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ABSTRACT

ORGANIC CARBON DECAY MEDIATED BY MESOPELAGIC MICROBIAL
COMMUNITIES

Noah Jonathan Craft

Old Dominion University, 2023
Director: Dr. Alexander B. Bochdansky

Substantial remineralization of organic carbon occurs in the mesopelagic zone (i.e., the
biological pump), the efficiency of which is responsible for the oceans’ capacity to store carbon
originally derived from the atmosphere. To better understand how a substrate’s composition
influences its degradation by mesopelagic microbial communities, we added treatments made of
live algal cells, dead particulate organic carbon and dissolved organic carbon from *C-labeled
algal cultures to mesopelagic water collected in-situ. Each incubation took place in the laboratory
over a period of months, during which PO'#C, DO'*C, ATP, prokaryote abundances and
biochemical fractions were measured. Three algal species were used: Emiliania huxleyi,
Thalassiosira weissflogii and Tetraselmis sp. Prokaryote biomass measured via cell counts and
adenosine triphosphate responded quickly to the addition of organic material; peaks in both
occurred within four to 10 days in most incubations. Thereafter, prokaryote abundances declined
because of organic resource depletion and protist grazing. There were significant differences in
decay rates between the live, POC, and DOC fractions, in POC between each species of algae,
and in DOC between some algal species. DOC treatments exhibited the most rapid decay,
followed by POC and lastly live treatments. E. huxleyi POC was initially degraded slower than
any other dead substrate (POC or DOC). Our data suggest that carbon decay generally occurs in
two significantly different phases: a rapid decay over the first three weeks (or less), followed by

a slower, more gradual decline. On a more time-resolved level, the decay rate constants for the



dead treatments rapidly increased and peaked after one to two days. Our results show that the use
of a frequently applied, simple exponential function (i.e., first-order kinetics) hardly ever applies
and is thus unsuitable for describing the trajectory of organic carbon decay. Lipids decayed more
rapidly than proteins, polysaccharides-nucleic acids and the low molecular weight fractions
during the first phase of decay. During the second phase, the lipid decay rates were similar to
those of the other fractions. Overall, the carbon fraction (POC or DOC) and its status (live or

dead) exerted more control over carbon decay rates than the type of algal species.
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INTRODUCTION

Globally, an average of ~10% of primary production is exported out of the euphotic zone
in the form of sinking particles (such as marine snow aggregates and fecal matter) (Wakeham
and Lee, 1993). Most of the particulate organic matter (POM) is remineralized through
zooplankton and microbial processes (Wakeham and Lee, 1993; Steinberg, 2008; Siegel et al.,
2016). Particulate matter decays according to the Martin curve, as a result of bacterial and
zooplankton activity. Bacteria use extracellular enzymes to degrade organic matter while
zooplankton engage in fragmentation, feeding and active transport (Steinberg, 2008). It is
estimated that bacteria are responsible for the majority of the organic decay (Karl et al., 1988;
Giering et al., 2014). However, zooplankton and fish — especially those undergoing migration —
contribute substantially to the decay and repackaging of POC in the mesopelagic zone (Saba et
al., 2021). This contribution, though, is much harder to quantify. A very small fraction of the
initial organic matter makes it through the mesopelagic zone’s sequestration depth (200-1000 m)
(Lee et al., 2004; Passow and Carlson, 2012; Giering et al., 2014). Carbon sources that sink
through the water column experience disaggregation, dissolution, and degradation by microbes,
and less than 1% (by weight) remains by the time they reach the sediment of the average seafloor
depth (Lee et al., 1998; Omand et al., 2020). Organic matter decay can be simply described with
the equation CH»O + O, -> CO, + H,0, a reaction in which oxygen is used to degrade organic
matter and form carbon dioxide and water (Kirchman, 2018). The net vertical transfer of carbon
is the so-called “biological pump,” the process that describes the movement of carbon from the
ocean’s surface layer to deeper within the water column where it undergoes partial

mineralization (Ducklow et al., 2001; Hansell, 2009; Jiao et al., 2010). The biological pump is



essential for the transformation and sequestration of anthropogenic carbon in the ocean, the
balance of nutrient input and primary production in the euphotic zone, and sustenance for deep-

ocean organisms (Siegel et al., 2023; Gooday, 2002).

The rate of decay associated with organic material in the mesopelagic layer is a critical
parameter in ocean models, necessary to better predict the amount of carbon sequestered in the
deep sea. Most emphasis in previous research has been on factors regulating photosynthesis and
net primary production limited to the upper ocean; however, microbial solubilization and
remineralization rates are factors that are similarly important for inclusion in biological pump
models. The mesopelagic zone is of great importance to the marine carbon cycle because of the
extent of remineralization that occurs there (Tréguer et al., 2003). Despite the numerous studies
that have been done purely in laboratory conditions, few have been conducted in situ or with
microbes collected in situ from mesopelagic habitats, and the estimates have ranged widely for
those that have. There remains fundamental questions that need to be answered, such as whether

the type of organic material subjected to decay has an influence on the rate of decay it undergoes.

Organic matter can be separated into its particulate and dissolved fractions. The
difference between particulate organic matter (POM) and dissolved organic matter (DOM) lies in
the size of the particles, the cutoff for which is usually a filter pore size of 0.2 to 0.7 um, but is
not consistent across all literature (e.g., Nagata, 2008; Cabrera-Brufau et al., 2021). POM is
made up of both living and nonliving material, while the composition of DOM consists of
colloids in addition to particles smaller than the cutoff size (Nagata, 2008). The rate of
remineralization associated with sinking POM is dependent on the speed at which it is sinking,
while the movement of DOM is restrained to water masses (Treguer et al., 2003). Therefore, the

composition of organic matter will determine its sinking velocity and where in the water column



the organic matter will serve as a source of carbon and nutrients to the local bacterial community

(Treéguer et al., 2003; Nagata, 2008).

Particulate organic carbon is made up of organic matter from phytoplankton, bacteria,
fecal pellets and cell/organismal debris, in addition to inorganic matter (Fang et al., 2015). The
main emphasis on particulate organic carbon (POC) in previous research, whether live or dead, is
based on the fact that microbial organisms that live in the deep sea receive most of their carbon
and energy through the solubilization of particulate rather than dissolved organic matter
(Bergauer et al., 2017). Not all of the POC that reaches the mesopelagic zone is rapidly
degraded, as 10% has been found to escape remineralization in the upper region of the
mesopelagic zone (>220 m) (Kheireddine et al., 2020). However, greater knowledge of POC
fluxes and particle remineralization at depth is required to better constrain future marine carbon

estimates and to more accurately predict POC export (Henson et al., 2022).

Sinking particles composed of organic matter bring not only particulate organic carbon,
but also trapped dissolved organic carbon (DOC) into the bathypelagic zone as they sink (Lopez
et al., 2020). Under these circumstances, relatively fresh DOC can make it into the deep sea.
Conversely, the much slower subduction of DOC with slow-moving ocean currents mostly
delivers refractory or semi-labile DOC to the bathypelagic environment (Carlson et al., 2010;

Hansell, 2013).

