TvPE Original Research

8 frontiers ‘ Frontiers in Marine Science PUBLISHED 05 June 2024

@ Check for updates

OPEN ACCESS

EDITED BY
Jun Sun,

China University of Geosciences (Wuhan),
China

REVIEWED BY

Helmut Maske,

Center for Scientific Research and Higher
Education in Ensenada (CICESE), Mexico
Xin Liu,

Xiamen University, China

*CORRESPONDENCE
Scott M. Gifford
sgifford@email.unc.edu

' PRESENT ADDRESS

Brandon M. Stephens,

Institute of Oceanography, National Taiwan
University, Taipei, Taiwan

RECEIVED 04 March 2024
ACCEPTED 14 May 2024
PUBLISHED 05 June 2024

CITATION

Cohn MR, Stephens BM, Meyer MG, Sharpe G,
Niebergall AK, Graff JR, Cassar N, Marchetti A,

Carlson CA and Gifford SM (2024) Microbial
respiration in contrasting ocean provinces via
high-frequency optode assays.

Front. Mar. Sci. 11:1395799.

doi: 10.3389/fmars.2024.1395799

COPYRIGHT

© 2024 Cohn, Stephens, Meyer, Sharpe,
Niebergall, Graff, Cassar, Marchetti, Carlson and
Gifford. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

pol10.3389/fmars.2024.1395799

Microbial respiration in
contrasting ocean provinces via
high-frequency optode assays

Melanie R. Cohn?, Brandon M. Stephens?, Meredith G. Meyer,
Garrett Sharpe®, Alexandria K. Niebergall®, Jason R. Graff?,
Nicolas Cassar®, Adrian Marchetti®, Craig A. Carlson?® and
Scott M. Gifford™

'Department of Earth, Marine, and Environmental Sciences, University of N. Carolina Chapel Hill,
Chapel Hill, NC, United States, 2Marine Science Institute/Department of Ecology, Evolution and
Marine Biology, University of California, Santa Barbara, CA, United States, *Division of Earth and
Climate Sciences, Nicholas School of the Environment, Duke University, Durham, NC, United States,
“Department of Botany and Plant Pathology, Oregon State University, Corvallis, OR, United States

Microbial respiration is a critical component of the marine carbon cycle,
determining the proportion of fixed carbon that is subject to remineralization
as opposed to being available for export to the ocean depths. Despite its
importance, methodological constraints have led to an inadequate
understanding of this process, especially in low-activity oligotrophic and
mesopelagic regions. Here, we quantify respiration rates as low as 0.2 ymol O,
L™t d™ in contrasting ocean productivity provinces using oxygen optode sensors
to identify size-fractionated respiration trends. In the low productivity region of
the North Pacific Ocean at Station Papa, surface whole water microbial
respiration was relatively stable at 1.2 umol O, L™* d™%. Below the surface, there
was a decoupling between respiration and bacterial production that coincided
with increased phytodetritus and small phytoplankton. Size-fractionated analysis
revealed that cells <5 ym were responsible for the majority of the respiration in
the Pacific, both at the surface and below the mixed layer. At the North Atlantic
Porcupine Abyssal Plain, surface whole water microbial respiration was higher
(1.7 umol O, L™t d}) than in the Pacific and decreased by 3-fold below the
euphotic zone. The Atlantic size-fraction contributions to total respiration shifted
on the order of days during the evolution of a phytoplankton bloom with regular
storm disturbances. The high-resolution optode method used in the Atlantic
captured these significant shifts and is consistent with coinciding stain-based
respiration methods and historical site estimates. This study highlights the
dynamic nature of respiration across vertical, temporal, and size-fractionated
factors, emphasizing the need for sensitive, high-throughput techniques to
better understand ocean ecosystem metabolism.
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1 Introduction

Aerobic respiration is a crucial process in which organic carbon
is oxidized to fuel metabolism, transforming the carbon pool and
generating carbon dioxide (CO,). In the ocean, up to half of all
phytoplankton-derived organic matter is respired by heterotrophic
bacteria (Williams, 1984), which reduces carbon export potential
(Azam et al., 1983; Moran et al., 2022). Despite its importance,
respiration rates in the ocean are poorly constrained due to under-
sampling and methodological limitations, reducing the accuracy of
biogeochemical models (Pomeroy et al, 1995; del Giorgio and
Duarte, 2002; Robinson, 2019).

Most respiration rate assays rely on measuring the consumption
of oxygen (O,) over time. The accuracy of oceanic O, consumption
measurements is hindered by the relatively minor O, depletion
(usually <1 gmol L") against the substantial background levels in
seawater (c.a. 200 to 300 ymol LY. Further, low oceanic metabolic
rates require longer incubation periods (>24 h) to detect a
measurable change in O, concentration, during which time the
microbial processes within the sample may deviate from the
environment (Ducklow and Doney, 2013). As a result, most
oceanic respiration assays rely on gathering a few highly precise
O, measurements at the cost of sample resolution. Winkler
titrations obtain accurate and precise dissolved O, measurements,
but they are time-consuming, destructive to the sample, and
resource intensive. Alternatives to the O,-based assays, including
respiratory stains such as in vivo 2-para-(iodophenyl)-3
(nitrophenyl)-5(phenyl) tetrazolium chloride (INT) measure
activity of the electron transport system which can yield highly
precise and sensitive measures of respiration without a long
incubation period (Griffith, 1988), but are still time and wet-lab
resource intensive with limited sample throughput. While
environmental and culture studies find the INT method to be
representative of marine plankton respiration (Garcia-Martin
et al, 2019b and Garcia-Martin et al., 2019¢), other studies
caution that INT may underestimate respiration due to toxicity
effects (Villegas-Mendoza et al., 2015; Bafos et al., 2020).

