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Abstract
Sinking particulate organic matter controls the flux of carbon (C) from the surface ocean to the deep sea.

Microorganisms actively colonize particles, but the extent to which microbial metabolism influences particle
export remains uncertain. We conducted experiments to quantify rates of bacterial production (derived based
on 3H-leucine incorporation) and dark C-fixation (based on 14C-bicarbonate assimilation) associated with
sinking particles collected from the base of the euphotic zone (175 m) in the subtropical North Pacific Ocean.
Seawater was amended with sinking particles and rates of filter size-fractionated (0.2, 2, and 20 μm) bacterial
production and dark C-fixation were measured. Sequencing of 16S ribosomal RNA (rRNA) gene amplicons
revealed that microorganisms in the particle-amended treatments differed from those in the unamended sea-
water controls, with the particle treatments enriched in putative copiotrophic bacteria. The addition of sink-
ing particles increased rates of bacterial production (by 6- to 9-fold), and to a lesser extent dark C-fixation
(by 1.7- to 4.6-fold), relative to unamended controls, with most of the production associated with filter pore
sizes < 20 μm. Normalizing production to concentrations of particulate C yielded rates that were statistically
indistinguishable between particle-amended treatments and unamended controls. We then examined possible
relationships between sinking particulate C flux attenuation and its supply to the mesopelagic waters, reveal-
ing that flux attenuation was positively related to increases in particulate C supply. Together with results
from our experiments, we suggest processes that contribute to sinking particle disaggregation both increase
flux attenuation and favor microbial mineralization of particle-derived organic matter.

Downward export of organic matter drives movement of
carbon (C) from the atmosphere into the interior waters of the
sea, accounting globally for an estimated 5–12 Pg C yr�1 (Volk
and Hoffert 1985; Siegel et al. 2014). Gravitational settling of
particulate C constitutes most of this downward export
(Buesseler and Boyd 2009; Buesseler et al. 2020), with numer-
ous biological and physical processes controlling the

magnitude of particulate matter flux into the interior waters
of the ocean (Turner 2015; Boyd et al. 2019; Omand
et al. 2020). As particles settle out of upper ocean, they
undergo intensive transformation through the lower euphotic
zone and upper mesopelagic waters (150–500 m); such trans-
formations include mineralization of organic material by
microorganisms and animals (Steinberg et al. 2008; Giering
et al. 2014), changes in particle size via fragmentation or
aggregation (Briggs et al. 2020; Omand et al. 2020), and solu-
bilization (Smith et al. 1992). Together, these processes result
in strong vertical attenuation of sinking particulate matter
(Martin et al. 1987). Quantifying processes that define flux
attenuation are of particular interest for establishing the
degree to which settling particles remove C from the actively
cycling global pool.

Planktonic microorganisms (defined here to include Bacte-
ria and Archaea) are considered major controls on attenuation
of particle flux (Cho and Azam 1988). Sinking particles pro-
vide habitats where concentrations of reduced chemical
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substrates such as organic matter, ammonium (NH4
+), and

nitrite (NO2
�) can be enriched relative to the surrounding sea-

water (Shanks and Trent 1979), fueling diverse microbial
metabolisms (Karl et al. 1988). Moreover, sinking particles
support high microbial cell densities and elevated enzymatic
activities (Smith et al. 1992; Simon et al. 2002), and these par-
ticle microenvironments often harbor distinct communities of
microorganisms (DeLong et al. 1993; Fontanez et al. 2015).
Extracellular enzymatic activities can attenuate sinking flux
through reduction in particle size and via transformation of
particulate organic matter to the dissolved phase (Smith
et al. 1992; Datta et al. 2016). Hence, particle-associated
microbial metabolic interactions can be closely coupled in
space and time. To date, however, the extent to which particle
decomposition supports different forms of microbial metabo-
lism (e.g., chemoheterotrophy and chemoautotrophy) remains
largely unknown.

Since 1988 the Hawaii Ocean Time-series (HOT) program
has measured particulate matter flux at the open ocean field
site Sta. ALOHA (22.75�N, 158�W), providing time-resolved
information on particle export in this oligotrophic habitat.
Despite persistently low upper ocean nutrient concentrations
and dominance of small (<20 μm equivalent spherical diame-
ter) suspended and sinking particles (Barone et al. 2015; White
et al. 2015), particulate C flux out of the upper ocean (150 m)
varies more than five-fold (Karl and Church 2017). Small parti-
cles (typically <50 μm) are increasingly recognized as substan-
tial contributors to C export in the open ocean (Trull
et al. 2008; Durkin et al. 2015; Richardson 2019), and such
particles can support a large fraction of mesopelagic animal
production (Romero-Romero et al. 2020). Moreover, particle
size emerges as a key determinant of the attenuation of parti-
cle flux through the mesopelagic waters in ocean biogeochem-
ical models (DeVries et al. 2014; Weber et al. 2016; Omand
et al. 2020).

Using a series of particle-amendment experiments, we
quantified rates of microbial production associated with
freshly collected sinking particles in the subtropical North
Pacific Ocean. We size-fractionated (>0.2 μm, >2.0 μm, and
>20 μm) rates of bacterial production (based on 3H-leucine
incorporation) and dark C-fixation (based on assimilation of
14C-bicarbonate) from experiments where sinking particles,
collected from the base of the euphotic zone, were added to
whole seawater. We also assessed the phylogenetic diversity of
both Bacteria and Archaea through sequencing of 16S ribo-
somal RNA (rRNA) gene amplicons in particle-amended treat-
ments and unamended controls. Based on results from these
experiments, we analyzed HOT program sinking particulate C
fluxes at Sta. ALOHA for a period (1989–1995) when particle
fluxes were measured at three discrete depths in the lower
euphotic zone and into the upper mesopelagic waters
(150, 300, and 500 m), to examine temporal variability in par-
ticulate C flux attenuation. Results from our analyses of these

time series sediment trap data indicated flux attenuation was
positively related to increases in sinking particulate C flux.

Methods
Sinking particle amendment experiments

We conducted experiments in March and April 2017 dur-
ing three research cruises to Sta. ALOHA (Table 1). Sinking
particulate matter was collected using a large diameter (1 m),
surface-tethered, 50 μm nylon mesh net trap equipped with a
15 cm diameter � 45 cm long cod-end (Peterson et al. 2005).
The net trap was hung at 175 m to collect sinking particles for
24 h. The open end of the net was closed prior to recovery
using an acoustic release secured to array float lines (Peterson
et al. 2005). On recovery of the net trap, particles that were
concentrated in the net’s cod-end were subsampled using a
Folsom plankton splitter, and these sample splits were subse-
quently screened through a 335-μm mesh to remove large zoo-
plankton. The screened splits were then further divided into
ten 100 mL aliquots using a McLane Wet Sample Divider
(McLane Research Laboratories). Triplicate splits were pooled,
and 300 mL of the pooled splits were added to triplicate
10-liter carboys containing seawater collected from the same
depth as the net trap deployment (175 m). Unamended seawa-
ter controls (no particle amendments) consisted of triplicate
10-liter carboys filled with seawater collected from 175 m from
the same cast as the seawater used for the particle-amended
treatments. Carboys were subsampled at the beginning of
each experiment for subsequent measurements of bacterial
production, dark C-fixation, and rRNA gene diversity.

Bacterial production and dark C-fixation
Rates of bacterial production from the particle-amended

experiments were estimated based on the incorporation of
3H-leucine into protein (Kirchman et al. 1985) into filter size
fractionated plankton samples. From each carboy (triplicate
particle-amended and triplicate controls), six individual 40 mL
polycarbonate centrifuge tubes were filled and amended with
20 nmol L�1 3H-leucine (PerkinElmer; specific activity of the
stock 3H-leucine was 455 GBq mmol�1). Three of these 40 mL
incubation tubes from each carboy served as time zero blanks
and were immediately parallel filtered onto 25 mm diameter
polycarbonate filters of varying pore sizes (0.2 μm, 2 μm, and
20 μm, respectively) and subsequently processed as described
below. The remaining triplicate samples from each carboy
were incubated in the dark at in situ temperatures for 4 h.
Incubations were terminated by parallel filtration (one 40 mL
tube per filter per carboy) onto the same filter pore sizes used
for the time zero blanks. Filters were rinsed three times with
5 mL of cold 5% trichloroacetic acid, followed by three rinses
(5 mL each) with cold 80% ethanol. Filters were removed from
the vacuum filtration manifold and stored frozen in glass scin-
tillation vials. In the shore-based laboratory, 10 mL of
PerkinElmer UltimaGold™ scintillation cocktail was added to
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each scintillation vial containing the filters and radioactivity
on each filter was measured by liquid scintillation counting
(PerkinElmer Tri-Carb 2800TR). Rates of bacterial production
(nmol C L�1 d�1) were estimated from the measured
3H-leucine incorporation (after subtracting the time zero
blanks) based on a C conversion factor of 0.44 kg C mol�1 leu-
cine incorporated (Giering et al. 2014).

