they are determined as the difference
between GOP (measured by the '®*0 method) and the net
daytime change in O, inside the bottles. Hence, our CR mea-
surements are derived from daytime incubations under light
conditions. In extrapolating daytime measurements to 24-h
scale fluxes, we assume that respiration does not substan-
tially change between daytime and nighttime, an assump-
tion that may not be valid for these waters (e.g., Ferrén
et al. 2015; Barone et al. 2019). Additionally, our estimates
of CR are considered an upper constraint as they include the
consumption of newly produced O, by water—-water reac-
tions (Bender et al. 1999). As a result, the resulting NCP,
derived as the difference between '®0-GOP and CR, may be
low. In contrast, CR by the light-dark O, method is a mea-
surement of the net change in O, under dark conditions,
typically over a 24-h incubation. For these measurements,
respiration is assumed to be the same under dark and light
conditions, an assumption that has also been challenged
(e.g., Pringault et al. 2007). We find that both estimates of
CR were similar (Fig. 5c), while estimates of GOP were not
(Fig. 5a). Such findings highlight the challenges in quantify-
ing NCP in oligotrophic environments where net fluxes are
many times smaller than GOP and CR. When NCP is derived
as the difference between GOP and CR, as done here, small
errors associated with either of these fluxes can result in
large biases in estimates of NCP. Additionally, given the
high day-to-day variability in NCP (e.g., Ferrén et al. 2015),
estimates of NCP based on snapshot incubation measure-
ments might not be representative of the mean metabolic
state of the system. The measurements reported in this study
highlight the need to better characterize not only primary
production but also CR as central to improving understand-
ing of variability in the ocean’s metabolic balance (Serret
etal. 2015, 2023).

Summary and conclusions

The results presented herein show that '®0-GOP at Station
ALOHA varies seasonally, with a maximum during summer
months and a minimum during the winter. This seasonality is
more pronounced than measurements of '*C-PP. Although CR
demonstrates similar seasonality to '*0-GOP, it showed sub-
stantially more variability. Even though primary production
was consistently elevated in the well-lit portion of the eupho-
tic zone, there was greater seasonality in the poorly lit waters
of the lower euphotic zone (75-125 m), where primary pro-
duction was twofold greater in summer than in winter. Our
measurements of CR were somewhat more variable than
previous measurements based on light-dark O, incubations
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conducted a decade earlier, but similar in magnitude, while
180.GOP was on average 32% larger than O,-GOP. Variability
in CR accounted for most of the variance in the balance
between '®0-GOP and CR during the study period, highlight-
ing the need to better characterize CR in order to understand
changes in the ocean metabolic balance.
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