Most marine DOM comes from autotrophic plankton at the ocean surface (Hansell et al.,
2009). DOM is released by phytoplankton processes in addition to viral lysis and predation
(Kirchman, 2018). Ocean overturning (e.g., via thermohaline convection and seasonal deep
mixing) results in the export of DOC to depth (Ducklow et al., 2001; Tian et al., 2003; Hansell et

al., 2009). In the deep ocean, DOC is made up of both semi-labile and refractory fractions, which



differ in their reactivity and residence time: the former fraction takes a minimum of one year and
a maximum of decades to be removed from the oceanic reservoir, while the latter fraction takes
thousands of years to decay (Hansell et al., 2009). A model by Hansell et al. (2009) estimates
that one fifth of the total carbon associated with global ocean export production (i.e., 1.8 Pg C yr-
1Y is in the form of semi-labile DOC that is involved in net export below 100 m in depth. The
main role of DOC is to fuel bacterial production (Kirchman, 2018). There are two known sources
of DOC in the mesopelagic zone that are presently not well constrained. One such source is the
fraction of DOC associated with fecal pellets and ballasted marine snow particles (i.e., fast-
sinking particles) (Alldredge, 2000). Another source relates to POC that is solubilized as a result
of zooplankton feeding and microbial decay processes (Alldredge, 2000; Magller et al., 2003;

Robinson et al., 2010).

Live or at least undecayed phytoplankton have also been known to make it to the bottom
of the deep sea in the form of dense aggregates (Billett et al., 1983; Lampitt, 1985; Beaulieu,
2002; Nodder, 2007; Glover et al., 2010; Karl et al., 2012; Conte and Weber 2014).
Fresh/healthy phytoplankton, especially diatoms, are known to make it to great depths of even up
to 4,000 m (Agusti et al., 2015). Liu et al. (2022) found intact dead diatoms in addition to
chrysophytes and dinoflagellates in the mesopelagic and below. The diatoms had relative
abundances of >80% of the total three groups in the water column and the remaining <20%
belonged to the other two groups (Liu et al., 2022). Chlorophyta have been identified in the
mesopelagic zone at depths of 200 and 500 m, although at very low abundances compared to
other sampled communities of pico-/nano-phytoplankton (Guo et al., 2018). Therefore, the flux
of intact or even live cells must be accounted for, especially as they represent a source of fresh

undegraded material.



Here we are only concerned with the microbially-driven degradation rates in mesopelagic
waters. Many carbon-specific remineralization rates have been obtained in past studies, though
they vary greatly depending on the experimental conditions. Previous decay rates vary from ~3 x
10 to >0.2 d*!, with some values even greater than 1 day™ (e.g., Seiki et al., 1991; Harvey et al.,
1995; Cavan et al., 2017; Lanborg et al., 2018; Cavan and Boyd, 2018; Cabrera-Brufau et al.,
2021). The contribution of differences in substrate and in microbial communities to the variation
in the observed decay rates is still poorly understood. Size-scaling of the amounts of protein,
lipids and carbohydrates in algal species is believed to affect the nutrition they provide through
predation and the carbon biogeochemical cycle (Finkel et al., 2016). However, prior research
suggests that the size of a given phytoplankton cell exerts more control than phylogeny over how

protein and lipid content, in addition to energy, vary (Finkel et al., 2016).

The objective of this research was to study the degradation of organic matter, both
particulate and dissolved, by a microbial community collected from the mesopelagic zone in the
North Atlantic Ocean. These experiments were designed to better understand the specifics of
carbon degradation involved with different forms of organic matter at low temperatures like
those seen in the mesopelagic zone, and the microbial populations present at that depth (~300
m). Among the forms of organic carbon presented in our experiments were live cells, POC and
DOC from the diatom Thalassiosira weissflogii, in addition to POC and DOC derived from two
other species of algae: a non-calcifying strain of the coccolithophorid Emiliania huxleyi and the
chlorophyte Tetraselmis sp. (Fig. 1). The algal species were presented to the same mesopelagic
microbial community in parallel incubations. We hypothesized that the carbon fraction and the
substrate’s state of life would exercise greater control over decay kinetics than the algal species,

due to differences in decay between POC and DOC and live phytoplankton cells’ capability to



E. huxleyi T weissflogii letraselmis sp.

Fig. 1. Pictures and approximate sizes of the three tested algal species, from radiolabeled
cultures in our laboratory.



resist degradation. Therefore, we predicted that DOC decay would be more rapid than POC

decay, and live treatments would decay more slowly than dead treatments.



METHODS

EXPERIMENTAL OVERVIEW AND CREATION OF TREATMENTS

Table 1 lists the specifics of the multiple mesopelagic collection experiments and the
algal treatments. The first experiment tested live cells from one algal species, the second tested
live cells and nonliving organic matter from one species and the third tested nonliving organic
matter from three species (Table 1). In each experiment at least one treatment was kept the same
so that direct comparisons were possible, as mesopelagic water was collected at different times
of the year and could therefore include different microbial communities (Table 1). The number
of treatments was limited by the amount of algal culture material and mesopelagic water (Table
1). To simulate decay, we used model material (live cells, POC and DOC) in a state in which
they could be easily homogenized for subsampling in a time series, and at low enough
concentrations that the additions of organic material would not be overwhelming or deplete the
water too much of oxygen. Carbon-14-labeled algal cultures (E. huxleyi, T. weissflogii or
Tetraselmis sp.) in the early stationary phases were first gently filtered onto 0.8 um
polycarbonate filters (Isopore) and then resuspended in 0.2 um filtered artificial seawater in
order to remove any remaining inorganic *C. The resuspended cells were then frozen at -80 °C
for at least one hour to kill the cells and break them up to release DOC. Before the experiments,
a sample of the culture was vacuum filtered through a 0.2 um filter, an operational cutoff for the
separation of POC and DOC (as in Cabrera-Brufau et al., 2021). The PO*C fraction remained on
the filter while the DOC fraction became the filtrate (Fig. 2). The algal material on the filter
was then resuspended in the original volume of water. DOC in our experiments thus represents
cell lysates, which better approximate the destruction of cells by viral lysis or zooplankton

feeding, instead of exudates which would grow different types of communities (Kieft et al.,



Table 1

Carbon degradation experiments using *C-labeled substrates.

Experiment Date Water Substrate Incubation Treatments
temperature
1 October —  Mesopelagic ~ T. weissflogii 8°C Live cells
December
2020
2 Late May  Mesopelagic  T. weissflogii 12 °C Live cells,
— August POC & DOC
2021
3 March — Mesopelagic (1) T. weissflogii 12 °C (1) POC
2022 .
June 20 (2) E. huxleyi
. (2) POC &
(3) Tetraselmis DOC
sp.
(3) POC &

DOC




Emiliania huxleyi
Thalassiosira weissflogii
Tetraselmis sp.

filter

Resuspension then killed
Wash and by freezing at -80 °C

resuspension
Live PO™4C

GIED

Filtrate
(DO™C)

Resuspension

PO™C

Fig. 2. Experimental design and protocol for the live PO*C, dead PO*C and DOC
treatments of algal-derived material in the mesopelagic experiments. All incubations were
performed in triplicates.
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2021). For the live treatments, T. weissflogii cultures were filtered (using 0.8 um filters) then
washed and resuspended in unlabeled seawater, and added to the experimental carboys

immediately without further treatment.