Dark C-fixation was estimated based on 14C-bicarbonate
assimilation into filter size fractionated plankton biomass.
Each of the particle-amended and control carboys were
subsampled into six 40 mL polycarbonate centrifuge tubes
which were amended with �0.05 MBq mL�1 (final activity)
14C-bicarbonate (PerkinElmer). Three tubes from each carboy
were parallel filtered immediately onto the same filter sizes
used for the 3H-leucine incorporation measurements; these
samples served as time zero blanks. The remaining triplicate
tubes were incubated for 24 h at in situ temperatures in the
dark. At the end of the incubation period, a 25 μL subsample
of the 14C-amended seawater was removed from each tube
and added to a 20 mL scintillation vial containing 500 μL
ß-phenylethylamine; these samples enabled quantification of
the total amount of radioactivity added to each sample. The
remaining sample volume was immediately parallel filtered
onto the same filter types previously described (one tube per
filter per carboy). The filters were removed from the filtration
manifold and stored frozen in 20 mL glass scintillation vials
until processing. In the laboratory, filters were acidified to
remove inorganic C with 1 mL of 2 mol L�1 hydrochloric acid
and allowed to vent, uncapped, for 24 h in a fume hood. After
acidification, 10 mL of PerkinElmer UltimaGold™ scintillation
cocktail was added to scintillation vials containing the filters,
and the resulting radioactivity was quantified by liquid scintil-
lation counting. Rates of dark C-fixation were calculated, fol-
lowing subtraction of the time zero blanks, using HOT

program measurements of dissolved inorganic C concentra-
tions at 175 m in March and April of 2017 (2060 μmol C L�1).

Total organic C and particulate C
Carboys were also subsampled for subsequent measure-

ments of total organic C and particulate C concentrations. For
total organic C analyses, seawater from each carboy was
subsampled into acid-cleaned 125 mL polyethylene bottles
and frozen at �20�C. Total organic C concentrations were
measured by high temperature combustion using a Shimadzu
TOC-V. For particulate C determinations, 2–4 L of seawater
was subsampled from each carboy and filtered onto
precombusted glass fiber filters (Whatman GF/F) using positive
pressure filtration. Filters were analyzed by high temperature
combustion using an Exeter CE-440 Elemental Analyzer
(Grabowski et al. 2019).

To facilitate comparison between experiments where the
addition of sinking particles resulted in differences in final
concentrations of particulate C added to treatments, rates of
bacterial production and dark C-fixation were normalized to
the measured particulate C concentrations for both treatments
and controls (yielding units of d�1). Since measurements for
particulate C were not filter size-fractionated (particulate C
concentrations were measured from filters with a nominal
pore size of 0.7 μm), only the cumulative rates (based on the
>0.2 μm filter fraction) of bacterial production and C-fixation
were normalized to particulate C.

DNA sample collection, rRNA gene amplification, and
sequence analyses

Seawater (3 L) was subsampled from each carboy for filter
size-fractionated collections of plankton biomass for subse-
quent extraction of DNA. From these subsamples, 1 L of sea-
water was parallel filtered onto 25 mm diameter 0.2 μm, 2 μm,

Table 1. Summary of cruises, particulate C flux, and mean (�1 SD) based on triplicate measurements of particulate C and total
organic C concentrations from unamended controls and particle-amended treatments.

Cruise Dates

150 m mean
particulate C flux � SD

(mmol C m�2 d�1) Treatment
Mean particulate

C � SD (μmol C L�1)
Mean total organic
C � SD (μmol C L�1)

KOK 1703 08 Mar 2017 N/A

Control 1.2 � 0.3 63.4 � 0.4

Particle-amended 10.5 � 6.1 66.4 � 0.7

KOK 1703 10 Mar 2017 N/A

Control 1.1 � 0.1 63.9 � 0.8

Particle-amended 5.9 � 3.6 68.3 � 0.8

HOT 291 (KOK 1705) 29 Mar 2017 1.8 � 0.21

Control 3.3 � 2.1 57.2 � 0.7

Particle-amended 8.3 � 0.4 62.9 � 0.8

HOT 292 (KOK 1707) 26 Apr 2017 2.4 � 0.19

Control 1.0 � 0.01 57.0 � 0.7

Particle-amended 8.7 � 0.8 61.7 � 0.5
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and 20 μm pore-size polycarbonate filters, respectively, using a
peristaltic pump. Filters were placed into 2 mL microce-
ntrifuge tubes containing 400 μL of lysis buffer AP1 (Qiagen
DNeasy Plant Mini Kit) and 0.2 g of 100 μm diameter zirco-
nium beads, immediately flash-frozen in liquid nitrogen, and
stored at �80�C until processed. In the laboratory, DNA was
extracted following a modified version of the Qiagen DNeasy
Plant Mini Kit. Briefly, plankton cells concentrated onto filters
were subjected to a freeze/thaw cycle in lysis buffer AP1, then
physically disrupted via bead beating for 2 min, followed by
addition of proteinase K. Samples were incubated at 55�C for
1 h, vortexing the microcentrifuge tubes every 15 min. Follow-
ing this incubation, DNA was extracted and purified following
the manufacturer’s instructions. An extraction blank
(an unused filter) was processed alongside samples. DNA
extracts were stored at �80�C for subsequent analyses.

DNA extracts were polymerase chain reaction (PCR)-ampli-
fied using multiplexed index primers (forward primer: 515F-Y
and reverse primer: 926R) targeting the V4-V5 hypervariable
regions of the 16S rRNA gene (Parada et al. 2016). Samples, filter
blanks, and a PCR blank (no template control) were amplified
in triplicate. Each reaction included: 9 μL PCR-grade water,
12 μL PCR master mix, 1 μL forward primer (10 μmol L�1 stock
concentration), 1 μL reverse primer (10 μmol L�1 stock concen-
tration), and 2 μL DNA for a total reaction volume of
25 μL. Thermal cycling conditions were as follows: 3 min initial
denaturation at 94�C, followed by 35 cycles of denaturation at
94�C for 45 s, annealing at 55�C for 60 s, and elongation at
72�C for 90 s; followed by a final 10 min extension at 72�C.
PCR products from triplicate reactions were combined, cleaned,
quantified, and pooled at equimolar proportions. The pooled
library was sequenced on a MiSeq System (Illumina) using
paired-end 300 v3 chemistry. DNA sequences have been
archived with the Sequence Read Archive (https://www.ncbi.
nlm.nih.gov/sra) under Project Number PRJNA478094.

Amplicon sequence variants were generated in DADA2 v1.14
(Callahan et al. 2016) and classified using the SILVA v138 data-
base (Quast et al. 2013); informatic workflow parameters are
available at https://github.com/ekwear/ALOHAparticles16S.
Sequences identified as plastids, mitochondria, and eukaryotes,
as well as those not classified at the domain level, were removed.
Samples were subsampled to 8950 sequences using the “rrarefy”
function in the R package vegan (Oksanen et al. 2016).
Sequences were aligned using the R package DECIPHER
(Wright 2016); aligned sequences were used to generate a phylo-
genetic tree using the R package phangorn (Schliep 2010). A
weighted UniFrac distance matrix (Lozupone and Knight 2005)
was calculated using the R package phyloseq (McMurdie and
Holmes 2013). We retained replicate samples for multivariate
analyses of amplicons, except where specified; for statistical ana-
lyses such as t-tests, we used mean values within size-treatment-
cruise categories to avoid pseudo-replication.

Because rate measurement determinations and samples for
subsequent 16S rRNA gene amplicon analyses were parallel

filtered onto separate filters of differing pore size, we consider
the >0.2 μm filter fraction to represent the cumulative rates
and microbial community, inclusive of plankton caught by
the larger filter size fractions (>2 μm and >20 μm). Similarly,
the >2 μm size class should be inclusive of rates and microor-
ganisms found in the >20 μm size fraction.

Particulate C export and vertical attenuation
Using HOT program measurements of sinking particulate C

flux measured at three discrete depths (150, 300, 500 m) from
near-monthly collections between 1989 and 1995 (Karl
et al. 1996), depth-dependent attenuation in particle flux was
computed. Our analyses were restricted to this initial period of
HOT observations because after 1995 the quantification
of sinking particulate C flux has been limited to a single dis-
crete depth (150 m). Unfortunately, there were no coincident
measurements of bacterial production conducted during this
period. We estimated the individual (kj) and mean (k) sinking
flux attenuation coefficients (km�1) by fitting exponential
decay functions in Bayesian multilevel fashion to the particu-
late C fluxes.

Fj,z ¼ Fj,150e�kj z�150ð Þ ð1Þ

where Fj,z is the particulate C flux at depth z for sampling date
j, Fj,150 is the particulate C flux measured at 150m on sam-
pling date j, kj is the flux attenuation (km�1) derived for a sam-

pling date j, and z is the depth (m). For derivation of kj, we first

normalized the particulate C flux measurements at 300 and 500m

to the flux at 150m (Fj,z as Fj,z ¼ Fj,z

Fj,150
), yielding the simplified flux

attenuation model:

F’j,z ¼ e�kj z�150ð Þ ð2Þ

To evaluate how Fj,150 influences variation in k, we used a
Bayesian framework to estimate kj and regressed kj vs. Fj,150.
We assumed normally distributed errors on particle fluxes
such that

F’j,z �N e�kj ,σF
� � ð3Þ

where prior probability on kj estimated as

kj �N αþ γFj,150,σk
� � ð4Þ

implying the mean of all kj is a linear function of Fj,150 with an

intercept of α and a slope of γ with residual standard deviation σk.

Priors for α and γ were weakly informative with α�N 0,5ð Þ and

γ�N 0,2ð Þ. Prior probability for σF (residual standard deviation of

Fj,z) was half normal, σF � N 0,1ð Þj j as was σk, σF � N 0,3ð Þj j. The
benefits of a Bayesian multilevel approach are twofold: it reduces

uncertainty in kj compared to individual fits due to the borrowing

strength in the estimate of a single kj from all of the other
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estimates, and the estimates of α and γ accounts for error within

and among sampling date estimates of kj.

We fit this model to the particle flux data by simulating
posterior probability distributions using Stan (Stan Develop-
ment Team 2018) via the RStan package in R, which uses a
Hamiltonian Monte Carlo method to simulate posterior distri-
butions. For each parameter, we ran four chains with 500 steps
for burn-in and 1000 for sampling. Chain convergence was
checked visually and by using the Gelman-Rubin diagnos-
tic R̂<1.1.