Optode assays are an increasingly common method to
determine dissolved O, concentrations for respiration and net
community production in marine environments. In such assays, a
commercially available optode “sensor spot” is excited with blue/
green light. Oxygen disrupts the excitation reaction, thus the
fluorescence of the spot can be related to the O, concentration of
the sample (Vandermeulen and Chaves, 2022). Previous
applications of optode assays in oceanic systems have been largely
limited to resolving rates >1 ymol O, L™ d”* without concentrating
environmental samples (Pomeroy and Johannes, 1966; Griffith,
1988; del Giorgio and Williams, 2005). More recently, Edwards
et al. (2011) reliably measured rates <1 gmol O, L™* d”* using O,
optodes and incubation assays in oligotrophic waters. Wikner et al.
(2013) expanded on this, increasing optode detection limits three-

Abbreviations: BOD - Biological oxygen demand, BP - Bacterial production,
INT - In vivo 2-para-(iodophenyl)-3(nitrophenyl)-5(phenyl) tetrazolium
chloride, PAP - Porcupine Abyssal Plain, North Atlantic, RSE - Residual

standard error, TOC - Total organic carbon.
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fold, comparable to Winkler titrations. The use of optodes is
promising, as they are sensitive, easy to use, and capable of rapid,
frequent point measurements (on the order of seconds). Rather
than taking relatively few point measurements hours apart,
hundreds of measurements can be made through high-temporal
resolution assays with the potential to resolve pelagic respiration
rates in shorter incubations (Chen et al., 2023). Recent efforts are
moving towards higher sample throughput and measurement
resolution with automated systems such as the AutoBOD
(Stephens et al., 2023b). With improved sample throughput and
coverage, optical methods have the potential to address current
methodological limitations and provide needed insight into the
critical role of microbial respiration in global, oceanic carbon
cycling (Edwards et al, 2011; Martinez-Garcia and Karl, 2015;
Robinson, 2019).

Developing models of oceanic metabolism hinges on the
accurate segregation of metabolic processes across the marine
food web (McNair et al., 2023). For respiration, this is most often
accomplished by physical size-fractionation, in which O,
consumption is measured for a series of microbial size classes.
These size classes often include a whole water fraction representing
the total microbial community; the small (<5 ym) containing large
particles, phytoplankton, and bacterioplankton; micro (<3 pm)
containing pico-eukaryotes, particle-associated, and free-living
bacteria; and the nano (<1.2 uym) fraction contains free-living
bacteria and some pico-eukaryotes. These measurements are often
nested, with each size class containing the organisms of the smaller
classes within it.

Size-fractionation, while crucial for assessing the contributions
of various food web components to community respiration
(Griffith, 1988; McNair et al., 2021; Guo et al., 2022), has its
limitations. These include reducing grazing pressure and failing to
accurately delineate trophic levels, such as primary producers and
consumers. Moreover, size-fractionation and small-volume
incubations may introduce biases by excluding community
interactions and top-down pressures. This can impact microbial
growth, the release of organic carbon by grazers, and metabolic
rates. Nonetheless, size-fractionation has been pivotal in
highlighting the significant role of microbes in oceanic systems
(Pomeroy, 1974). Despite its importance, the labor-intensive nature
of existing respiration measurement techniques often limits the
ability to conduct extensive size-fractionated assays.

In this study, we evaluated size-fractionated microbial
respiration rates in two contrasting oceanic regions using O,
consumption assays and optode measurements: the low
productivity and low carbon export area of the North Pacific
Ocean at Station Papa (Wong et al, 1995; Boyd and Harrison,
1999; Meyer et al., 2022), and the high productivity North Atlantic
Porcupine Abyssal Plain (PAP) (Fasham et al., 1999; Frigstad et al.,
2015; Meyer et al., 2023). For the N. Pacific, respiration rates were
determined using a single, manually applied fiber optic cable to
obtain optode readings. In contrast, in the N. Atlantic, we enhanced
the methodology by attaching the optode fiber optical cables
directly to the Biological Oxygen Demand (BOD) bottles. This
adjustment increased the frequency of O, measurements by three
orders of magnitude. This research is part of the EXport Processes

frontiersin.org


https://doi.org/10.3389/fmars.2024.1395799
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Cohn et al.

in the Ocean from RemoTe Sensing (EXPORTS) program, which
investigates ocean metabolism and export potential at opposing
ends of the productivity-export spectrum (Siegel et al., 2016, 2021).
Our findings underscore the effectiveness of optodes and incubation
assays in accurately determining respiration rates in pelagic
ecosystems while reducing the need for extensive ship-board
labor. The results highlight differences in size-fractionation of
sample microbial communities and their contributions to total
respiration, both between surface and sub-euphotic zones and
across different oceanic provinces.

2 Methods
2.1 Study site and sampling

Samples were collected in the N. Pacific at Ocean Station Papa
(Station P; 50° N and 145° W) from August 8 to September 3, 2018
aboard the R/V Roger Revelle (RR1813) and in the N. Atlantic at
PAP (49° N, 15° W) from May 5 to 31, 2021 aboard the RRS James
Cook (JC214) (Figure 1) while following Lagrangian floats (Siegel
et al,, 2021; Johnson et al., 2023). Sample water was collected from
10-L Go-Flow (N. Pacific) or 20-L Niskin (N. Atlantic) bottles
attached to a CTD rosette directly into 1-L polycarbonate bottles
(acid-washed with 10% HCI). Rosette casts were deployed between
2 to 5 am GMT in the N. Atlantic and variable times in the N.
Pacific. At a minimum for each sampling cast, a “surface” depth

-145°20" -145°10'

-145°

FIGURE 1

-144°50" -144°40' -144°30'
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(<10 m in the N. Pacific; 5 m in the N. Atlantic) was collected. In the
N. Pacific, depth profiles to 200 m were opportunistically taken, and
in the N. Atlantic, a “sub-euphotic” depth (collection depth of 75 m
or 95 m; euphotic zone range of 1% surface irradiance from 37 to 59
m) near the base of the mixed layer (range 15 m to 197 m, 0.03 kg
m™ potential density differential) were collected (Johnson et al.,
2023). Additional physical context methodology is referenced in the
ancillary data below.