The mesopelagic water was collected from a depth of 300 meters, 115 km offshore of
Virginia Beach (36.788° N, 74.629° W) using four 5-L Niskin bottles. The water temperature at
the depth of collection was consistently 12 + 0.5 °C, regardless of season. The water was gently
transferred from the Niskin bottles through a hose into two 20-L bladder tanks which were
immediately placed into a temperature-controlled cooler at either 8 °C (experiment 1) or 12 °C
(experiments 2 and 3) (Table 1). Air bubbles were kept at a minimum during transfer. Upon
arrival to the lab, and on the same day of collection, the water was moved to a dark temperature-
controlled room in which the experiments were performed and also set to the same temperature
(8 or 12 °C). The experiments began a day after collection. Thirteen ml of either the live algal
suspension, PO¥C, or DO*C were added each to 1.7 L of mesopelagic water in 4-L aspirator
flasks. Samples were taken through a tube and a plastic ball valve connected to the aspirator
flask to measure POC, DOC, ATP, and prokaryote abundance, and for biochemical

fractionation.

CARBON FRACTION AND CELL COUNT SAMPLING PROCEDURES

Before sampling at each time point, the water in the flasks was swirled until well mixed.
From each flask, 10-30 ml of water was purged, and then 30-40 ml was collected into 50 ml
Falcon centrifuge tubes. The protocol for the sampling of the carbon fractions was as described
in Bochdansky et al. (2010). From the collected water, four 5 ml samples were immediately
vacuum filtered onto GF/F filters. The first three filters were placed into plastic pony vials for

POC analysis. The fourth filter (for ATP) was placed into a cryovial that contained 1 ml of
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phosphoric acid-benzalkonium chloride (P-BAC) extractant, left at room temperature for 20-30
minutes for extraction, and afterwards kept in a -80 °C freezer until analysis (Bochdansky et al.,
2021). Three 0.5 ml allotments of the filtrate were placed into separate pony vials for analysis of
the DOC fraction. The vials containing the POC and DOC fractions were acidified with 0.250
ml of 0.2 N perchloric acid to eliminate remaining label, and left overnight (Bochdansky et al.,
2010). Scintillation cocktail was added to the vials the next day, which were then capped,
inverted to ensure homogeneity, and analyzed on a liquid scintillation counter (LSC) (Perkin
Elmer Tri-Carb model 3110) using a 20 minute count setting per vial (to ensure sufficient time to
get accurate readings). Three blanks with only scintillation cocktail were run every other time
point, their values averaged and subtracted from the sample values. The remainder of the liquid
samples kept in the Falcon tubes were fixed for cell counts. Buffered 37% formaldehyde was
passed through a 0.2 um filter and then added to each sample at a final concentration of 0.2%
and left overnight. The next day, subsamples of 5 ml were filtered onto black polycarbonate
membranes (Isopore GTBP) and stored in a -80 °C freezer until analysis under the
epifluorescence microscope. Depending on the experiment, one or two filters were prepared for

each flask at each time point.

The analysis of ATP samples followed the procedure of Bochdansky et al. (2021), which
was modified from Holm-Hansen and Booth (1966). From each cryovial, 10 pl of sample was
placed into triplicate scintillation vials along with 3 ml of ~18.2 MQ ultrapure water (Barnstaed)
and 50 pl of CellTiter-Glo 2.0 (Promega, protocol modified as in Bochdansky et al., 2021). A
standard solution, made with 50 pl of an ATP standard of 16.4 nM concentration, was added
along with the sample, water and CellTiter-Glo to a fourth vial (Bochdansky et al., 2021). The

standards were interspersed with the samples during counting on the LSC to track the slow (i.e.,
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over many hours) decay in luminescence over time, which allowed for a precise calculation of

the ATP values.

CELL COUNT PREPARATION AND ANALYSIS

Prokaryote cell count samples were thawed and desiccated before analysis to avoid
condensation on the slides. The membranes were embedded in a mounting medium that
contained 4',6-diamidino-2-phenylindole dihydrochloride (Fluoroshield with DAPI, F6057,
Sigma-Aldrich) to make the double-stranded DNA fluoresce (Porter and Feig, 1980). Immersion
oil was added on top of the cover slips before the prokaryote cells were counted using an
Olympus BX51 epifluorescence microscope at 2000x total magnification (Hobbie et al., 1977;
Porter and Feig, 1980; Taylor et al., 2003). Vertical and horizontal sections (15 smaller fields for
prokaryotes and 30 full fields of view for protist grazers) were counted for each section, then
averaged and converted to per ml counts. Protist grazers were identified by their conspicuous
nuclei that were larger than the prokaryotes. Counter staining with fluorescein isothiocyanate
(FITC, Millipore Sigma) and CellMask (Invitrogen) to visualize the entire cell body instead of
just the nucleus did not improve the protist grazer counts, and these efforts were discontinued in

favor of a more expedient count using DAPI only.

BIOCHEMICAL FRACTIONATION PROCEDURES

At three time points during the experiment (i.e., the beginning, middle and end), samples
were taken from each flask for biochemical analysis. Approximately 100 ml of liquid sample per
flask was filtered through a GF/F filter, which was then frozen at -80 °C until biochemical
fractionation of the samples was conducted. The fractionation process is described in Garrison
and Bochdansky (2015), based on the protocol by Li et al. (1980) and later modified by Rivkin

(1985) (Fig. 3). Briefly, lipids were extracted and separated from the low molecular weight



Filter = Protem
Filter: Hot TCA
extraction
4 .
Filtrate =
Polysaccharide-
\_

Sample extraction Filtered, rinsed nucleic acid

on ice with with chloroform,
chloroform and methanol and

~

methanol water

Upper = LMW

g

/ compounds

Filtrate: Phase

separation (Bligh
and Dyer)

\ Lower = Lipid

Fig. 3. Protocol for the biochemical fractionation of POC samples. Modified from Fig. 2 in
Danna Palladino’s MS thesis (ODU, 2010).
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fraction through chloroform, methanol and water separation (i.e., the Bligh and Dyer protocol)
(Fig. 3) (Garrison and Bochdansky, 2015). Polysaccharides-nucleic acid fractions (poly-NA) and
proteins were separated by division into a 5% hot TCA-soluble (poly-NA) and hot TCA-
insoluble (protein) fractions (Fig. 3) (Garrison and Bochdansky, 2015). Scintillation cocktail was
added to each fraction and counted using the LSC. To produce the ternary plots, the percentage
of each constituent was calculated by taking the sum of the protein, lipid and poly-NA fractions
only, and dividing each fraction by the sum of the whole. Decay rates were calculated for each of

the four fractions using first-order kinetics over the two time intervals.

CARBON DECAY MODELS AND STATISTICS

We identified early on that the trajectory of carbon decay over time visually appeared to
consist of at least two separate phases. Piecewise regressions were used with the natural log-
transformed percentages of remaining PO**C and DOC over time to find a break point at which
to separate the model into two distinct phases. Where the regression algorithms did not converge,
we manually selected the break points to maintain consistency among treatments. In the live
treatments, the onsets of mass cell mortality changed the slopes drastically, so we made these
and the two adjacent time points for each treatment the first phases of decay. We calculated
exponential decay rate constants for each phase, using linear trendlines with the natural log-
transformed data. Analysis of Covariance (ANCOVA) homogeneity of slope statistical tests were
used on natural log-transformed values to assess significance between treatments, variables, and
biochemical fractions. The DPM values of PO*C and DOC samples were also used to
calculate first-order kinetics for each pair of time points when samples were taken (Eq. 1). The

first-order kinetics equation is described by:

D = In(dpmu/dpmiz) (t2-t1)?, (1)
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where D is the instantaneous rate of decay (d), dpmu and dpmy, the initial and final values,
respectively, of *C in the POC or DOC fractions, and t; and t, the time points of the paired

samples (d).