Results
Biomass production in particle-amendment experiments

HOT program estimates of particulate C flux at 150 m dur-
ing March and April of 2017 were 1.8 mmol C m�2 d�1 and
2.4 mmol C m�2 d�1, respectively (Table 1), similar to the
HOT program long-term mean flux (2.3 � 0.39
mmol C m�2 d�1) for this depth (Karl et al. 2021). Concentra-
tions of particulate C in the unamended controls ranged 1.0–
3.3 μmol C L�1, also consistent with HOT program measure-
ments of these C pools at 175 m. The addition of particles to
the experimental treatments increased concentrations of par-
ticulate C by 5–9 μmol C L�1 relative to controls (Table 1).
Concentrations of dissolved organic C (calculated as total
organic C � particulate C) in the particle-amended treatments
and the controls were not clearly different (one-way ANOVA,
p = 0.13), with concentrations ranging 53–63 μmol C L�1.

Bacterial production in the unamended controls was always
lower than in the particle-enriched treatments. In the
unamended seawater controls, bacterial production averaged
(� standard deviation [SD]) 0.47 � 0.63 nmol C L�1 d�1,
0.09 � 0.04 nmol C L�1 d�1, and 0.05 � 0.03 nmol C L�1 d�1

for the > 0.2 μm, > 2 μm, and > 20 μm size fractions, respec-
tively (Fig. 1). In comparison, for these same filter fractions,
bacterial production in the particle-amended experiments
averaged 2.9 � 0.63, 0.84 � 0.17, and 0.36 � 0.14
nmol C L�1 d�1 (Fig. 1). Treatment-specific changes in bacte-
rial production (i.e., treatment/control) were similar across fil-
ter size fractions, with particle-amended treatments 4.4- to
17-fold greater than the controls. Subtraction of the controls
from the particle-amended treatments revealed that > 2 μm
and > 20 μm fractions accounted for between 24–37% and 11–
15%, respectively, of the cumulative (> 0.2 μm) sinking
particle-associated bacterial production (PABP; Table 2).

For all filter size fractions, and irrespective of controls or
treatments, rates of dark C-fixation were consistently greater
than coincident measurements of bacterial production. Rates
of dark C-fixation in the controls averaged 21 � 12
nmol C L�1 d�1, 16 � 5.8 nmol C L�1 d�1, and 14 � 4.9
nmol C L�1 d�1 for the >0.2 μm, >2 μm, and >20 μm filter frac-
tions, respectively (Fig. 1), while C-fixation in the particle-
amended treatments averaged 98 � 30 nmol C L�1 d�1,
51 � 19 nmol C L�1 d�1, and 23 � 9.2 nmol C L�1 d�1 for

these same filter fractions (Fig. 1). C-fixation in the >0.2 μm
and >2 μm size fractions was 4.6- and 3.2-fold greater
(on average) in the particle-amended treatments than in the
controls (one-way ANOVA, values of p ranged 0.001–0.04). In
contrast, with one exception (HOT 291; one-way ANOVA,
p = 0.0001), there were no clear differences in dark C-fixation
in the >20 μm filter fraction between the particle-amended
treatments and controls (one-way ANOVA, values of p ranged
from 0.07 to 0.32). On average, relative stimulation (treat-
ment/control) in dark C-fixation was greater in both the
>0.2 μm and >2 μm than in the >20 μm filter fractions

Fig 1. Mean rates of bacterial production and C-fixation in particle-
amended treatments and unamended controls. Panels (A), (C), and (E)
are rates of bacterial production from >0.2 μm, >2 μm, and >20 μm filter
size fractions, respectively. Panels (B), (D), and (F) are rates of C-fixation
from >0.2 μm, >2 μm, and >20 μm filter size fractions, respectively. Error
bars are � 1 SD of the mean rates derived from triplicate carboys. Note
differences in Y-axis scaling.
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(one-way ANOVA, p = 0.02). Subtracting dark C-fixation
measured in the controls from the particle-amended treat-
ments (i.e., particle-associated C-fixation, PAC-fix) demon-
strated that larger filter fractions (>2 μm and >20 μm,
respectively) accounted for 23–61% and 2.2–38% of the cumu-
lative (>0.2 μm) PAC-fix (Table 2).

Particulate C normalization of rates of bacterial produc-
tion and dark C-fixation provided information on C-specific
production rate constants (units of d�1) in both treatments
and controls. The resulting bacterial production rate con-
stants were similar among the controls and particle-amended
treatments (one-way ANOVA, values of p ranged 0.07–0.42),
with rate constants averaging 4.4 � 10�4 d�1 (Fig. 2), and
varying little (less than twofold) between experiments. Simi-
larly, PC-normalized rates of dark C-fixation also did not dif-
fer much among the controls and the particle-amended
treatments, ranging 2.8 � 10�3 to 8.2 � 10�2 d�1 across all
experiments (Fig. 2; one-way ANOVA, values of p ranged
0.07–0.36).

Analyses of rRNA gene amplicon sequences
Estimates of richness, Pielou’s evenness (J’), and Shannon

diversity (H0) based on amplicon sequence variants revealed
that diversity in the controls varied less than the particle-
amended treatments, particularly in the two smallest filter size
fractions (Fig. 3). The total number of amplicon sequence vari-
ants identified for all samples was 8942, with each sample
containing between 229 and 2331 amplicon sequence variants
(Fig. 3A). Richness was 30–70% greater in the controls than
the particle-amended treatments for the >0.2 μm and >2 μm
size fractions, respectively (one-way t-test, p = 4.8 � 10�3 and
1.2 � 10�5, respectively), while evenness (Pielou’s J’)
and Shannon diversity (H0) were greater in controls than
particle-amended treatments for all three filter size classes
(one-way ANOVA, p values ranging from 1.1 � 10�5 to
1.9 � 10�3).

Microorganisms in the particle-amended treatments dif-
fered from those in the controls, whether examined across the
data set as a whole (analysis of similarity, R = 0.61, p = 0.001)
or within filter size classes (>20 μm: R = 0.742; >2 μm: R =

0.768; >0.2 μm: R = 0.588; p = 0.001; Fig. 4A). Particle-
amended treatments were strongly enriched in
Gammaproteobacteria, notably Vibrio and Pseudoalteromonas,
with a single Vibrio amplicon sequence variant constituting as
much as 47% of an individual sample (Fig. 4B). In both con-
trols and particle-amended treatments, microorganisms in
both the >2 μm and >20 μm filter size fractions were phyloge-
netically distinct from the >0.2 μm filter fraction (Fig. 4). The
>0.2 μm samples in both controls and particle-amended treat-
ments exhibited elevated relative abundances of microorgan-
isms commonly observed in this region of the water column
at Sta. ALOHA, including SAR11 Clades 1a and 1b, SAR324,
and the archaeon Candidatus Nitrosopelagicus.T
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Particulate C flux attenuation
Based on � 6.5 yr (1989–1995) of HOT program sediment

trap measurements at 150, 300, and 500 m, particle flux was
both time-variable and underwent rapid attenuation through
the upper mesopelagic zone. Particulate C flux measured at
150 m varied between 0.89 and 4.7 mmol C m�2 d�1 (Fig. 5),
consistent with the long-term (1989–2018) range in particu-
late C flux measured at this depth (ranging 0.89–
5.1 mmol C m�2 d�1; Karl et al. 2021). On average, particulate
C fluxes at 300 m and 500 m were 45% and 61%, respectively,
lower than the flux at 150 m (Fig. 5). There was considerable
temporal variability associated with flux attenuation, with
values of kj ranging between 0.2 and 5.2 km�1, averaging
3.1 km�1. The resulting mineralization length scale (defined as
1/kj) averaged 0.32 km (ranging 0.2–5.2 km). Particulate C flux
at 150 m was positively related to kj [slope = 6.6 � 10�4

m d (mmol C)�1; 95% credible interval: 2.3 � 10�4,
11.3 � 10�4 m d (mmol C)�1; Fig. 5C], suggesting mesopelagic
particulate C flux decay depended, in part, on variation in the
sinking flux of particulate C with time.

Discussion
The downward transport of particles is a central conduit for

the transfer of energy and material into the deep sea (Martin
et al. 1987; Boyd et al. 2019; Buesseler et al. 2020), and this
export of chemically reduced material into the ocean’s interior
waters fuels diverse microbial metabolisms (Karl et al. 1984).
The metabolism of organisms in the dimly lit lower euphotic
zone and upper mesopelagic waters consume a large fraction
of sinking particulate matter flux, coincident with mineraliza-
tion of bioelements and reduction in the sinking flux energy
content (Martin et al. 1987; Karl et al. 1988; Grabowski
et al. 2019). Here, we conducted a series of experiments aimed
at quantifying rates of bacterial production and dark C-
fixation associated with sinking particles collected from the
lower euphotic zone (175 m) waters of the subtropical North
Pacific. In addition, we examined the phylogenetic identity of
microorganisms associated with these sinking particles.
Finally, we examined possible dependence in the rate of par-
ticulate C flux decay on particulate C flux supplied to the
mesopelagic waters at Sta. ALOHA. Three general findings
emerged from this work:

1. The addition of sinking particles increased both bacterial
production and dark C-fixation relative to unamended sea-
water controls. Although relative changes (treatment/con-
trol) in microorganism production did not appear
dependent on particle size, rates of bacterial production
and dark C-fixation were greatest in the two smallest filter
size fractions. When normalized to concentrations of
particulate C, the resulting production rate constants were
low and similar among the controls and particle-amended
treatments. These results suggest that when scaled to con-
centrations of particulate C, rates of production by

microorganisms associated with sinking particles are similar
to production by “free-living” microorganisms together
with those attached to suspended and slowly sinking parti-
cles in the surrounding waters.