2.2 Seawater sample handling
and preparation

Whole or size-fractionated seawater incubations were
performed in 60-mL glass BOD bottles with O, sensor spots (SP-
PSt-3-NAU, PreSens) mounted to the interior of the bottle wall. The
BOD bottles were washed with 5% HCI for 3-6 h and triple rinsed
with 18.2 MQ Milli-Q water before use. For size-fractionation,
seawater samples were poured from the collection bottle into acid-
washed polycarbonate filter towers. The tower and filter were rinsed
with 100 mL of seawater sample, which was gravity filtered, using
gentle (>-5 in Hg) vacuum pressure to dry the filter between rinses
to help avoid contamination from unfiltered droplets during the
sample transfer. The rinsate was discarded, and then 300 mL of the
sample was similarly filtered. Size fractions in the N. Pacific
included an unfiltered fraction for community respiration and <5
um small plankton respiration (polycarbonate, Millipore Sigma).
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Map of EXPORTS field campaigns for August 2018 at Ocean Station Papa and May 2021 at the Porcupine Abyssal Plain. Sampling dates are labeled
on the Lagrangian (Pacific) and quasi-Lagrangian (Atlantic) cruise tracks. The color scale depicts the monthly average of chlorophyll a at each site
during the occupation period (NASA MODIS-Aqua, 2018, 2021; https://oceancolor.gsfc.nasa.gov/13/).
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The N. Atlantic had these fractions, as well as <3 ym microplankton
and <1.2 ym nanoplankton respiration fractions (polycarbonate,
Millipore Sigma). The BOD bottles were then filled with either
unfiltered or size-fractionated seawater samples by first triple
rinsing with c.a. 20 mL of sample water poured directly from the
collection bottle (unfiltered) or filter tower (size-fractionated) and
overfilled. Bubbles were removed from the BOD bottle over one
minute by gently tapping the side, then the bottle was capped with
an air-tight glass stopper and carefully inspected for any bubbles.

The BODs were submerged in a dark, temperature-controlled
water bath at c.a. in situ temperature for incubation. Incubation
times ranged from 16 to 72 h based on detecting a robust decrease in
O, concentration (Vandermeulen and Chaves, 2022). In the N.
Pacific, O, measurements were made non-invasively through the
bottle wall at 4 h intervals by manually holding the optical fiber to
the BOD wall at the sensor spot (OXY1-SMA, PreSens). The N.
Pacific average incubation time was 38 h with 8 to 10 discrete O,
measurements per assay. Over the 30-day occupation, 214 O,
consumption assays were conducted at Station Papa with 94
unfiltered and small size-fraction assays in the mixed layer (avg.
29 £ 4.5 m) (Siegel et al,, 2021). In the N. Atlantic, O, measurements
were acquired continuously every 30 s by directly mounting the
polymer optical fibers to the BOD bottles over the sensor spot.
Measurements were made with OXY4-SMA (precision + 1.4 ymol
L' O, at 283 pmol L' Oy PreSens), with an average incubation
time of 30 h and 3,000 discrete O, measurements per assay, totaling
41 unfiltered and 66 filtered assays. The bottles were inspected at the
end of the incubation for bubbles and none were noted.

2.3 Oxygen-based respiration
rate determinations

O, measurements were automatically temperature- and
salinity-corrected using the PreSens Measurement Studio2 based
on direct, continuous temperature measurements of the water bath
and a defined in situ salinity and pressure (35 psu, 1013 hPa). A
Milli-Q control BOD bottle was kept in the water bath for the
duration of the cruise as a secondary temperature control and a
reference for sensor drift. Further temperature correction of the
samples was performed by subtracting the change in O,
concentration of a Milli-Q control bottle from the sample bottles
for each point. The corrected sample O, values were then plotted
against incubation time.

For the N. Pacific campaign, only one fiber optic cable was
available for reading the optode spots; thus optode measurements
were manually acquired from all BOD bottles every few hours,
generating relatively few O, measurements per experiment (#n=8 to
20), as is precedent in Winkler assays and prior optode studies
(Edwards et al., 2011; Wikner et al., 2013). The O, consumption
rates were calculated as a Model I regression of the measured points,
as is standard for O, consumption assays. Apparent O, outliers (>1
pmol L' O, difference from the surrounding points) were identified
and removed within each assay (avg. 1.2 points removed). Assays
with rates <0.2 ymol O, L' d' were considered below detection
(n=9), and rates greater than 3 ymol O, L' d' were considered
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anomalously high for summer at the N. Pacific site and excluded
from analysis (n=3).

In the N. Atlantic, we added 12 more sensor channels and cables,
which enabled continuous, operator-independent monitoring for a
substantially increased set of point measurements. The first 2.5 h of
data were initially removed to compensate for abiotic acclimation of
the PSt3 sensor spot and BOD bottles to the water bath conditions.
Plots were then visually inspected to trim additional nonlinear
components at the beginning or end of the incubation, similar to
the effects discussed in Wikner et al. (2013). To calculate the rate over
c.a. 3,000 discrete O, measurements in a single assay, a rolling mean
with a window size of 12.5 min was applied to the trimmed data, and
a linear regression was calculated based on the rolling mean points.
Only for the purpose of comparing respiration rates with other
studies was a respiratory quotient of 1.4 O, to CO, applied to the
O, measurements. This respiratory quotient was determined
experimentally in the N. Atlantic campaign (Stephens et al., 2023b)
and matches that used by Sherry et al. (1999) in the N. Pacific.