We also compared our two biomass indicators, ATP and prokaryote abundance, against
each other to identify any correlation between the variables. We plotted a linear regression with
our measured values and another linear regression based on predicted ATP values that were
calculated from estimates of 20 fg cell! (Lee and Fuhrman, 1987) and a mass conversion

coefficient of 250 for carbon and ATP (Holm-Hansen, 1969).
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RESULTS

The live, POC and DOC treatments were created from uniformly *C-labeled algal
cultures. Therefore, the relative disintegrations per minute (DPM) values reflect the relative
amount of carbon in each of the treatments. Table 2 shows the average DPM values at the
beginning and end of each treatment’s experimental time frame, in addition to the estimates of
carbon added to every carboy in each treatment (see Discussion for details on which the
approximate carbon estimates are based). The POC and DOC treatments for E. huxleyi, T.
weissflogii and Tetraselmis sp. were split approximately 2:1, 4:1 and 5:1 in DPM, respectively,
after the fractions were separated via 0.2 um filtration (Table 2). The highest overall DPM values
were found in the live T weissflogii treatment, the 7. weissflogii POC treatments, and the
Tetraselmis sp. POC treatment (Table 2). The E. huxleyi POC treatment and the DOC treatments

displayed lower initial and final DPM values (Table 2).

Fig. 4 displays the results from the first experimental set, which consists of the two live 70
weissflogii treatments (one at 8 °C and the other at 12 °C) as well as the dead T. weissflogii POC
and DOC treatments (both at 12 °C). The top two rows show two different measures of the
carbon decay rates (Figs. 4a-h). The regression models in the first row are based on the natural
log-transformed percentages of POC/DOC over time, which show the broad patterns of decay
split into two phases (or potentially three for the live treatments) (Figs. 4a-d). In these models a
straight line signifies first-order kinetics which are indicative of an exponential decay function
(Figs. 4a-d). The slopes of these regression lines represent the exponential decay rate constants

(unit: d'!). The DOC treatment experienced the most rapid decay, followed by the dead POC
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Table 2

Estimated carbon amounts added, and DPM values measured for each treatment at the beginning
and end of the experimental time frame. Carbon amounts are based on a mass spectrometer
reading of a live T. weissflogii culture, scaled to each treatment according to the DPM values.

Treatment Fraction  Average initial Estimated Average final Remaining

DPM (ml?) carbon added DPM (mlIY)  DPM (%)
(g C mI)

T. weissflogii  POC 2890.79 1.04 528.92 18.30

live (8 °C)

T. weissflogii  POC 2075.81 0.75 163.39 7.87

live (12 °C)

T. weissflogii  POC 1389.79 0.50 198.88 14.31

POC (#1)

T. weissflogii  DOC 334.06 0.12 43.15 12.92

DOC

E. huxleyi POC 560.61 0.20 43.01 7.67

POC

T. weissflogii  POC 1241.21 0.45 147.43 11.88

POC (#2)

Tetraselmis POC 1105.39 0.40 168.96 15.29

sp. POC

E. huxleyi DOC 277.07 0.10 51.04 18.42

DOC

Tetraselmis DOC 196.71 0.07 27.92 14.19

sp. DOC
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Fig. 4. Time series of organic carbon decay and biomass over time in the first experimental
set. Column one (a, e, i, m) shows data from the 2020 live T. weissflogii treatment incubated
at 8 °C, and columns two through four show data from the 2021 T. weissflogii experiment’s
live, POC and DOC treatments, respectively (incubated at 12 °C). (a-d): Natural log-
transformed percentages of POC/DOC over time as a function of the initial DPM amount.
Numbers in the panels indicate the slopes (i.e., the exponents of the exponential decay
function). The r? values for the first and second phases of each listed dead treatment are
0.8466 and 0.7442, and 0.8519 and 0.0942, respectively. For the live treatments (8 °C and 12
°C), the r? values for the three phases are 0.9574, 0.7054, 0.2746, and 0.9355, 0.7761, 0.6192,
respectively. (e-h): Average POC/DOC decay rates calculated using first-order kinetics for
each sample interval (equation 1). (i-1): ATP representative of microbial biomass (nM). (m-
p): Prokaryote cell counts (ml™).
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treatment and lastly the two live treatments (Figs. 4a-d). The live treatment models are separated
into three phases, the first of which occurs before the die-off event and is a time of smaller POC
decay. After the conclusion of the first phase (phase zero) that took place in the live treatments
between 8 and 10 days into each respective experiment, there was the start of a fast die-off of the
live diatom cells that led into the last phase of decay which had lower rates (Figs. 4a and b). The
last phase of the DOC treatment had the shallowest slope of all treatments; the live and POC

treatments maintained higher degrees of decay in their second phases (Figs. 4a-d).

The second row of Fig. 4 shows the second measure of decay: highly time-resolved
instantaneous decay rate constants (unit: d”! — calculated using Equation 1) for each pair of time
points in the experiments. This approach yields a much higher resolution and demonstrates how
quickly the decay rates change between time points throughout the experiments (Figs. 4e-h). The
highest peak decay rate constant was found in the DOC treatment, followed by the POC
treatment and lastly the two live treatments (Figs. 4e-h). The maximum decay rates for the dead
POC and DOC treatments were reached on the second day of their experiments, while the live
treatments took at least 20 days to reach their peak decay rates associated with the die-offs of the

live algae (Figs. 4e-h).

The two methods for measuring the microbial biomass (i.e., ATP and cell counts) showed
largely similar trends. However, it is important to note that in the live treatments the ATP values
were initially dominated by the live diatom cells (Figs. 41 and j). Only after the death of most of
the diatom cells did ATP represent the microbial biomass present in the live treatments (Figs. 41
and j). In contrast, ATP measurements in the POC and DOC treatments solely represented the

microbial biomass (Figs. 41 and j). The peaks in microbial biomass occurred relatively soon after
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the addition of the substrates, which was a trend observed in all treatments across all three

experimental sets (Figs. 4i-p, 5g-1 and 6e-h).

Fig. 5 shows the POC treatments from the second experimental set, made from E.
huxleyi, T. weissflogii and Tetraselmis sp., respectively. The first row again displays the natural
log-transformed percentages over time, and thus the broad patterns that were observed (Figs. 5Sa-
¢). The trends in the 7. weissflogii and Tetraselmis sp. POC treatments were similar to those in
the POC treatment from the first experimental set, as they again consisted of two general phases
of decay (Figs. 5b and c). The E. huxleyi POC treatment showed a greater similarity between its
first and second phases of decay than any other treatment (Figs. Sa-c). The low decay seen in the
first phase led to a higher decay in the second phase relative to the other POC treatments (Figs.
5a-c). The trajectory of POC decay in the E. huxleyi model that is split into two separate phases
(first slope = -0.0325 d"! and second slope = -0.0272 d!) is very similar to the model that was
applied over the entire data range (slope = -0.0295 d™') (represented by the solid and dashed

lines, respectively) (Fig. 5a).