2. Particle-amended treatments, particularly the larger filter
size fractions (> 2 μm and > 20 μm), were relatively
enriched in putative chemoheterotrophic copiotrophs,
including members of the Gammaproteobacteria (e.g., Vibrio
and Pseudoalteromonas).

3. Leveraging historical HOT program measurements of par-
ticulate C flux in the lower euphotic zone and upper meso-
pelagic waters allowed us to examine temporal variability
in particulate C flux attenuation with depth, revealing that
the attenuation coefficients of particulate C flux decay (k)
were positively related to particulate C supply to these
waters. These results imply that increases in particulate C
flux accelerate the vertical decay of this flux. When consid-
ered together with results from our experiments, these
results point to processes other than microorganism pro-
duction in shaping particle flux attenuation through the
mesopelagic waters.

Microorganism production and community composition
In nearly all experiments conducted as part of this study,

bacterial production and, to a lesser extent, dark C-fixation,
were greater in the particle-amended treatments relative to
unamended seawater controls. Rates of both processes were
greatest in the smallest filter size fraction (> 0.2 μm) in both
particle-amended treatments and controls. These results are

Fig 2. Particulate C-normalized rates (d�1) of bacterial production (A)
and C-fixation (B) for experiments conducted as part of this study. Mean
normalized rate measurements from triplicate >0.2 μm filter size fractions
are depicted. Error bars are � 1 SD of the mean normalized rates from
triplicate carboys.
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consistent with the parallel filtration procedures used for this
study, where the > 0.2 μm filter fraction reflects cumulative
rates of production, inclusive of the larger filter fractions.
However, we also found that small particles account for a large
fraction of particle-associated microorganism production;
particle-associated rates of bacterial production and C-fixation
in the > 2 μm filter fraction accounted for 31% and 40% of
the cumulative production (> 0.2 μm), while rates in the
> 20 μm filter fraction averaged only 13% and 15% of the
cumulative bacterial production and C-fixation. Hence,
although sinking particles of varying sizes (for this study
> 0.2 μm to < 335 μm) appear to actively support microorgan-
ism production, small (< 20 μm), presumably slowly settling
particles disproportionately supported microorganism
production.

Small particles are increasingly recognized as important
contributors to vertical export (Richardson and Jackson 2007;
Alonso-Gonz�alez et al. 2010; Durkin et al. 2015). Although
models generally predict small particles sink more slowly than
large particles, several factors, including variation in particle
density and morphology, can result in elevated sinking speeds
by small particles (Stemmann et al. 2004; McDonnell and
Buesseler 2010). Phytoplankton biomass at Sta. ALOHA is

dominated by small (< 1 μm diameter) picoplankton, specifi-
cally Prochlorococcus (Campbell et al. 1994; Rii et al. 2016), and
small particles (< 10 μm in diameter) are abundant compo-
nents of the suspended particle inventory (Barone et al. 2015)
and comprise a substantial fraction of the sinking flux in the
subtropical North Pacific Ocean (Close et al. 2013; Cael and
White 2020). In addition to the size structure of the plankton
community, numerous physical and biological processes can
also reduce sinking particle size, including turbulent shear,
zooplankton grazing, and microorganism enzymatic hydroly-
sis (Lam and Marchal 2015; Briggs et al. 2020). In the North
Atlantic, these processes are hypothesized to be equal, or
greater than, respiratory demand in controlling particle flux
attenuation (Collins et al. 2015).

We used a net trap to collect sinking particles, followed by
subsequent screening of particles through a 335-μm mesh to
remove large zooplankton. We did not evaluate possible
changes in particle size structure resulting from these methods
to collect and concentrate particles; however, these sampling
approaches could have physically fragmented or aggregated
particles relative to natural particle size distribution. Nonethe-
less, we suggest that small, presumably slowly sinking particles
support a large fraction of particle-associated microorganism

Fig 3. Box and whisker plots depicting richness (A–C), evenness (D–F), and Shannon diversity (G–I) of amplicon sequence variants in size fractionated
particle-amended treatments and controls from all experiments. Indices of microorganism diversity from the >0.2 μm filter size fraction (A, D, G), the
>2 μm size fraction (B, E, H), and the >20 μm size fraction (C, F, I). Edges of boxes depict upper and lower bounds 75% and 25% percentiles, whiskers
depict 5% and 95% percentiles, and median values are shown by solid lines.
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production in the lower euphotic zone of the central North
Pacific Ocean. Such findings are consistent with a study in the
North Atlantic (conducted between 5�N and 35�N), where
suspended particles were suggested to constitute an important
source of C supporting mesopelagic bacterial metabolism
(Baltar et al. 2009). However, at higher latitudes in the North
Atlantic (49�N), microorganism growth rates associated with
rapidly sinking particles were found to exceed growth rates of
microorganisms associated with slowly or nonsettling particles
(Baumas et al. 2021). We were unable to determine the extent
to which small and large particles were colonized by microor-
ganisms in our experiments because we did not measure abun-
dances of microorganisms attached to sinking particles;
however, when we normalized our rate measurements to mea-
sured particulate C concentrations (which would include the
biomass contributions of particle-associated microorganisms),
production rate constants in the particle-enriched treatments
were similar to those in the unamended controls. Hence, our

results suggest comparable production rate constants (d�1)
among sinking particle-associated and free-living microorgan-
isms, which in this study would likely include those associated
with suspended or slowly sinking particles.

Microorganism assemblages differed in the particle-
amended treatments relative to the controls, particularly
among the larger filter size fractions. Such analyses provided
insight into the organisms catalyzing measured rates of bacte-
rial production and dark C-fixation in our experiments. The
particle-amended treatments, particularly the larger filter size
fractions, tended to be enriched in bacteria known for rapid
growth, including putative copiotrophic heterotrophs belong-
ing to the Vibrionales, Alteromonadales, and members of the
Flavobacteriales. Such microorganisms occur in environments
where concentrations of inorganic nutrients and organic C are
enriched, including those associated with marine particles
(Pedler et al. 2014). Moreover, such taxa can contain genomic
features thought to facilitate growth on particles, including

Fig 4. Patterns in microbial community composition. (A) Nonmetric multidimensional scaling ordination of all replicate samples, based on weighted
UniFrac distance. (B) Heatmap of the relative abundance of the 25 overall most abundant amplicon sequence variants, averaged across triplicate samples.
Reported taxonomy is phylum, order (class for Proteobacteria), genus, and species where determined. Within experiment and treatment groupings, filter
sizes classes are in order: > 20 μm, > 2 μm, and > 0.2 μm from left to right.
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genes specific to motility, surface adhesion, and enzymes spe-
cific to degradation of polysaccharides like chitin (L�opez-Pérez
et al. 2012; Datta et al. 2016; Biži�c-Ionescu et al. 2018).

Previous studies examining particle-attached microorgan-
isms, including those at Sta. ALOHA, have found elevated rela-
tive abundances of many of the same copiotrophic genera we
describe in our particle-amended treatments (Fontanez
et al. 2015; Farnelid et al. 2019; Baumas et al. 2021). Intrigu-
ingly, although sinking particles were selectively enriched in
these putative copiotrophs, in our study, the particulate C
normalized rates of production from our particle-amended
treatments were similar to controls. We expected to observe
elevated rates of production in the larger filter size fractions
that were often enriched in putative copiotrophs; however,
the parallel filtration approach used for this study may have
obscured biomass production by such microorganisms. Nor-
malizing to particulate C concentrations assumes that the con-
centration of particles, rather than concentrations of dissolved
substrates (e.g., dissolved organic C), regulates variability in

microorganism production in both the treatments and con-
trols; however, in these experiments, we did not observe large
changes in dissolved organic C concentrations following the
addition of sinking particles.

The finding that most bacterial production was associated
with the smallest filter size fraction suggests “free-living” bac-
teria, inclusive of those associated with suspended and slowly
settling particles, were important contributors to productivity
in this ecosystem. Hence, our experimental results highlight
the importance of processes that catalyze the transfer of
organic matter from larger sinking particles to dissolved phase
or more slowly settling and suspended particles. Microorgan-
ism colonization and initial particle solubilization and disag-
gregation may have occurred during the period when the net
trap sampler was deployed (24 h), thereby reducing the avail-
ability of labile substrates supporting production by the cop-
iotrophic bacteria. We do not know the time history of
particles collected and used in our incubations, and microor-
ganisms associated with particles appear to undergo succes-
sional patterns, often linked to coupled metabolic interactions
(Datta et al. 2016; Biži�c-Ionescu et al. 2018). Hence, the parti-
cles used in these experiments could have been produced sev-
eral days to weeks prior to our sampling; as such, these
particles may have previously been colonized by rapidly grow-
ing copiotrophic microorganisms in the upper euphotic zone,
but by the time (i.e., depth) we sampled these particles pro-
duction by these microorganisms had slowed due to removal
of labile components of the particle flux.