2.4 INT-based respiration
rate determinations

Respiratory stain (INT) and O,-based incubations were conducted
independently on the N. Atlantic expedition and were used here as a
check for the optode-derived rates. Sample water for INT incubations
was collected at midday casts, whereas O, consumption samples were
collected from pre-dawn rosette casts. For each depth, 3 live samples
and 2 poisoned (2 w/v formaldehyde) control incubations were
conducted. Following methods detailed by Martinez-Garcia et al.
(2009), 8 mmol L' INT was added to a final concentration of 0.2
mmol L and incubated in the dark at in situ temperature for 2 h. The
samples were then filtered under gentle vacuum pressure through
stacked (Sartorius), in-line filters (45 mm 3.0 ym and 47 mm 0.2 ym,
polycarbonate, Millipore Sigma) to capture size-fractionated cells. The
absorbance of the extracted propanol-formazan solution was measured
at 485 nm. Linear regressions of the INT concentrations to absorbance
were made using 3 unique 12-point dilution-based standard curves of
freshly prepared Fomazan dye (Fisher Scientific) (Supplementary
Figure S1). After the killed control INT absorbance was subtracted
from the live sample, the absorbance units were converted to INT
concentrations using the mean slope measured from the known
standards (0.0174 absorbance units per gmol INT L™). Values were
then converted into oxygen units using the previously identified INT to
oxygen relationship for samples collected from a nearby site in Garcia-
Martin et al. (2019a): Log O, - 0.80Log(INT) + 0.45. To compare the
O, consumption rates to the INT-derived rates, assays were selected
from both methods where sample collection occurred within 16 h of
each other.

2.5 Organic carbon
contamination monitoring

Care was taken to limit carbon contamination in respiration
assays by acid washing and sample water rinsing surfaces, as well as
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using gravity filtration to reduce cell shear on rinsed filters, with
gentle vacuum pressure used to dry the filter. All respiration assays
were monitored for anomalously high rates (>3 ymol O, L' d").
Intermittent samples were collected for total organic carbon (TOC)
measurements to monitor for carbon contamination during the
sample handling process. Samples were taken directly off the rosette
cast and compared to the BOD bottle samples at the start of the
respiration incubation assays. TOC was quantified by the high-
temperature combustion method as described by Stephens
et al. (2020).

2.6 Chlorophyll-a and primary production

Chlorophyll-a and net primary production were performed in
the Pacific and N. Atlantic as reported in Meyer et al (Meyer et al.,
2022, 2023). Briefly, net primary production (24 h ">C uptake
incubation) was estimated based on samples collected at the
surface on the same days as respiration assays in the N. Pacific
and at the same rosette casts as respiration assays in the N. Atlantic.

2.7 Statistical analysis

Linear regressions were performed on each respiration assay as
described above using a general linear regression model
(Supplementary Figure S2, Supplementary Figure S3). For the N.
Atlantic, the residual standard error (RSE) was calculated across the
multiple size fractions and unfiltered samples. One outlier was
identified in the sub-euphotic <5 ym fraction using the ROUT
method (Q=1%) and removed. Welch’s ANOVA and Dunnett T3
multiple comparisons test (x=0.05) were used to identify
significantly different (p<0.001) RSE pairings across size fractions
and depth (Supplementary Figure S4, Supplementary Figure S5).
Normality was determined using the Shapiro-Wilk test with
0=0.05. The test statistic (W) for all size fractions and depths was
>0.89, except for the unfiltered sub-euphotic (W=0.76, p=0.001).
Thus, normality is assumed for all fractions but deviates slightly for
the unfiltered sub-euphotic samples, though they were still best
represented by normal distributions. Pearson’s correlation
coefficients were calculated on the means and standard deviations
of the N. Atlantic biological variables, assuming Gaussian
distributions to identify significant relationships (n=8 to 18,
p<0.05) (Supplementary Figure S6). In the N. Pacific, unfiltered
respiration was compared to coinciding program measurements
over a depth profile taken on September 3, 2018. Spearman’s
correlation was used with one-tailed p-tests and a 95%
confidence interval.

2.8 Ancillary data and methods

Physical parameters were defined by Siegel et al. (2021) in the N.
Pacific and Erickson et al. (2023) and Johnson et al. (2023) in the N.
Atlantic. Bacterial abundance was enumerated via epifluorescence,
as described in Stephens et al. (2023a). To evaluate bacterial activity,
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H-leucine incorporation rates are used as a proxy for bacterial
production (BP) as described by Stephens et al. (2023a).
Phytoplankton were enumerated via flow cytometry following
Graff and Behrenfeld (2018). Additional ancillary measurements
from the EXPORTS program and their respective methods can be
found on the NASA SeaBASS data repository (doi:10.5067/
SeaBASS/EXPORTS/DATAO001).

3 Results
3.1 N. Pacific respiration rate assays

Station Papa is a high nitrate, low chlorophyll-a region where
primary productivity was low and representative of typical conditions
during the sampling (Figure 1) (Boyd and Harrison, 1999; Meyer
et al, 2022). The mixed layer was shallow, stable, and above the
euphotic zone (1% surface irradiance) for the majority of our
Lagrangian study (Siegel et al., 2021). Over the 30-day occupation,
214 O, consumption assays were conducted at Station Papa
(Figure 1), with 94 whole water and small (<5 ym) size fraction
assays in the mixed layer (avg. depth of 29 + 4.5 m) (Siegel et al,
2021). Over the two-day assay incubation period, typically 8 to 10 O,
measurements were obtained for each assay by manually holding the
optic fiber over the sensor spot. Linear fits of consumption over time
were variable, ranging from strong (r2>0.8, n=25), to moderate (* =
0.5 to 0.8, n=33), to weak (r°<0.5, n=12) (Figure 2B-D,
Supplementary Figure S2). Surface respiration rates averaged 1.2
umol O, L' d”! for both the whole water (range 0.34 to 2.25 ymol
L' 0, d!) and small fractions (range 0.55 to 2.41 pumol L1o,dh
and were relatively stable during the study (Figures 2A, 3). The
respiration rates often showed no significant statistical difference
between size fractions (Figures 2, 3). These rates are similar to the
mean 1.56 ymol O, L™ d" total respiration rate derived from Winkler
titrations in the summer of 1997 at Station Papa (Sherry et al., 1999).