The peak decay shown through time-resolved rate constants for the three POC treatments
were highest for Tetraselmis sp. and lowest for E. huxleyi, with T. weissflogii in between (Figs.
5d-f). Again, it generally took two days for the microbial community to ramp up before they
reached sufficient biomass to maximize their decay rates (Figs. 5d-f). The measures of microbial
biomass were once again similar in their overall patterns (Figs. 5g-1). The ATP concentrations for
the 7. weissflogii POC treatment (#2) and the Tetraselmis sp. POC treatment were slightly higher
than those for the E. huxleyi POC treatment (Figs. 5g-1). The peak ATP concentrations were
reached at the time of or shortly after the peak decay rates were observed (Figs. 5d-1). The

prokaryote cell count data and the ATP data both had peak values at approximately the same time



E. huxleyi POC T. weissflogii POC (#2)
b c

Tetraselmis sp. POC

a 5 5
@ Phase 1 | ® Phase 1 @ Phase 1
45l -0.0325 d' @® Phase 2 455 @ Phase 2 45t -0.0755 d! @ Phase 2
N K§§-0.0801 g
4 9 4t ol 4
e ¢ v
8 3.5 3.5 &8 3.5
& [
X @ 3 ML s
-~ ® e e g *
= .\-._!‘i\r_.\.\
- 25 25 LI P 25
-
2 2 -0.0054 d! 2
1.5 15 1.5
o 20 40 60 80 100 o 20 a0 50 a0 00 o 20 40 60 80 100
d 0.45 € o4s f 0.45
04 04 04
"o 0.3 0.35 0.35
? @
T os 03 03
o}
Sozs 0.25 025
E‘ 02 0.2 02
E 0.15 0.18 015
8 01 0.1 + + 0.1
A gos ?é & + 005§ + 0.05 * { %
&
brotgpete | IFERIRLTIEINY AL SN PR XTSI
0 " w0 o 50 i o 20 40 60 80 100 0 20 40 &0 E 100
g 025 0.25 1 0.25
® Flask 1 ® Flask 1 ® Flask 1
® Flask 2 . ® Flask 2 ® Flask 2
02 @ Flask 3| 02 ® Flask 3 02 @® Flask 3
«® L]
g 0.15 0.153‘0. 015F o
L]
£ s K .
& 01‘.. cife * 01 .. .
< Rew . : ., - A ..,
wsh® o8 eg? 0.05 §2° ¢ oy 0058 L
el o §ed, . : S L 3
* .. . * 2§ ) H e %g o
t ot y * 4 ; .
0 20 40 60 80 100 0 20 40 80 80 100 GD 20 40 &0 80 100
J 2 2 2
@ Flask 1 ol e ® Flask 1 @® Flask 1
° '8 @ Flask 2 ® Flask2| ° ® Flask 2
2 8 ® Flask3] ¢ @ Flask 3 18 @ Flask 3
.-g 141 ® 14 14
a0
E o1z 1.2 o 12
<E . 1 ;
% \Go 08 0.8 ." 0.8
b - ] L]
* osf_® 0.6 0.6
2 P . : g
E 04 . ; . t. 0.4 . P 0.4 ‘h
-] 3 [ .
0.2 ...'lllt- o.zr 'L .==3.3'. mk .!"!_oln.'
DCI 20 40 B0 80 100 DU 20 40 80 &0 100 UO 20 40 60 80 100
Elapsed Time (days) Elapsed Time (days) Elapsed Time (days)

Fig. 5. Time series of POC decay and biomass over time in the second experimental set.

Column one (a, d, g, j) shows data from the E. huxleyi POC treatment, column two T.

weissflogii POC, and column three Tetraselmis sp. POC. (a-c): Natural log-transformed
percentages of POC over time as a function of the initial DPM amount. Numbers in the
panels indicate the slopes (i.e., the exponents of the exponential decay function). The r?
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values for the first and second phases of each listed treatment are 0.9600 and 0.8911, 0.8575

and 0.2502, and 0.8522 and 0.5668, respectively. The dashed line in (a) runs through the
entire experimental period, and has a r? value of 0.9659. (d-f): Average POC decay rates

calculated using first-order kinetics for each sample interval (equation 1). (g-i): ATP
representative of microbial biomass (nM). (j-1): Prokaryote cell counts (mlI™2).
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Fig. 6. Time series of DOC decay and biomass over time in the second experimental set.
Column one (a, c, e, g) shows data from the E. huxleyi DOC treatment and column two shows
data from the Tetraselmis sp. DOC treatment. (a-b): Natural log-transformed percentages of
DOC over time as a function of the initial DPM amount. Numbers in the panels indicate the
slopes (i.e., the exponents of the exponential decay function). The r? values for the first and
second phases of each listed treatment are 0.8824 and 0.2720, and 0.9330 and 0.5843,
respectively. (c-d): Average DOC decay rates calculated using first-order kinetics for each
sample interval (equation 1). (e-f): ATP representative of microbial biomass (nM). (g-h):
Prokaryote cell counts (ml™?).
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points (Figs. 5d-1). Based on cell counts, the Tetraselmis sp. POC treatment had a much lower

peak prokaryote abundance in comparison to the other two treatments (Figs. 5j-1).

In the second set of experiments, DOC decay was only measured for E. huxleyi and
Tetraselmis sp. (T. weissflogii DOC decay was measured in the first experimental set) (Figs. 4d, h
and 6a-d). Both treatments saw very rapid decreases in natural log-transformed %DOC in the
first phase that ended <10 days into the experiment. The second phases of both treatments were
much shallower than the second phases of the E. huxleyi and Tetraselmis sp. POC treatments
(Figs. 5a, ¢, 6a and b). The trends were similar to those of the 7. weissflogii DOC treatment in the
first set of experiments (Figs. 4d, 6a and b). The peak decay rate constants were similarly very
high and occurred ~2 days into the experiment (Figs. 6¢ and d). The peak ATP values occurred
around 10 days in at roughly similar concentrations (Figs. 6e and f). Both measures of biomass
peaked at or soon after the peak decay rate constants (Figs. 6¢-h). Generally, peak prokaryote
abundances were similar across POC and DOC treatments from both experimental sets, with the

exception of the lower maximum values seen in the Tetraselmis sp. POC treatment (Figs. 4m-p,

5j-1, 6g and h).

ANCOVA homogeneity of slopes (including randomization) tests determined that POC
decay phases 0 and 1, and 1 and 2, were significantly different in the live (8 °C) treatment (Table
3). Phases 1 and 2, and 0 and 2, were significantly different in the live (12 °C) treatment (Table
3). In each of the three phases, the two live treatments were not significantly different in their
POC decay over time (Table 3). The first phases of PO'*C decline displayed by each algal
species were significantly different from each other, but were least pronounced between 7
weissflogii and Tetraselmis sp. (Table 3). The differences between algal species in PO'*C decline

in the second phases were also significantly different, and were most highly significant for
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Table 3

ANCOVA homogeneity of slope test results for comparisons of the natural log-transformed
remaining POC and DOC over time between different algal species. Also listed are p-values
based on randomization tests, using 10,000 randomizations each. The p-values less than the
criterion a = 0.05 are marked with asterisks (*).