Our motivation for quantifying both bacterial production
and dark C-fixation stemmed from interests in assessing the
extent to which rapidly sinking particles contributed to differ-
ent forms of microorganism production in the mesopelagic
waters. The transition from the well lit upper ocean to the
dimly lit deeper waters coincides with vertical shifts in micro-
bial metabolism and community structure, including
increased prevalence of chemoautotrophic metabolisms
(DeLong et al. 2006; Swan et al. 2011). Chemoautotrophic
microorganisms in the dimly lit regions of the ocean appear to
derive energy from oxidation of diverse reduced inorganic sub-
strates (e.g., NH4

+, NO2
�, SO3

2�), presumably released as by-
products of chemoheterotrophic catabolism (Swan et al. 2011;
Pachiadaki et al. 2017). Given the short time scales (< 24 h) of
our experiments, accumulation of catabolic by-products
derived from organic matter decomposition would likely be
low, although such degradation by-products could have been
present at the onset of our experiments. Nonetheless, we
observed low relative abundances of putative obligate or facul-
tative chemoautotrophic microorganisms (e.g., Candidatus
Nitrosopelagicus, members of the SAR324 clade) in the particle-
amended treatments relative to the controls. Dark 14CO2 fixa-
tion includes both autotrophic and heterotrophic assimilatory
synthesis and anaplerotic uptake pathways, and diverse and
abundant lineages of putative chemoheterotrophs appear to
fix CO2 (Herndl et al. 2005; Pachiadaki et al. 2017), including

Fig 5. (A) HOT program (December 1998–May 1995) measurements of
sinking particulate C flux at three discrete depths (150 m, 300 m, 500 m).
(B) Particulate C (PC) flux normalized to fluxes measured at 150 m, with
each line representing an exponential decay model fit from Eq. 2. (C) Flux
attenuation rates (kj , km

�1) increased with increasing particulate C flux at
150m for the time-series measurements. Points are estimates of kj . Gray
lines are the 95% credible intervals for each estimate of kj. Line depicts lin-
ear model, kj = 0.64 (PC flux150m)+1.67. Blue lines represent the uncer-
tainty in the fit of this linear model to the estimates of kj ; 1000 lines were
derived from the joint probability distribution of the slope and intercept.
Credible interval for the slope parameter, γ was �1.1 to 0.2 and the inter-
cept a was �2.7 to 0.6, indicating high confidence for a positive relation
between PC flux at 150m and the attenuation rate coefficients kj .
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some of the microorganisms enriched in the particle-amended
treatments in the current study (e.g., Gammaproteobacteria,
Flavobacteriales).

In our experiments, rates of dark C-fixation were consis-
tently greater (by 20- to 95-fold) than coincident measure-
ments of bacterial production in both the unamended
controls and particle-amended experiments. Rates of dark C-
fixation can rival or exceed bacterial production (Alonso-S�aez
et al. 2010; Baltar et al. 2016). The derived rates of bacterial
production estimated from the unamended controls are simi-
lar to previous measurements of bacterial production at
Sta. ALOHA (Viviani and Church 2017). Rates of dark C-
fixation in the controls (ranging 11–58 nmol C L�1 d�1) were
somewhat greater than historical (1989–2000) HOT program
dark C-fixation determinations (ranging 3–39 nmol C L�1 d�1)
measured at 175 m (Laws et al. 2014). However, there are sev-
eral method differences between the dark C-fixation measure-
ments in our experiments and those conducted by the HOT
program. Specifically, for our experiments, we incubated sam-
ples for 24 h in temperature-controlled shipboard incubators,
while the HOT program dark C-fixation measurements utilized
dawn to dusk (� 12 h) incubations conducted in situ on a
free-drifting array (Karl et al. 1996).

The large differences between bacterial production and dark
C-fixation might reflect methodological uncertainties, in par-
ticular, those associated with determinations of bacterial pro-
duction based on measurements of 3H-leucine incorporation
(e.g., isotope dilution or appropriate C conversion factors). We
assumed 0.44 kg C mol�1 leucine incorporated, a value used
in other studies of open ocean mesopelagic zone bacterial pro-
duction (Giering et al. 2014). Empirically determined C con-
version factors for mesopelagic waters are highly variable, but
the factor we selected is consistent with factors obtained from
the mesopelagic waters of the North Atlantic (Gasol
et al. 2009; Baltar et al. 2010). Differences in the duration of
incubations used to derive rates of bacterial production and
dark C-fixation in our study also complicate direct comparison
between these rates. Bacterial production incubations lasted
4 h, while dark C-fixation incubations were 24 h in duration.
Longer incubation times might allow for greater trop-
hodynamic transfer of fixed C into the food web; however,
respiratory demands associated with such dynamics would be
expected to reduce the measured C-fixation. Another factor
complicating comparison of the rates is the potential contri-
bution of phytoplankton to C-fixation. Our experiments were
conducted near the base of the euphotic zone (175 m), so phy-
toplankton likely contributed to dark C-fixation (Morris
et al. 1971); not knowing relative contribution of this process
makes attribution of specific processes to the determinations
of dark C-fixation difficult.

Our finding that production rate constants in particle-
amended treatments were similar to those derived from the
unamended controls suggests C-specific microorganism pro-
duction rates associated with sinking particles were similar

those of “free-living” microorganisms (inclusive of those asso-
ciated with suspended and slowly sinking particles). Such find-
ings point to processes that fragment sinking particles
(e.g., turbulent shear, zooplankton grazing) and facilitate the
solubilization of particulate matter, generating diffusible dis-
solved substrates to fuel the metabolism of microorganisms in
the surrounding waters (Smith et al. 1992; Azam and Mal-
fatti 2007). Results from the current study suggest that small
particles actively support microorganism production, consis-
tent with the view that small particles fuel the metabolism of
microorganisms in the dimly lit lower euphotic zone.

We also found that the particulate C-specific rates of bacte-
rial production, inclusive of both controls and particle-
amended treatments, were relatively invariant between experi-
ments, averaging 4.4 � 10�4 d�1, equivalent to a mean turn-
over time (the time for complete consumption of particles) of
nearly 2300 d. However, this turnover time includes only C
assimilated into microorganism biomass and does not include
respiratory consumption of organic C. With some assump-
tions of bacterial growth efficiency (i.e., bacterial production/
[bacterial production + bacterial respiration]), we can estimate
total bacterial C demand (bacterial production + bacterial res-
piration). Bacterial growth efficiencies in mesopelagic waters
are highly uncertain, with published estimates typically rang-
ing between 0.1% and 13% (Carlson et al. 2004; Reinthaler
et al. 2006; Collins et al. 2015). By applying a bacterial growth
efficiency of 5% to the measured bacterial production in this
study, a value similar to empirically derived bacterial growth
efficiency obtained in the North Atlantic Ocean (Baltar
et al. 2010), we obtain a C-normalized rate of bacterial C
demand of 8 � 10�3 d�1 (on average), equivalent to a mean
turnover time of � 120 d. This estimate assumes particle con-
sumption occurs exclusively via bacterial metabolism and
ignores the contributions of respiratory activities deriving
from other members of the plankton community
(i.e., protistan grazers, metazoans). Previous studies, based on
measurements of microbial respiration associated with sinking
particles or particle-aggregates, have reported C-specific parti-
cle turnover times that range from < 1 d to > 1000 d (Smith
et al. 1992; Ploug and Grossart 2000; Collins et al. 2015). In
the North Atlantic, C-normalized rates of particle-associated
microbial respiration have been estimated between 0.02 d�1

and 0.058 d�1, equivalent to particle turnover times of
approximately 17–50 d (Collins et al. 2015; Belcher
et al. 2016). In the Southern California Bight, Smith
et al. (1992) found particle aggregates were sites of rapid bacte-
rial enzymatic activity; however, similar to our findings, these
authors also noted that particle-associated bacteria demon-
strated low C demand, with aggregate turnover times ranging
between 403 and 1429 d (Smith et al. 1992). The relatively
long turnover times estimated as part of the current study
may reflect uncertainties associated with the leucine to C con-
version factors and our estimates of bacterial growth effi-
ciency, or both.
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The relatively low particle-associated production rate con-
stants derived from our study point to processes other than
microbial metabolism as potentially important controls on
particle flux attenuation. Such processes could include those
that solubilize organic matter (e.g., extracellular enzymes
which can transform particles to dissolved phases) or processes
that result in reduction of particle size and result in trans-
forming particles from actively sinking to suspended (e.g.,
zooplankton metabolism and fragmentation; Steinberg
et al. 2008).

Relationship between particle flux attenuation and supply
The finding that both bacterial production and dark

C-fixation scaled proportionally with the amount of particu-
late C added to the experimental treatments suggests that pro-
duction rate constants of microorganisms associated with
particles do not depend on the amount of particulate C avail-
able. This observation led us to predict that if microorganism
production was a key control on rates of sinking particle
decomposition, attenuation coefficients (kj; km

�1) describing
particle flux decay would also not depend on variations in
particulate C flux. Using analyses of sediment trap-derived
particulate C fluxes at Sta. ALOHA, we found considerable
temporal variability in particulate C flux attenuation, with kj
varying between 0.2 and 5.2 km�1, and a mean attenuation
length scale (1/kj) of 0.33 km. These length scales are similar
to those for the subtropical and high-latitude North Atlantic
based on neutrally buoyant sediment trap measurements
(ranging between 0.14 and 0.26 km; Marsay et al. 2015). The
same study estimated attenuation length scales between 0.18
and 0.22 km for Sta. ALOHA. Importantly, contrary to our
expectation, kj positively covaried with particulate C flux at
150 m, implying flux attenuation increased (i.e., the attenua-
tion length scale decreased) with increases in the supply of
sinking particulate C into these waters. Such results suggest
that the magnitude of sinking particle flux influences the effi-
ciency of flux attenuation in the upper mesopelagic waters. A
synthesis of particulate C export measurements from various
regions across the global ocean (Arabian Sea, Southern Ocean,
Equatorial Pacific, and North Atlantic) observed a similar posi-
tive correlation between export measured at 100 m and the
derived “b” value from the empirical Martin et al. (1987)
power-law formulation (Berelson 2001). Hence, despite our
experimental results indicating that particle-associated micro-
organism production rate constants (d�1) were largely invari-
ant to changes in the amount of particulate C added to each
experiment, sediment trap measurements revealed that parti-
cle attenuation through the mesopelagic zone appears to
depend, in part, on the supply of material to these waters.