Vertical profiling in the N. Pacific revealed a pattern in whole water
respiration rates: a decrease from the surface down to 50 m, a near-
maximum level at 95 m followed by a decline to levels below reliable
quantification at 200 m (Figure 4, Supplementary Figure S2).
Simultaneous measurements of BP did not show an increase at 95
meters, despite the relatively high respiration observed at this depth.
Instead, BP consistently attenuated from the surface to deeper waters
(Figure 4) (Stephens et al., 2023a).

3.2 N. Atlantic respiration rate assays

While we successfully estimated respiration rates in the N. Pacific,
suggesting that small cells are the primary contributors to community
respiration, our capacity to distinguish trends among size classes was
hindered by the infrequent resolution of O, measurements. To
improve on this in the N. Atlantic PAP site (Figure 1), we increased
the number of O, meter channels and directly mounted the polymer
optical fibers to the BOD bottles (Supplementary Figure S7), enabling
simultaneous O, measurements every 30 s for 12 sample bottles and
one Milli-Q control. As a result, the number of O, measurements
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increased from c.a. ten in the N. Pacific to c.a. 3,000 measurements per
assay in the N. Atlantic (Figure 5A). Within an assay, a rolling mean
was applied to the large number of point measurements, which was
then used to calculate the rate (Figure 5A). The high-resolution O,
measurements made it clear if portions of the consumption curve
needed to be trimmed: the first c.a. 2.5 to 5 h were generally removed
(Supplementary Figure S8) as they had a sharp slope consistent with
sensor acclimation (as demonstrated in the Milli-Q control;
Supplementary Figure S9), or if the curve became non-linear at the
end of incubation or due to sensor slips (Supplementary Figure S3).
These improvements allowed us to calculate O, consumption rates
with greater accuracy and precision (mean residual standard error of
respiration rates <0.1 pmol O, L™ d%; Supplementary Figure $4,
Supplementary Figure S5) than the point resolution of the
instrumentation (+ 1.4 ymol L' 0,), and reduce the incubation time
required to obtain a reliable, linear consumption signal in this
environment to under 20 h. Sensor drift was negligible (5- and 10-
fold less than the average N. Atlantic respiration rates for the small and
unfiltered fractions, respectively). With this approach, we resolved
respiration rates <0.2 ymol O, L™ d' (Figure 5D-I, Supplementary
Figure S3).

Organic carbon contamination can be a significant challenge in
obtaining accurate respiration rates in oligotrophic systems,
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and phytodetritus (bottom x-axis) on September 3, 2018 at Ocean
Station Papa. (B.D. = below detection limit of 0.2 ymol O, L™t d™?)

considering the low in situ labile TOC concentrations and carbon
limitation of heterotrophic bacteria. TOC concentrations were
higher in the BOD than samples obtained directly from the
rosette (ranging from 0 to 8 ymol C L™ increase; Supplementary
Figure S10). However, there was no consistent pattern in TOC
enrichment in whole water versus size-fractionated bottles, and the
variability in TOC enrichment was not reflected in the variation of
respiration rates.

To validate the accuracy of our assay setup and optode-derived
respiration rates, we compared data with independently-derived
INT measurements available in the N. Atlantic campaign. INT
respiration rates (<3 pm size class) ranged from 0.55 to 0.80 ymol
0, L' d", closely aligning with our optode-derived ranges from the
same dates (0.42 to 0.84 ymol O, Ltdl Figure 6). The consistency
(<0.2 pmol O, L d! difference on May 18", May 28", and May
26"/27") between the INT and optode-based methods further
support the accuracy of the high-throughput optode assays.

3.3 N. Atlantic size fraction
respiration contributions

Just as in the N. Pacific, in the N. Atlantic we measured
respiration rates among two size classes, whole water and small
cells, at the surface and below the euphotic zone. In addition, for six
surface samples, we included two additional size classes: micro (<3
pm), and nano (<1.2 ym) (Figures 5D-I). Only whole and small (<5
pym) size classes were collected below the euphotic zone due to
limited sensor availability. At the surface, N. Atlantic respiration
rates averaged 1.7 yumol O, L' d™' for whole water and 0.9 umol O,
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L' d! for the small size fraction (Figure 5B). The small-, micro-,
and nano-size classes averaged 45% of this whole water surface
respiration (Figures 5B, C), with differences between these three
classes often not statistically distinguishable (Figures 5D-I).
Considering the nested nature of the size fractions, this suggests
that nanoplankton were the major contributors to small-fraction
respiration at the surface. Additionally, over half of the total
community respiration was accounted for by size classes larger
than 5 ym.

N. Atlantic respiration rates were substantially lower at depths
below the euphotic zone (mean 0.6 ymol O, L™ d™ whole water, 0.3
umol O, L' d7! small fraction; Figures 5, 7B, C). In contrast to the
surface where the small fraction accounted for 53% of total
respiration, they contributed 90% of the total in the sub-euphotic
zone (Figure 5C). This demonstrates a shift towards small cells
being the predominant active microbial community size classes
with depth, particularly as large chlorophyll-a decreased
substantially in the second half of the cruise (Figure 7D).