Algal species Treatment Phase(s) n ANCOVA p-value Randomization
p-value

T weissflogii  Live (8 °C) 0and 1 15 0.0269%* 0.0267*

T weissflogii  Live (8 °C) 1 and 2 27 0.0034* 0.0033*

T weissflogii  Live (8 °C) 0and 2 24 0.8727 0.8725

T weissflogii  Live (12 °C) 0and 1 33 0.4188 0.4147

T weissflogii  Live (12 °C) 1 and 2 33 <0.0001* <0.0001*

T weissflogii  Live (12 °C) 0 and 2 42 0.0009* 0.0007*

T weissflogii  Live (8 and 12°C) 0 27 0.0553 0.0568

T weissflogii  Live (8 and 12°C) 1 21 0.7734 0.7754

T weissflogii  Live (8 and 12 °C) 2 39 0.4132 0.4198



Table 3 Continued.

Algal species Treatment  Phase(s) n ANCOVA p-value Randomization
p-value

E. huxleyi and T. POC 1 48 <0.0001* <0.0001*

weissflogii

T weissflogii and POC 1 48 0.0313* 0.0295%*

Tetraselmis sp.

E. huxleyi and POC 1 48 <0.0001* 0.0001*

Tetraselmis sp.

E. huxleyi and T. POC 2 60 <0.0001* <0.0001*

weissflogii

T. weissflogii and POC 2 60 0.0068* 0.0051*

Tetraselmis sp.

E. huxleyi and POC 2 60 <0.0001* <0.0001*

Tetraselmis sp.

E. huxleyi POC 1 and 2 54 0.0015* 0.0015*

T weissflogii POC 1 and 2 54 <0.0001* <0.0001*

Tetraselmis sp. POC 1 and 2 54 <0.0001* <0.0001*

E. huxleyi and T. DOC 1 18 0.155 0.1547

weissflogii

T weissflogii and DOC 1 21 0.0012* 0.0008*

Tetraselmis sp.

E. huxleyi and DOC 1 21 0.0168* 0.0187*

Tetraselmis sp.

E. huxleyi and T. DOC 2 90 0.0788 0.0814

weissflogii

T weissflogii and DOC 2 87 <0.0001* <0.0001*

Tetraselmis sp.

E. huxleyi and DOC 2 87 0.3582 0.3526

Tetraselmis sp.

E. huxleyi DOC 1 and 2 54 0.0002* 0.0001*

T. weissflogii DOC 1 and 2 54 <0.0001* <0.0001*

Tetraselmis sp. DOC 1 and 2 54 <0.0001* <0.0001*

All Live and Both 294 0.0002* 0.0002*

POC
All POCand  Both 378  <0.0001* <0.0001*
DOC
All Live and Both 240  <0.0001* <0.0001*

DOC
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comparisons that included E. huxleyi (Table 3). The POC decline in the first versus the second
phases was found to be significantly different for all species, especially for 7. weissflogii and
Tetraselmis sp. (Table 3). In the DOC treatments, the first phases of DOC decline were
significantly different between 7. weissflogii and Tetraselmis sp. and E. huxleyi and Tetraselmis
sp. (Table 3). The decline in the second phases was only significantly different between T.
weissflogii and Tetraselmis sp., and was highly significant (Table 3). The differences between
phase one and phase two for each algal species were all highly significant (Table 3). In addition,
there was high statistical significance in the differences between all live treatments, all POC

treatments, and all DOC treatments when compared against each other (Table 3).

Table 4 shows data related to the protist grazer populations that were counted in each
treatment from the second experimental set, just before to just after the peaks in prokaryote
abundances. Counts were not done before four days, when protist grazers were exceptionally rare
and therefore mostly below our detection limit. Our focus was on the abundances around the
time of the prokaryote peaks and after their numbers declined to determine whether protist grazer
numbers were sufficiently high to explain the fast decrease in the prokaryote populations. In
addition, as cell count filters were created with only 5 ml of mesopelagic water, it was difficult to
obtain accurate counts before this time. The protist grazer biomass is most relevant to determine
whether they were abundant enough to cause the rapid decreases in prokaryote numbers or
whether other factors were at play (e.g., viral lysis and/or resource limitation). The Tetraselmis
sp. and T weissflogii (#2) POC treatments contained the highest mean and maximum abundances
of protist grazers, and the former treatment had an average abundance an order of magnitude

larger than the abundances in the E. huxleyi and T. weissflogii (#2) POC treatments, and was two
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Protist grazer cell count statistics for multiple algal species and carbon treatments. Included are
the approximate protist grazer abundances (+ standard deviations) at time points close to and of
the peak prokaryote abundances (days 4-24) in the experimental incubations. Also shown for

each treatment is the range and the time delay between the peak abundances in prokaryotes and

protist grazers.

Treatment n Mean abundance  Standard Range Time since
(ml?) deviation (ml?) prokaryote
peak (d)
E. huxleyi POC 14 119.35 196.27 0-705.23 11
T. weissflogii POC 12 498.97 775.29 0-2.26 x 10° 11
(#2)
Tetraselmis sp. POC 12  1.45x 103 1.78 x 10° 126.94- 11
6.49 x 10°
E. huxleyi DOC 12 55.28 106.77 0-380.83 11
Tetraselmis sp. DOC 12  69.42 73.17 0-198.35 2
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orders of magnitude larger than the abundances in the two DOC treatments (Table 4). All peaks
in protist grazer abundances were reached 11 days after the peaks in prokaryote abundances,
except in the Tetraselmis sp. DOC treatment where it occurred only two days later. The data were
overall noisy but sufficient to establish that the protist grazer populations were high enough to
reduce the prokaryote abundances (Table 4, see Discussion for the microbial grazing impacts).
However, future experiments would be beneficial to track the development of protist grazer

populations over time across treatments and species.

POC and DOC data from all nonliving treatments were combined to compare prokaryote
abundances and ATP against each other (Fig. 7). The linear regression model (slope = 1.892 x 10
97) is very close to the line predicted based on 20 fg cell! (Lee and Fuhrman, 1987) and a

conversion of 250 (slope = 1.577 x 10°") (Holm-Hansen, 1969) (Fig. 7).

POC samples from every dead POC treatment in addition to the 12 °C live T. weissflogii
treatment were biochemically fractionated to give bulk measurements of protein (i.e., TCA-
insoluble), lipids, poly-NA (i.e., TCA-soluble) and low molecular weight (LMW) fractions. The
samples contained nonspecific particulate matter, including both prokaryotes and protist grazers.
The DPM values of the protein, lipids and poly-NA fractions were summed and then percentages
of these three fractions (LMW excluded) were calculated to display in a ternary plot their relative
changes with time over the course of the experiments (Fig. 8). The individual (i.e., not averaged)
percentages are shown in Fig. S1. Samples from the DOC treatments were also fractionated to
obtain biochemical information about the microbial community and any precipitates they
produced but are not shown here because the sample material used in the biochemical

fractionation process was performed on the filters, and not on the dissolved substrate offered as
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Fig. 7. ATP values plotted against prokaryote abundances from the nonliving (POC and DOC)
treatments. The solid red line is a fitted linear regression (m = 1.892 x 10%7, t* = 0.5871, n =
362). The dashed line (m = 8 x 10, r> = 1, n = 362) represents the predicted ATP values
based on prokaryote cell counts, using 20 fg cell”! and a mass conversion coefficient of 250
for carbon and ATP (Holm-Hansen, 1969).
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Fig. 8. Biochemical fractionations of POC samples taken from one live and several dead POC
treatments, at three time points during the experimental time frames. Green represents mean
values of the T. weissflogii live treatment, olive the T. weissflogii POC treatment, red the E.
huxleyi POC treatment and violet the Tetraselmis sp. POC treatment. The degree of shading
indicates the degree of decay, with opaque shades being undecayed and more transparent
shades being more strongly decayed. Arrows represent the trajectories with time.
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food (see Fig. S2). Generally, POC in these live and POC treatments had high relative
percentages of protein, and decreased in % lipids and further increased in % protein over time
(Fig. 8). The POC in the Tetraselmis sp. treatment was lower in % protein to begin with, and it
decreased in % lipids and increased in % poly-NA over time (Fig. 8). The Tetraselmis sp.
treatment deviated from the trends of the other two algae, and had a much lower percentage of
protein and a higher percentage of poly-NA overall (Fig. 8). In all treatments, the changes in
biochemical fractions between the first and the second time points were greater than the changes
between the second and third time points indicating a much more rapid change in relative

biochemical composition in the first phase of decay (Fig. 8).