It is not clear which mechanisms explain the positive rela-
tionship between particulate C flux and k at Sta. ALOHA. This
relationship could reflect microorganism colonization of larger
particles facilitating particle disaggregation or solubilization,
thereby reducing particle sinking speeds and increasing the

decay rate of sinking particulate C flux. Alternatively, these
results could reflect time-varying changes in the lability of
sinking organic matter supplied under periods of high and
low flux. High flux periods might be expected to coincide with
delivery of more labile material, due to faster sinking particles
or through increased particle concentrations. Such conditions
could be associated with phytoplankton blooms, which can
introduce recently produced, presumably labile particles to the
mesopelagic waters (Lam et al. 2011). Increased flux attenua-
tion during periods of elevated sinking flux could reflect prim-
ing of organic matter mineralization, a process where labile
organic matter stimulates microorganism decomposition of
older, more recalcitrant organic matter (Fontaine et al. 2007;
Guenet et al. 2018). Organic matter priming has been inten-
sively studied in soils, but its importance in the decomposi-
tion of marine organic matter is less well known
(Bianchi 2011).

We suggest our results point to microorganisms playing
central roles in mineralization of small, slowly settling particu-
late material, with microbial growth associated with larger,
sinking particles linked to disaggregation processes. Models
describing the transfer of organic matter into the interior
waters of the ocean highlight the importance of particle size
as a key control on flux attenuation through the mesopelagic
zone (DeVries et al. 2014; Cram et al. 2018; Omand
et al. 2020). The overall low particulate C-specific production
rate constants derived from our measurements hint that what-
ever processes contribute to production of small particles, such
particles appear nutritionally or energetically impoverished.
Together, our observations suggest that during times of
increased particulate C flux, particle attenuation increases,
potentially transforming larger, sinking particles into slowly
sinking or suspended particles, facilitating microorganism
growth and intensifying flux attenuation.

Although the � 6.5 yr of near-monthly observations from
which we derived information on flux attenuation appear rep-
resentative of the dynamic range of particulate C export for
this ecosystem, there is evidence, based on near-continuous
sampling by bottom-moored sediment traps in the bathype-
lagic waters (2000 and 4000 m), that rapidly sinking particles
undergo much less mineralization on their transit through the
mesopelagic waters at Sta. ALOHA (Karl et al. 2012; Grabowski
et al. 2019). These export events appear limited to a relatively
short period during the mid-to-late summer; however, such
events do not appear well represented by the near-monthly
scale upper ocean (150 m) sediment trap collections of the
HOT program (Karl et al. 2012). Such export events likely are
not well represented in the time-series measurements we used
to derive flux decay estimates, and such events would likely
not demonstrate patterns consistent with the observed rela-
tionship between particle decay rates and export flux through
the mesopelagic waters. In a study quantifying vertical
changes in energy content and elemental content of sinking
particles at Sta. ALOHA, Grabowski et al. (2019) concluded
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that sinking particles can generally be divided into two types:
those that sink rapidly and escape mineralization through the
meso- and bathypelagic waters, and those that sink slowly and
undergo intensive transformation and mineralization in the
mesopelagic waters. We suspect our results are specific to this
latter class of sinking particles.

Relative controls on particulate C flux
We found that sinking particles supported active rates of

both bacterial production and C-fixation, and based on
sequencing of 16S rRNA genes, these particles were inhabited
by putative copiotrophic microorganisms that are distinct
from the surrounding seawater. Moreover, in our experiments,
most of the particle-associated microorganism production was
associated with small particles (<20 μm). Notably, when nor-
malized to concentrations of particulate C, rate constants asso-
ciated with microorganism production were invariant,
implying increases in the particle production scaled propor-
tionately with the concentration of particulate C. These find-
ings led us to expect that if microorganisms were the primary
agents responsible for catalyzing the decay of sinking particu-
late C flux, flux decay rate constants (kj) would be indepen-
dent of the particulate C flux supplied to the mesopelagic
waters. In contrast to our expectations, we found that through
the upper mesopelagic waters (150–500 m), kj increased with
the particulate C flux measured at 150 m. Such results could
reflect a priming-like dynamic where increased organic matter
supply leads to increased flux attenuation; alternatively, these
results may suggest that processes other than production of
microorganism biomass regulate variability in depth-
dependent changes in particulate C flux attenuation. Our
findings point to particle-associated microorganism growth
playing a key role in mineralization of small, slowly settling
particles, with rates of production that scale proportionally
with particulate C flux supply. However, during periods of ele-
vated flux, where larger, faster sinking particles presumably
constitute a greater fraction of the sinking flux, particle con-
sumption and disaggregation catalyzed by zooplankton,
together with copiotrophic microorganisms, act to accelerate
the attenuation of sinking flux.

References
Alonso-Gonz�alez, I. J., and others. 2010. Role of slowly settling

particles in the ocean carbon cycle. Geophys. Res. Lett. 37:
L13608. doi:10.1029/2010GL043827

Alonso-S�aez, L., P. E. Galand, E. O. Casamayor, C. Pedr�os-Ali�o,
and S. Bertilsson. 2010. High bicarbonate assimilation in
the dark by Arctic bacteria. ISME J. 4: 1581–1590. doi:10.
1038/ismej.2010.69

Azam, F., and F. Malfatti. 2007. Microbial structuring of
marine ecosystems. Nat. Rev. Microbiol. 5: 782–791. doi:
10.1038/nrmicro1747

Baltar, F., J. Arístegui, J. M. Gasol, E. Sintes, and G. J. Herndl.
2009. Evidence of prokaryotic metabolism on suspended
particulate organic matter in the dark waters of the subtrop-
ical North Atlantic. Limnol. Oceanogr. 54: 182–193. doi:
10.4319/lo.2009.54.1.0182

Baltar, F., J. Arístegui, J. Gasol, and G. Herndl. 2010. Prokaryotic
carbon utilization in the dark ocean: Growth efficiency,
leucine-to-carbon conversion factors, and their relation.
Aquat. Microb. Ecol. 60: 227–232. doi:10.3354/ame01422

Baltar, F., D. Lundin, J. Palovaara, I. Lekunberri, T. Reinthaler,
G. J. Herndl, and J. Pinhassi. 2016. Prokaryotic responses to
ammonium and organic carbon reveal alternative CO2 fixa-
tion pathways and importance of alkaline phosphatase in
the mesopelagic North Atlantic. Front. Microbiol. 7: 1670.
doi:10.3389/fmicb.2016.01670

Barone, B., R. R. Bidigare, M. J. Church, D. M. Karl, R. M.
Letelier, and A. E. White. 2015. Particle distributions and
dynamics in the euphotic zone of the North Pacific Sub-
tropical Gyre. J. Geophys. Res. Oceans 120: 3229–3247.
doi:10.1002/2015JC010774

Baumas, C. M. J., and others. 2021. Mesopelagic microbial car-
bon production correlates with diversity across different
marine particle fractions. ISME J. 15: 1695–1708. doi:10.
1038/s41396-020-00880-z

Belcher, A., M. Iversen, S. Giering, V. Riou, S. A. Henson, L.
Berline, L. Guilloux, and R. Sanders. 2016. Depth-resolved
particle-associated microbial respiration in the Northeast
Atlantic. Biogeosciences 13: 4927–4943. doi:10.5194/bg-13-
4927-2016

Berelson, W. 2001. The flux of particulate organic carbon into the
ocean interior: A comparison of four US-JGOFS regional stud-
ies. Oceanography 14: 59–67. doi:10.5670/oceanog.2001.07

Bianchi, T. S. 2011. The role of terrestrially derived organic
carbon in the coastal ocean: A changing paradigm and the
priming effect. Proc. Natl. Acad. Sci. USA 108: 19473–
19481. doi:10.1073/pnas.1017982108

Biži�c-Ionescu, M., D. Ionescu, and H.-P. Grossart. 2018.
Organic particles: Heterogeneous hubs for microbial inter-
actions in aquatic ecosystems. Front. Microbiol. 9: 2569.
doi:10.3389/fmicb.2018.02569

Boyd, P. W., H. Claustre, M. Levy, D. A. Siegel, and T. Weber.
2019. Multi-faceted particle pumps drive carbon sequestra-
tion in the ocean. Nature 568: 327–335. doi:10.1038/
s41586-019-1098-2

Briggs, N., G. Dall’Olmo, and H. Claustre. 2020. Major role of
particle fragmentation in regulating biological sequestra-
tion of CO2 by the oceans. Science 367: 791–793. doi:10.
1126/science.aay1790

Buesseler, K. O., and P. W. Boyd. 2009. Shedding light on pro-
cesses that control particle export and flux attenuation in
the twilight zone of the open ocean. Limnol. Oceanogr. 54:
1210–1232. doi:10.4319/lo.2009.54.4.1210

Buesseler, K. O., P. W. Boyd, E. E. Black, and D. A. Siegel.
2020. Metrics that matter for assessing the ocean biological

Church et al. Particle-associated microorganism production

13



carbon pump. Proc. Natl. Acad. Sci. USA 117: 9679–9687.
doi:10.1073/pnas.1918114117

Cael, B. B., and A. E. White. 2020. Sinking versus suspended
particle size distributions in the North Pacific Subtropical
Gyre. Geophys. Res. Lett. 47: e2020GL087825. doi:10.
1029/2020GL087825

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A.
Johnson, and S. P. Holmes. 2016. DADA2: High-resolution
sample inference from Illumina amplicon data. Nat.
Methods 13: 581–583. doi:10.1038/nmeth.3869