Assay uncertainty tends to increase with a decrease in the O,
consumption signal as the abundance of respiring cells decreases
(such as through fractioning samples or moving from the surface to
the mesopelagic) (del Giorgio and Williams, 2005). Given the
robust nature of our N. Atlantic measurements, we examined the
assay model fit to understand the potential sources of variability
across such parameters. Variation between replicate respiration
assays demonstrated a dependency on both depth and size
fraction. For surface samples, variability was relatively low for the
size-fractionated samples and significantly higher for the whole
water sample (RSE analysis, Dunnett’s T3 multiple comparisons
test, p<0.001). Additionally, surface whole water replicates had
significantly higher coefficients of variation (66.2% CV, F*s o,
2738 = 16.65) compared to the size-fractionated assays (23% small,
26% micro, 16% nano.; Supplementary Figure S5). The increased
variability in surface whole water samples likely stems from the
stochasticity in capturing large plankton and particles in the upper
water column samples. In the deeper, sub-euphotic samples, no
significant differences in replicate variability or % CV were observed
between whole water and size-fractionated samples (Supplementary
Figure S5), fitting with respiration being dominated in the sub-
euphotic by smaller cells that are more consistently captured in the
BOD setup.

3.4 N. Atlantic respiration rate
temporal dynamics

In contrast to the relatively stable N. Pacific system, the N.
Atlantic survey exhibited greater dynamics, encompassing a
phytoplankton bloom decline with multiple storms and associated
mixing events (Figure 7). Though the N. Atlantic campaign was
Lagrangian, following a retentive, anticyclonic eddy with a warm
core, project sampling above the eddy core was quasi-Lagrangian, as
it was impacted by mixing events (Erickson et al., 2023; Johnson
etal,, 2023). Consequently, we divided the temporal trends of the N.
Atlantic campaign at PAP into six periods (the initial system state,
four mixing events, and the final system state) to better understand
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Size fraction

Size fraction

(A) Representative respiration assay from the N. Atlantic showing individual O, measurements made every 30 s as the change in O, concentration
from the incubation start (black circles). Gray points represent normalized O, measurements determined to be in the acclimation period and are
excluded from calculations. The linear regression (red line) represents the respiration rate and is calculated from the 12.5-min rolling average (blue
circles). Plots for all N. Atlantic assays are in Supplementary Figure S3. (B, C) The percent contribution of each size class to total (whole water)
respiration at the surface (B) and sub-euphotic zones (C) in the N. Atlantic. The size classes are nested rates, where the <3 um fraction includes
respiration from the <1.2 ym fraction, and so forth. (D-I) Size-fractionated respiration rates in the N. Atlantic. Assays of duplicate unfiltered, small <5
um, micro <3 um, and nano <1.2 um filtrate at the surface and below the euphotic zone beginning May 18th with the storm period noted following
the date of each plot. The boxes represent the range and average of the duplicates.

the drivers of respiration between size classes and depth within this
water mass.

At PAP, we initially observed a declining, large phytoplankton
bloom, marked by reduced primary production and chlorophyll-a
levels (Meyer et al., 2023). During this period, surface whole water
and small-fraction respiration decreased (Figure 7B). A storm event
then deepened the mixed layer, corresponding with a maximum in
surface whole water respiration (Figures 7A, B). During this period,
total respiration and chlorophyll-a were dominated by large cells
(>5 pm) (Figure 7D). Further wind events continued to shift the
mixed layer, and the phytoplankton bloom steadily dissipated with
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a marked decrease of large phytoplankton. This phytoplankton
biomass was mixed below the surface with the storm events. In
general, whole water surface respiration declined, following
chlorophyll-a trends.

Below the euphotic zone, the small size fraction had relatively
stable respiration rates. However, whole water respiration rates had
two significant increases, corresponding to mixing during the first
storm and first wind periods. Notably, a peak in deep water
respiration rates was observed at the end of the first wind period,
coinciding with a major flux event and an increase in particulate
carbon (Meyer et al.,, 2023).
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4 Discussion

4.1 O, optodes assays for marine
plankton respiration

4.1.1 Expanding optode assay utility

Accurately measuring respiration rates has traditionally been
challenging, especially in oligotrophic regions, due to low rates
which can evade the precision of optical techniques (del Giorgio
and Duarte, 2002; Robinson, 2019). Here, we use standard optode/
O, incubation methods in the N. Pacific and then improved the O,
optode assay’s quantitative application in the N. Atlantic by
attaching the optical fiber directly to the BOD bottle
(Supplementary Figure S7) and performing frequent
measurements in a stable temperature environment. The high-
frequency O, measurement approach reduced the need for time-
consuming, operator-reliant measurements, increased the accuracy
and robustness of respiration rate determinations, and reduced the
incubation time needed to obtain a detectable signal. The
continuous-mounted optical sensor method resolved rates as low
as 0.2 ymol O, L' d°!, providing a means to expand respiration rate
coverage and precision in the mesopelagic and oligotrophic ocean.

4.1.2 Assessment of optode acclimation period
While Winkler titrations remain the standard for measuring
respiration, their labor-intensive and resource-demanding nature
typically restricts studies to only two endpoint measurements, forcing
the assumption of linear O, consumption (del Giorgio and Williams,
2005). In contrast, our use of O,-based optodes at high temporal
resolution provides unprecedented detail in O,-based incubations,
allowing us to evaluate assumptions such as drawdown linearity over
the course of the incubation. At the beginning of our incubations, we
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noted a significant non-linear period of apparent O, drawdown. We
found that the assay was linear after trimming on average the first 5h +
0.5 h of the assay (Supplementary Figure S8). This acclimation period
was also observed in the abiotic Milli-Q control bottle upon
introduction to the water bath, suggesting an abiotic phenomenon
rather than a result of respiration (Supplementary Figure S9). Another
EXPORTS study used the optode-based AutoBOD system in
remineralization experiments (Stephens et al., 2023b). They recorded
ca. 1 O, measurement per assay every 15 min, similarly discarding the
first 4-6 h even with direct temperature readings of the optode sensor
spot. Detailed observations of the optode equilibration are only possible
with such high-resolution measurements, revealing acclimation periods
that may have gone unnoticed in many other O, incubation assays that
relied on sparse measurements.