The slopes of decay of the three main biochemical fractions were compared against each
other for each POC treatment (7. weissflogii #1 and #2 data were combined) and tested for
significance at o < 0.05 using ANCOVA homogeneity of slope tests (Table 5). Differences in the
percentages of protein and lipids and protein and poly-NA were significant for every algal
species except for Tetraselmis sp. (Table 5). The differences between % lipids and % poly-NA
were insignificant for each species (Table 5). Since the residuals were not normally distributed,
randomization tests were performed to obtain more reliable p-values and presented along the p-
values generated by MATLAB in a separate column (Tables 3 and 5) (Edgington and Onghena,
2020). In general, p-values were very similar and the randomization tests did not change whether
the differences were statistically significant or not (Tables 3 and 5). Table 6 shows the
biochemical fraction decay rate constants that were calculated for each treatment, which
consisted of two different time intervals. In the first time interval for each treatment, the lipids
fraction underwent the highest rate of decay (Table 6). However, in the second time interval

lipids possessed the lowest or second lowest decay rate constants in all but the E. hux/eyi
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ANCOVA homogeneity of slope test results for comparisons of biochemical fractions over time
in the POC treatments. Also listed are p-values based on randomization tests, using 10,000
randomizations each. The p-values less than the criterion oo = 0.05 are marked with asterisks (*).

Treatment Comparison n ANCOVA p-value  Randomization
p-value

E. huxleyi POC Protein and lipids 18 <0.0001* 0.0002*

E. huxleyi POC Lipids and poly-NA 18 0.1010 0.0996

E. huxleyi POC Protein and poly-NA 18 <0.0001* 0.0001*

T. weissflogii POC  Protein and lipids 36 <0.0001* 0.0002*

T. weissflogii POC  Lipids and poly-NA 36 0.1664 0.1631

T. weissflogii POC  Protein and poly-NA 36 <0.0001* < 0.0001*

Tetraselmis sp. Protein and lipids 17 0.3012 0.2989

POC

Tetraselmis sp. Lipids and poly-NA 17 0.4285 0.4413

POC

Tetraselmis sp. Protein and poly-NA 18 0.0916 0.0913

POC

All species POC Protein and lipids 71 0.0008* 0.0009*

All species POC Lipids and poly-NA 71 0.1315 0.1253

All species POC Protein and poly-NA 72 <0.0001* 0.0001*
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Table 6

Average decay rates for the biochemical fractions in the 12 °C live treatment and the dead POC
treatments, calculated using first-order kinetics for each sample interval.

Treatment Biochemical Time Average rate 1 n Time Average rate 2 n

fraction interval (d) interval (d)

1(d) 2(d)

Live T. Protein 22 0.0427+£0.0132 3 85 0.0180 £0.0056 3
weissflogii
- Lipids 22 0.0704 £0.0138 3 85 0.0160 £0.0060 3
- Poly-NA 22 0.0438 £0.0156 3 85 0.0208 £0.0062 3
- LMW 22 0.0725+0.0151 2 85 0.0363 £0.0045 2
T Protein 22 0.0229 £0.0063 3 85 0.0131 £0.0025 3
weissflogii
POC (#1)
- Lipids 22 0.0831 £0.0058 3 85 0.0068 £0.0059 3
- Poly-NA 22 0.0178 £0.0186 3 85 0.0159 £0.0058 3
- LMW 22 0.0435+0.0059 2 85 0.0069 £0.0037 2
E. huxleyi Protein 9 0.0250 £0.0061 3 87 0.0207 £0.0042 3
POC
- Lipids 9 0.1064 £0.0150 3 87 0.0226 £0.0007 3
- Poly-NA 9 0.0148 £0.0135 3 87 0.0164 £0.0083 3
- LMW 9 0.0523 £0.0091 3 87 0.0185+0.0033 3
T. Protein 9 0.0585+0.0211 3 87 0.0106 £0.0079 3
weissflogii
POC (2022)
- Lipids 9 0.2026 £0.0266 3 87 0.0082 £0.0022 3
- Poly-NA 9 0.0300 £0.0263 3 87 0.0139+0.0111 3
- LMW 9 0.0257+£0.0074 3 87 0.0188 £0.0029 2
Tetraselmis  Protein 9 0.0998 £0.0318 3 87 0.0075 £0.0069 3
sp. POC
- Lipids 9 0.1999 £0.0736 2 87 0.0058 £0.0039 2
- Poly-NA 9 0.0427 £0.0127 2 87 6.5391 x 10 1
- LMW 9 0.0080 £0.0003 2 87 0.0118+£0.0073 2




treatment (Table 6). The LMW fractions had the highest rates of decay in the second time

interval for the majority of treatments (Table 6).
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DISCUSSION

CARBON ENRICHMENT

Our experiments were designed to measure the degradation of marine organic matter by a
natural microbial community from the mesopelagic zone. Algal cultures were used in place of
marine snow particles, fecal pellets, or other substrates to ensure greater homogeneity of the
subsamples taken at each time point. Samples for cell counts were taken from all radiolabeled
cultures for enumeration under the epifluorescence microscope using DAPI stains, however, they
were highly unreliable. Emiliania huxleyi nuclei were not distinguishable from bacteria in our
slides, and accurate counts were therefore not possible. Diatoms were identifiable primarily due
to their red autofluorescence. Their large nuclei should have been visible in the DAPI channel;
however, they were either camouflaged by the silica frustules or heavily decayed so much that
the actual cell enumeration was very difficult. Unlabeled cultures of Thalassiosira weissflogii
grown under the same light and nutrient conditions on average yielded 288,000 cells ml! in the
early stationary phase, and directly-determined carbon values from a mass spectrometer averaged
137 ug carbon ml!. Dividing the amount of carbon by the cell abundance would result in a
carbon per cell content of 470 pg cell!. In contrast, using the measurements shown in Fig. 1 and
assuming a cylindrical shape and the conversions supplied by Menden-Deuer and Lessard
(2000), the carbon content cell' should have been closer to 51 pg per cell. This is a discrepancy
of more than 9-fold, which indicates that a large amount of extracellular POC accumulated in the
cultures. The carbon values of early stationary cultures were very similar among species, even in
cultures of the prokaryotes Synechococcus and Prochlorococcus (unpublished values). Thus, we
used the actual measurements of POC in the diatom to scale the various carbon values according