Campbell, L., H. A. Nolla, and D. Vaulot. 1994. The impor-
tance of Prochlorococcus to community structure in the cen-
tral North Pacific Ocean. Limnol. Oceanogr. 39: 954–961.
doi:10.4319/lo.1994.39.4.0954

Carlson, C. A., S. J. Giovannoni, D. A. Hansell, S. J. Goldberg,
R. Parsons, and K. Vergin. 2004. Interactions among dis-
solved organic carbon, microbial processes, and community
structure in the mesopelagic zone of the northwestern Sar-
gasso Sea. Limnol. Oceanogr. 49: 1073–1083. doi:10.4319/
lo.2004.49.4.1073

Cho, B. C., and F. Azam. 1988. Major role of bacteria in bio-
geochemical fluxes in the ocean’s interior. Nature 332:
441–443. doi:10.1038/332441a0

Close, H. G., and others. 2013. Export of submicron particu-
late organic matter to mesopelagic depth in an oligotrophic
gyre. Proc. Natl. Acad. Sci. USA 110: 12565–12570. doi:10.
1073/pnas.1217514110

Collins, J. R., B. R. Edwards, K. Thamatrakoln, J. E. Ossolinski,
G. R. DiTullio, K. D. Bidle, S. C. Doney, and B. A. S. Van
Mooy. 2015. The multiple fates of sinking particles in the
North Atlantic Ocean. Global Biogeochem. Cycles 29:
1471–1494. doi:10.1002/2014GB005037

Cram, J. A., T. Weber, S. W. Leung, A. M. P. McDonnell, J.-H.
Liang, and C. Deutsch. 2018. The role of particle size, bal-
last, temperature, and oxygen in the sinking flux to the
deep sea. Global Biogeochem. Cycles 32: 858–876. doi:10.
1029/2017GB005710

Datta, M. S., E. Sliwerska, J. Gore, M. F. Polz, and O. X.
Cordero. 2016. Microbial interactions lead to rapid micro-
scale successions on model marine particles. Nat. Commun.
7: 11965. doi:10.1038/ncomms11965

DeLong, E. F., D. G. Franks, and A. L. Alldredge. 1993. Phylo-
genetic diversity of aggregate-attached vs. free-living
marine bacterial assemblages. Limnol. Oceanogr. 38: 924–
934. doi:10.4319/lo.1993.38.5.0924

DeLong, E. F., and others. 2006. Community genomics among
stratified microbial assemblages in the ocean’s interior. Sci-
ence 311: 496–503. doi:10.1126/science.1120250

DeVries, T., J.-H. Liang, and C. Deutsch. 2014. A mechanistic
particle flux model applied to the oceanic phosphorus
cycle. Biogeosciences 11: 5381–5398. doi:10.5194/bg-11-
5381-2014

Durkin, C. A., M. L. Estapa, and K. O. Buesseler. 2015. Obser-
vations of carbon export by small sinking particles in the

upper mesopelagic. Mar. Chem. 175: 72–81. doi:10.1016/j.
marchem.2015.02.011

Farnelid, H., K. Turk-Kubo, H. Ploug, J. E. Ossolinski, J. R.
Collins, B. A. S. Van Mooy, and J. P. Zehr. 2019. Diverse
diazotrophs are present on sinking particles in the North
Pacific Subtropical Gyre. ISME J. 13: 170–182. doi:10.1038/
s41396-018-0259-x

Fontaine, S., S. Barot, P. Barré, N. Bdioui, B. Mary, and C.
Rumpel. 2007. Stability of organic carbon in deep soil
layers controlled by fresh carbon supply. Nature 450: 277–
280. doi:10.1038/nature06275

Fontanez, K. M., J. M. Eppley, T. J. Samo, D. M. Karl, and E. F.
DeLong. 2015. Microbial community structure and func-
tion on sinking particles in the North Pacific Subtropical
Gyre. Front. Microbiol. 6: 469. doi:10.3389/fmicb.2015.
00469

Gasol, J. M., L. Alonso-S�aez, D. Vaqué, F. Baltar, M. L. Calleja,
C. M. Duarte, and J. Arístegui. 2009. Mesopelagic prokary-
otic bulk and single-cell heterotrophic activity and commu-
nity composition in the NW Africa–Canary Islands coastal-
transition zone. Prog. Oceanogr. 83: 189–196. doi:10.1016/
j.pocean.2009.07.014

Giering, S. L. C., and others. 2014. Reconciliation of the car-
bon budget in the ocean’s twilight zone. Nature 507: 480–
483. doi:10.1038/nature13123

Grabowski, E., R. M. Letelier, E. A. Laws, and D. M. Karl. 2019.
Coupling carbon and energy fluxes in the North Pacific
Subtropical Gyre. Nat. Commun. 10: 1895. doi:10.1038/
s41467-019-09772-z

Guenet, B., M. Camino-Serrano, P. Ciais, M. Tifafi, F.
Maignan, J. L. Soong, and I. A. Janssens. 2018. Impact of
priming on global soil carbon stocks. Glob. Change Biol.
24: 1873–1883. doi:10.1111/gcb.14069

Herndl, G. J., T. Reinthaler, E. Teira, H. van Aken, C. Veth, A.
Pernthaler, and J. Pernthaler. 2005. Contribution of
Archaea to total prokaryotic production in the deep Atlan-
tic Ocean. Appl. Environ. Microbiol. 71: 2303–2309. doi:
10.1128/AEM.71.5.2303-2309.2005

Karl, D. M., G. A. Knauer, J. H. Martin, and B. B. Ward. 1984.
Bacterial chemolithotrophy in the ocean is associated with
sinking particles. Nature 309: 54–56. doi:10.1038/
309054a0

Karl, D. M., G. A. Knauer, and J. H. Martin. 1988. Downward
flux of particulate organic matter in the ocean: A particle
decomposition paradox. Nature 332: 438–441. doi:10.
1038/332438a0

Karl, D. M., J. R. Christian, J. E. Dore, D. V. Hebel, R. M.
Letelier, L. M. Tupas, and C. D. Winn. 1996. Seasonal and
interannual variability in primary production and particle
flux at Station ALOHA. Deep-Sea Res. II Top. Stud. Ocean-
ogr. 43: 539–568. doi:10.1016/0967-0645(96)00002-1

Karl, D. M., M. J. Church, J. E. Dore, R. M. Letelier, and C.
Mahaffey. 2012. Predictable and efficient carbon sequestra-
tion in the North Pacific Ocean supported by symbiotic

Church et al. Particle-associated microorganism production

14



nitrogen fixation. Proc. Natl. Acad. Sci. USA 109: 1842–
1849. doi:10.1073/pnas.1120312109

Karl, D. M., and M. J. Church. 2017. Ecosystem structure and
dynamics in the North Pacific Subtropical Gyre: New views
of an old ocean. Ecosystems 20: 433–457. doi:10.1007/
s10021-017-0117-0

Karl, D. M., R. M. Letelier, R. R. Bidigare, K. M. Björkman,
M. J. Church, J. E. Dore, and A. E. White. 2021. Seasonal-
to-decadal scale variability in primary production and par-
ticulate matter export at Station ALOHA. Prog. Oceanogr.
195: 102563. doi:10.1016/j.pocean.2021.102563

Kirchman, D., E. K’nees, and R. Hodson. 1985. Leucine incor-
poration and its potential as a measure of protein
synthesis by bacteria in natural aquatic systems. Appl. Envi-
ron. Microbiol. 49: 599–607. doi:10.1128/AEM.49.3.
599-607

Lam, P. J., S. C. Doney, and J. K. B. Bishop. 2011. The dynamic
ocean biological pump: Insights from a global compilation
of particulate organic carbon, CaCO3, and opal concentra-
tion profiles from the mesopelagic. Global Biogeochem.
Cycles 25: GB3009. doi:10.1029/2010GB003868

Lam, P. J., and O. Marchal. 2015. Insights into particle cycling
from thorium and particle data. Ann. Rev. Mar. Sci. 7: 159–
184. doi:10.1146/annurev-marine-010814-015623

Laws, E. A., R. M. Letelier, and D. M. Karl. 2014. Estimating
the compensation irradiance in the ocean: The importance
of accounting for non-photosynthetic uptake of inorganic
carbon. Deep-Sea Res. I Oceanogr. Res. Pap. 93: 35–40. doi:
10.1016/j.dsr.2014.07.011

L�opez-Pérez, M., A. Gonzaga, A.-B. Martin-Cuadrado, O.
Onyshchenko, A. Ghavidel, R. Ghai, and F. Rodriguez-
Valera. 2012. Genomes of surface isolates of Alteromonas
macleodii: The life of a widespread marine opportunistic
copiotroph. Sci. Rep. 2: 696. doi:10.1038/srep00696

Lozupone, C., and R. Knight. 2005. UniFrac: A new phyloge-
netic method for comparing microbial communities. Appl.
Environ. Microbiol. 71: 8228–8235. doi:10.1128/AEM.71.
12.8228-8235.2005

Marsay, C. M., R. J. Sanders, S. A. Henson, K. Pabortsava, E. P.
Achterberg, and R. S. Lampitt. 2015. Attenuation of sinking
particulate organic carbon flux through the mesopelagic
ocean. Proc. Natl. Acad. Sci. USA 112: 1089–1094. doi:10.
1073/pnas.1415311112

Martin, J. H., G. A. Knauer, D. M. Karl, and W. W. Broenkow.
1987. VERTEX: Carbon cycling in the Northeast Pacific.
Deep-Sea Res. I Oceanogr. Res. Pap. 34: 267–285. doi:10.
1016/0198-0149(87)90086-0

McDonnell, A. M. P., and K. O. Buesseler. 2010. Variability in
the average sinking velocity of marine particles. Limnol.
Oceanogr. 55: 2085–2096. doi:10.4319/lo.2010.55.5.2085

McMurdie, P. J., and S. Holmes. 2013. phyloseq: An R package
for reproducible interactive analysis and graphics of micro-
biome census data. PLoS One 8: e61217. doi:10.1371/
journal.pone.0061217

Morris, I., C. M. Yentsch, and C. S. Yentsch. 1971. Relation-
ship between light carbon and dark carbon fixation by
marine algae. Limnol. Oceanogr. 16: 854–858. doi:10.4319/
lo.1971.16.6.0854

Oksanen, J., and others. 2016. vegan: Community ecology
package. R package version 2.4-3. R Foundation for Statisti-
cal Computing.