Optodes are known to be highly sensitive to small changes in
temperature, salinity/partial pressure, and light (Bittig et al., 2018;
Precision Sensing, 2024). The acclimation period observed in our
experiments is likely due to a combination of these effects on the
optode which we took care to minimize. Incubations were
conducted in the dark, although the optodes were briefly exposed
to low-level laboratory light during sample filling to inspect and
remove any air bubbles from the bottles. Additionally, optodes must
remain hydrated, thus, the BOD bottles were filled with Milli-Q
water during storage and required equilibration to the seawater
matrix sample upon use. Temperature is a critical factor affecting
optode sensitivity; even minor changes can significantly influence
the O, readings. A temperature shift of 0.14°C results in an
apparent oxygen change of 1 ymol O, L' d"' (Wikner et al,
2013), contributing to the observed acclimation. The BOD bottles
were stored at ambient temperature before sampling, necessitating a
period of equilibration to the in situ temperature of the water bath
which was used to minimize temperature fluctuations during
incubation. Storing the BOD bottles at in situ temperature before
sampling could further reduce the acclimation period and limit
impacts on metabolic rates. An analysis of assay trim times by size-
fraction and depth showed no systematic differences in the number
of points removed, indicating that sample handling procedures and
differences in microbial community composition did not
significantly affect the acclimation time (Supplementary Figure S8).

We also consider possible biotic explanations for the initial period
of high apparent O, consumption and non-linearity. If the acclimation
period was the result of biotic factors, it would represent an
anomalously high respiration rate (maximum of 2 to 3 gmol O, L’
d™) for productive open ocean regions (Pomeroy and Johannes, 1966;
Sherry et al,, 1999; Robinson et al., 2002). We did not observe any
biofilms that would explain the initial O, drawdown and the required
growth rate would not align with the observed timing or shape of the
assay curves. We did observe moderate TOC enrichment in our
respiration assays compared to the casts but there was little
indication that this was labile or due to disaggregation of particulate
matter; most of our measured respiration rates were <1 ymol O, Ltdl,
and we could clearly differentiate rates in the surface, sub-euphotic
zones, and across various size classes. It's more likely acclimation time
results from known optode sensitivity to abiotic factors rather than a
biological response- especially since it occurs immediately and not on
the time scales which changes in the microbial community would
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N. Atlantic physical context, respiration, and biomass proxies at the Porcupine Abyssal Plain at the surface (5 m) and sub-euphotic depths (75 m or 95 m).
Gray and white shading indicates the periods for arrival on station, storm (wind and cloud cover/precipitation) or wind-only events and recovery, and new
system state. (A) Physical parameters include mixed layer depth, wind speed, and euphotic zone depth (1% surface irradiance). (B) Size-fractionated microbial
respiration means and range at the surface and (C) below the euphotic zone for the whole water and <5 pym fractions. (D) Proxies for biomass are given as
size-fractionated surface chlorophyll-a and bacterial abundance at the surface and (E) sub-euphotic depths.

develop- yet additional validation of the linearity assumption should
be sought.

4.1.3 Comparison of optode to INT-derived
respiration rates

In addition to the primary optode-derived O, assay method, we
utilized a few coinciding INT-based measurements from the
EXPORTS program. These INT-based rates from subsequent
casts served as a validation of our optode method. We observed a
close correlation between the rates obtained from these two
methods (Figure 6). This agreement suggests that the extended
incubation periods and initial acclimation phase in our optode
assays did not significantly impact the measured respiration rates
compared to shorter-term incubation methods.

A more extensive study by Garcia-Martin et al. (2019b)
validated the INT-based respiration assay using Winkler-derived
O, measurements for marine plankton, reporting reasonable
agreement with incubations times tailored to each method (2 h
for INT and 20-48 h for O, incubation). However, given evidence
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of potential underestimation by INT methods despite their
validation against O, techniques (Villegas-Mendoza et al., 2015;
Garcia-Martin et al., 2019¢; Bafos et al., 2020), future research
should further explore how INT, O, optode, and BP-derived
respiration rates compare. Additionally, the potential of emerging
techniques, such as new single-cell respiration measurements
(Munson-McGee et al.,, 2022), should be investigated.
Implementing such advancements for in situ observations could
enhance our capacity to quantify under-sampled respiration rates,
which require increased methodological sensitivity.

4.2 The North Pacific stable end member

Utilizing these optode assays in the N. Pacific and N. Atlantic,
we observed varying contributions of different microbial size classes
to community respiration in two contrasting oceanic provinces. The
Northeast Pacific sampling (Station Papa) represented the low
productivity endmember where our surface, small size-fraction
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rates were relatively low and similar to historical measurements in
the same region by Sherry et al. (1999). Both biomass and rate
measurements were dominated by small cells (Meyer et al., 2022),
and small-fraction respiration rates were often statistically
indistinguishable from the whole water samples (Figures 2A, 3).
When converted to carbon units, total surface respiration (average
0.86 ymol CO, L™ d"! using a respiratory quotient of 1.4 O, to CO,)
is elevated compared to the project’s respiration estimates derived
from remineralization assays (0.19 ymol CO, L' d'y (Stephens
et al,, 2020). This speaks to the importance of size-fractionated rate
assays, as our small size fraction (<5 pum) encompasses a larger
portion of the microbial community than that of the <3 ym
dilutions used in remineralization experiments. Additionally, the
size-fractionated respiration rates build on Niebergall et al. (2023)
study of several independent ship-based, autonomous, and satellite-
based EXPORTS program estimates of net community production
at the site, finding it to be slightly net autotropic with low export
potential. Overall, these results imply that the bulk of microbial
community respiration in the mixed layer can be attributed to small
cells, including bacterioplankton, cyanobacteria, and small
eukaryotes and was in close balance with primary production
(McNair et al., 2021; Meyer et al., 2022).

A comparison of total respiration rates to coinciding program
depth profile measurements (Meyer et al, 2022) revealed a
significant negative correlation to small-cell chlorophyll-a
(Spearman correlation, r=-1.00, p=0.042, n=4), and weak positive
correlations with total particulate carbon and net primary
production (r=0.80, p=0.17, n=4). These findings reflect the low
biomass, low productivity, and highly recycled nature of the Station
Papa ecosystem in late summer (Meyer et al., 2022; McNair et al,,
2023; Niebergall et al, 2023). The vertical respiration profile
decreases with depth (Figure 4), consistent with minimal particle
flux occurring at this time (Durkin et al., 2021; Estapa et al., 2021),
then respiration rebounds just below the deep chlorophyll
maximum. Interestingly, there is no concurrent increase in BP or
bacterial abundance observed at the base of the deep chlorophyll
maximum. In fact, respiration between 65 to 95 m displays an
inverse relationship with BP and small phytoplankton abundance.
This pattern suggests a spatial decoupling of microbial respiration
from BP and plankton abundance.

Kim et al. (2017) previously found a decoupling between BP and
bacterial respiration in downwelling systems where nutrients are
low, proposing that a shift in metabolism towards cellular
maintenance rather than growth was driving decoupling. We
postulate that bacteria around the 100 m depth horizon utilized
solubilizing phytodetritus as dissolved organic matter became more
recalcitrant (Baetge et al., 2021), leading to an increase in
respiration despite the divergence from the BP trend. The 95 m
respiration increase occurs just below the base of the euphotic zone,
the deep chlorophyll maximum, and the phytodetritus maximum,
which presumably originates from high densities of cyanobacteria
and picoeukaryotes (Figure 4). Simultaneous work at Station Papa
by Stephens et al. (2020) shows a decrease in bacterioplankton
growth efficiency with depth, indicating a higher proportion of
respiration to BP. It is also possible that the inherently flexible
metabolism of mixotrophs, such as abundant Synechococcus, are not
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well-captured by the BP assay, contributing to the decoupling trend.
Below 100 m, respiration, BP, bacterial abundance, and
phytodetritus concentrations decreased to rate or concentration
minimum as expected.

4.3 The dynamic North Atlantic
end member

In the N. Atlantic (PAP), we improved our respiration rate
estimates with higher frequency O, measurements and additional
size fractions to further resolve microbial community member
contributions. We observed substantial dynamics in N. Atlantic
respiration rates driven by the decline of a phytoplankton bloom
and multiple mixing events. Here, large phytoplankton were more
prevalent than in the N. Pacific (Meyer et al., 2023). Accordingly,
our N. Atlantic whole water respiration rates were, on average, 1.4-
fold higher than the N. Pacific and small size-fraction rates were, on
average, 1.3-fold lower. Unlike the N. Pacific, small-fraction
respiration strongly correlated with small net primary production
(p=0.05, Pearson’s correlation; Supplementary Figure S6). Small-
fraction respiration also moderately correlated with large and total
chlorophyll-a (p=0.11, r=0.57 and p=0.09, r=0.60, respectively).
However, BP decoupled from small respiration with depth, as
observed in the N. Pacific (p=0.01, r=0.83 at the surface and
p=0.53, r=-0.26 in the sub-euphotic, Pearson’s correlation;
Supplementary Figure S6).

While on average, small-fraction respiration in the N. Atlantic
was responsible for 45% of the total respiration (similar to prior
estimates for this system) (Fasham et al., 1999; Aranguren-Gassis
et al.,, 2012; Binetti et al., 2020), we observed substantial temporal
dynamics in the size class contributions. At the surface, initially the
small fraction contributed most of the respiration. After the first
storm, large size chlorophyll-a decreased, yet the respiration in the
whole water was the dominant signal of all size fractions, likely from
particle-associated respiration. The largest contribution to
respiration then gradually shifted back to the small fraction in the
mid to late stages of the observation period, coincident with a
decline in chlorophyll-a. As large cells aggregated into
phytodetritus, storms mixed the particles below the euphotic zone
(Estapa et al, 2023; Clevenger et al., 2024). There were notable
increases in respiration in the whole water treatment within the
sub-euphotic zone. Otherwise, sub-euphotic respiration was low
with a markedly higher contribution (80%) of the small size fraction
to total respiration (Figures 5C, 7). After major wind events in the
second half of the study, the three filtered size fractions displayed
little difference in magnitude at the surface, coinciding with the
second bloom phase where chlorophyll-a had shifted from large to
small cells (Meyer et al, 2023) and small-fraction respiration
accounted for a greater portion of community respiration
(Figure 7B, D).

Several studies have documented similar dynamics in the N.
Atlantic during spring blooms, including the Biogeochemical Ocean
Flux Study Spring Bloom Experiment, the N. Atlantic Bloom
Experiment, and recent research near PAP (Bender et al., 1992;
Savidge et al, 1992; Binetti et al., 2020). These studies all
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demonstrate that this is an energetic system, net autotrophic
annually, with frequent switching between net autotrophic and
heterotrophic states. Our findings reveal that these dynamics can
occur on relatively short timescales (days) and drive interactions
between respiration rates in the surface and sub-euphotic zones.
These active systems influenced by regular redistribution of
biological and chemical stocks, taken with our findings, suggest
that infrequent respiration sampling may miss critical, large shifts
in the system and lead to a misrepresentation of regions as net auto-
or heterotrophic.

This work sampled two well-studied oceanographic stations for
several weeks. At both stations, we found that respiration often
followed chlorophyll-a trends, though respiration also unexpectedly
decoupled from BP with depth. Facilitated in part by advancements
in respiration measurement techniques, like those detailed here, our
findings reveal that significant fluctuations in respiration rates can
occur on the order of days. This rapid metabolic response can
considerably affect incubation-based estimates of net community
production within a system. More extensive sampling is required
across both temporal and spatial scales to better resolve carbon
cycle components, enabling a more accurate assessment of
respiration’s role in ocean ecosystem metabolism.
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