Omand, M. M., R. Govindarajan, J. He, and A. Mahadevan.
2020. Sinking flux of particulate organic matter in the
oceans: Sensitivity to particle characteristics. Sci. Rep. 10:
5582. doi:10.1038/s41598-020-60424-5

Pachiadaki, M. G., and others. 2017. Major role of nitrite-
oxidizing bacteria in dark ocean carbon fixation. Science
358: 1046–1051. doi:10.1126/science.aan8260

Parada, A. E., D. M. Needham, and J. A. Fuhrman. 2016. Every
base matters: Assessing small subunit rRNA primers for
marine microbiomes with mock communities, time series
and global field samples. Environ. Microbiol. 18: 1403–
1414. doi:10.1111/1462-2920.13023

Pedler, B. E., L. I. Aluwihare, and F. Azam. 2014. Single bacte-
rial strain capable of significant contribution to carbon
cycling in the surface ocean. Proc. Natl. Acad. Sci. USA
111: 7202–7207. doi:10.1073/pnas.1401887111

Peterson, M. L., S. G. Wakeham, C. Lee, M. A. Askea, and J. C.
Miquel. 2005. Novel techniques for collection of sinking
particles in the ocean and determining their settling rates.
Limnol. Oceanogr.: Methods 3: 520–532. doi:10.4319/lom.
2005.3.520

Ploug, H., and H. Grossart. 2000. Bacterial growth and grazing
on diatom aggregates: Respiratory carbon turnover as a
function of aggregate size and sinking velocity. Limnol.
Oceanogr. 45: 1467–1475. doi:10.4319/lo.2000.45.7.1467

Quast, C., E. Pruesse, P. Yilmaz, J. Gerken, T. Schweer, P.
Yarza, J. Peplies, and F. O. Glöckner. 2013. The SILVA ribo-
somal RNA gene database project: Improved data
processing and web-based tools. Nucleic Acids Res. 41:
D590–D596. doi:10.1093/nar/gks1219

Reinthaler, T., H. van Aken, C. Veth, J. Arístegui, C. Robinson,
P. J. l. B. Williams, P. Lebaron, and G. J. Herndl. 2006. Pro-
karyotic respiration and production in the meso- and
bathypelagic realm of the eastern and western North Atlan-
tic basin. Limnol. Oceanogr. 51: 1262–1273. doi:10.4319/
lo.2006.51.3.1262

Richardson, T. L. 2019. Mechanisms and pathways of small-
phytoplankton export from the surface ocean. Ann. Rev.
Mar. Sci. 11: 57–74. doi:10.1146/annurev-marine-121916-
063627

Richardson, T. L., and G. A. Jackson. 2007. Small phytoplank-
ton and carbon export from the surface ocean. Science
315: 838–840. doi:10.1126/science.1133471

Rii, Y., D. Karl, and M. Church. 2016. Temporal and vertical
variability in picophytoplankton primary productivity in
the North Pacific Subtropical Gyre. Mar. Ecol. Prog. Ser.
562: 1–18. doi:10.3354/meps11954

Church et al. Particle-associated microorganism production

15



Romero-Romero, S., C. A. Ka’apu-Lyons, B. P. Umhau, C. R.
Benitez-Nelson, C. C. S. Hannides, H. G. Close, J. C.
Drazen, and B. N. Popp. 2020. Deep zooplankton rely on
small particles when particle fluxes are low. Limnol. Ocean-
ogr.: Lett. 5: 410–416. doi:10.1002/lol2.10163

Schliep, K. P. 2010. phangorn: Phylogenetic analysis in R. Bioin-
formatics 27: 592–593. doi:10.1093/bioinformatics/btq706

Shanks, A. L., and J. D. Trent. 1979. Marine snow: Microscale
nutrient patches. Limnol. Oceanogr. 24: 850–854. doi:10.
4319/lo.1979.24.5.0850

Siegel, D. A., K. O. Buesseler, S. C. Doney, S. F. Sailley, M. J.
Behrenfeld, and P. W. Boyd. 2014. Global assessment of
ocean carbon export by combining satellite observations
and food-web models. Global Biogeochem. Cycles 28: 181–
196. doi:10.1002/2013GB004743

Simon, M., H.-P. Grossart, B. Schweitzer, and H. Ploug. 2002.
Microbial ecology of organic aggregates in aquatic ecosys-
tems. Aquat. Microb. Ecol. 28: 175–211. doi:10.3354/
ame028175

Smith, D. C., M. Simon, A. L. Alldredge, and F. Azam. 1992.
Intense hydrolytic enzyme activity on marine aggregates
and implications for rapid particle dissolution. Nature 359:
139–142. doi:10.1038/359139a0

Stan Development Team. 2018. RStan: The R interface to Stan.
R package. version 2.17.3.

Steinberg, D. K., B. A. S. Van Mooy, K. O. Buesseler, P. W.
Boyd, T. Kobari, and D. M. Karl. 2008. Bacterial
vs. zooplankton control of sinking particle flux in the
ocean’s twilight zone. Limnol. Oceanogr. 53: 1327–1338.
doi:10.4319/lo.2008.53.4.1327

Stemmann, L., G. A. Jackson, and D. Ianson. 2004. A vertical
model of particle size distributions and fluxes in the mid-
water column that includes biological and physical
processes—part I: Model formulation. Deep-Sea Res. I
Oceanogr. Res. Pap. 51: 865–884. doi:10.1016/j.dsr.2004.
03.001

Swan, B. K., and others. 2011. Potential for chemo-
lithoautotrophy among ubiquitous bacteria lineages in the
dark ocean. Science 333: 1296–1300. doi:10.1126/science.
1203690

Trull, T. W., S. G. Bray, K. O. Buesseler, C. H. Lamborg, S.
Manganini, C. Moy, and J. Valdes. 2008. In situ measure-
ment of mesopelagic particle sinking rates and the control
of carbon transfer to the ocean interior during the Vertical
Flux in the Global Ocean (VERTIGO) voyages in the North
Pacific. Deep-Sea Res. II Top. Stud. Oceanogr. 55: 1684–
1695. doi:10.1016/j.dsr2.2008.04.021

Turner, J. T. 2015. Zooplankton fecal pellets, marine snow,
phytodetritus and the ocean’s biological pump. Prog.
Oceanogr. 130: 205–248. doi:10.1016/j.pocean.2014.
08.005

Viviani, D. A., and M. J. Church. 2017. Decoupling between
bacterial production and primary production over multiple
time scales in the North Pacific Subtropical Gyre. Deep-Sea
Res. I Oceanogr. Res. Pap. 121: 132–142. doi:10.1016/j.dsr.
2017.01.006

Volk, T., and M. I. Hoffert. 1985. Ocean carbon pumps: Analy-
sis of relative strengths and efficiencies in ocean-driven
atmospheric CO2 changes, p. 99–110. In E. T. Sundquist
and W. S. Broecker [eds.], The carbon cycle and atmospheric
CO2: Natural variations Archean to present. Geophysical
Monograph Series: American Geophysical Union (AGU).

Weber, T., J. A. Cram, S. W. Leung, T. DeVries, and C.
Deutsch. 2016. Deep ocean nutrients imply large latitudinal
variation in particle transfer efficiency. Proc. Natl. Acad.
Sci. USA 113: 8606–8611. doi:10.1073/pnas.1604414113

White, A. E., R. M. Letelier, A. L. Whitmire, B. Barone, R. R.
Bidigare, M. J. Church, and D. M. Karl. 2015. Phenology of
particle size distributions and primary productivity in the
North Pacific subtropical gyre (Station ALOHA). J. Geophys.
Res. Oceans 120: 7381–7399. doi:10.1002/2015JC010897

Wright, E. S. 2016. Using DECIPHER v2.0 to analyze big bio-
logical sequence data in R. R J. 8: 352–359. doi:10.32614/
RJ-2016-025

Acknowledgments
We thank Eric Grabowski, Blake Watkins, Karin Björkman, and Tara

Clemente for their respective contributions to field and laboratory work
associated with this study. We also appreciate the help of Benedetto
Barone and Susan Curless for their leadership of the research cruises when
this work was conducted. Total organic carbon analyses were conducted
by the Carlson Microbial Oceanography Laboratory at the University of
California Santa Barbara. Amplicon sequencing was conducted at the
Hawai’i Institute for Marine Biology (HIMB) genetics core facility. We
thank the captains and crew of the R/V Ka’imikai-O-Kanaloa (KOK) for
facilitating this work. This work was supported by a grant from the Simons
Foundation (awards 329108 and 721252 to DMK, and 721221 to MJC).

Conflict of Interest
None declared.

Submitted 18 December 2020

Revised 29 April 2021

Accepted 08 June 2021

Associate editor: Hans-Peter Grossart

Church et al. Particle-associated microorganism production

16