to DPM values, fully acknowledging that this is only a very rough approximation. The DPM
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values and conversions to carbon in the various compartments are shown in Table 2. The
relatively low carbon additions added to 1.7 L of mesopelagic water — approximately between
0.75-1.04 pg C ml! for the live treatments, 0.20-0.50 pg C ml! for the POC treatments, and
0.07-0.12 pg C ml! for the DOC treatments — also ensured that the composition of the treatments
was more representative of mesopelagic water enriched with settling particles than of pure algal
cultures. Using typical mesopelagic carbon values of 50-100 pg C L' POC (Gardner, 1989) and
588 ug C L' (49 uM) DOC (Vlahos et al., 2002), we therefore increased the background POC
fractions approximately 3 to 21.8-fold and the background DOC fractions 1.12 to 1.20-fold in the
respective treatments (Table 2). Three prior studies calculate enrichment factors (EFs — the
abundance volume™ on a macroaggregate compared to the background abundance) for diatoms
to be <27, between 130 and 1.7 x 103, and between 160 and 3.9 x 103, respectively (Silver et al.,
1978; Silver et al., 1998; Alldredge, 1998; Simon et al., 2002). The EF measurements for
phytoplankton sized between 2 and 20 pum are between 7 and 67 (Caron et al., 1986; Simon et
al., 2002). According to previous studies, the in-situ enrichment factor of marine snow DOC is
between 14.3 and 78 (Herndl and Peduzzi, 1988; Alldredge, 2000; Simon et al., 2002).
Therefore, our carbon additions were not excessive and were well within the wide ranges of
microscale variability observed in the marine environment. We expect the difference in initial
DPM values between the same treatments of different algal species to be a result of different
carbon amounts in each culture, which are functions of the amount of carbon per cell present in

the culture of each species and the abundance of algal cells (Table 2).

Oxygen limitation was avoided during the experiments because of this relatively low
input of organic material, in addition to the flasks’ large surface area to atmosphere ratio and the

thorough mixing before each subsample was taken. High accuracy was possible due to the high
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sensitivity of the *4C assay which provided sufficiently high readings for sample volumes of only
5 ml for POC and 0.5 ml for DOC, even at the end of each experiment (Table 2). A carbon mass
balance (including inorganic carbon) was not possible as there was an inefficient recovery of the
total dissolved carbon fraction (pre-acidification). In addition, because our carboys were open
systems, losses in the dissolved inorganic carbon fraction due to the outgassing of carbon dioxide

could not be prevented.

REPORTED DECAY RATES

The decay rates reported from these three experiments are net decay rates, as the carbon-
14 released by the carbon treatments is partially reincorporated into the developing microbial
biomass. Therefore, the C-14 of the carbon sources and that incorporated by the prokaryote
community during the incubations cannot be separated from each other. The remaining carbon
seen at the end of the 69 or 87-day experiments, therefore, is believed to represent both the
prokaryote community and the formation of refractory material over time that can only be slowly
degraded or not degraded at all. Based on our ATP values, however, the live microbial
community makes up a very small fraction of carbon at the beginning of the experiment:
between 0.35 and 0.83% for the POC treatments and approximately 0.17% for the DOC
treatments. At the end of the 87-day period, the live microbes’ fraction of carbon is
approximately 3.9% for the POC treatments (5 to 11-fold increase) and 5.3% for the DOC
treatments (~31-fold increase). The reincorporation of the 4C label therefore had very little

influence on the overall decay rate estimates.

The rates we calculated from our experiments fall within the wide ranges reported in the

literature (Table 7 and Fig. 9). Most decay rates have previously been measured for particulate



Table 7

Literature summary of carbon remineralization rates by particle type, and methods used.
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Particle type Rate (d™) Method Reference (by year)

DOM (Step 1) 0.01-0.09 Wet oxidation Ogura (1975)

DOM (Step 2) 0.001-0.009 Wet oxidation Ogura (1975)

Dried Anabaena 0.010-0.072 C-14 and quantification of  Fallon and Brock

cells released carbon dioxide (1979)

Plankton tow 0.038 Analysis of carbon content  Westrich and Berner

(1984)

Sediment trap 0.010-0.036 Analysis of carbon content  Walsh et al. (1988)

material

Plankton 0.044-0.232 Analysis of carbon content  Seiki et al. (1991)

net/sampler POM (dry digestion) (run 5, 5-30 °C)

Plankton 0.056-0.211 Analysis of carbon content  Seiki et al. (1991)

net/sampler DOM (wet digestion) (run 5, 5-30 °C)

Diatom and 0.035-0.053 Analysis of carbon content  Harvey et al. (1995)

cyanobacteria POC (oxic)

Diatom and 0.007-0.015 Analysis of carbon content  Harvey et al. (1995)

cyanobacteria POC (anoxic)

Diatom aggregates  0.083 Oxygen consumption (RQ  Ploug and Grossart
of 1.2 mol O2: 1 mol CO2)  (2000)

Fecal pellets 0.12 Oxygen consumption (RQ  Ploug et al. (2008)
of 1 mol Oz: 1 mol CO»)

Marine snow 0.13 Oxygen consumption (RQ  Iversen and Ploug
of 1.2 mol O2: 1 mol CO2)  (2010)

Diatom aggregates  0.12 (15°C)  Oxygen consumption (RQ Iversen and Ploug
of 1 mol O2: 1 mol CO) (2013)

Diatom aggregates  0.034 (4 °C)  Oxygen consumption (RQ Iversen and Ploug
of 1 mol O2: 1 mol CO) (2013)

Fecal pellets 0.02-0.1% Oxygen consumption (RQ  Morata and Seuthe
not specified) (2014)

T. weissflogii cells  0.096-0.113 Analysis of carbon content  Suroy et al. (2015)

Sediment trap 0.004-0.278  Quantification of released  Collins et al. (2015)

material carbon dioxide

RESPIRE sediment  Undetectable— Oxygen consumption (RQ  McDonnell et al. (2015)

trap material 0.04 not specified) (WAP)

RESPIRE sediment  0.4-0.5 Oxygen consumption (RQ  McDonnell et al. (2015)

trap material (without 1.5 not specified) (BATS)

outlier)
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Particle type Rate (d) Method Reference (by year)
Diatom aggregates  0.065 Oxygen consumption (RQ of 1  Ploug and Bergkvist
mol O2: 1 mol COy) (2015)
Fecal pellets 0.010-0.065  Oxygen consumption (RQ of 1  Belcher et al. (2016a)
mol O2: 1 mol CO»)
Marine snow 0.011-0.014  Oxygen consumption (RQ of 1  Belcher et al. (2016b)
mol O2: 1 mol CO»)
Marine snow 0.35-13.7 Oxygen consumption (RQ not  Cavan et al. (2017)
(0.13-5 temp. specified) and analysis of
corr.) carbon content
Humic substances  0.004-0.006 ~ Oxygen consumption (RQ not  Lgnborg et al. (2018)
DOC specified) using data from
Bussmann (1999)
Semi-labile DOC 0.001-0.011  Model-derived using past DOC Lgnborg et al. (2018)
data
Semi-refractory 3x10°- Model-derived using past DOC Lgnborg et al. (2018)
DOC 7.001x10°  data
Natural 0.33-5.25 Oxygen consumption (RQ of 1  Cavan and Boyd
heterotrophs (0.87-1.07 in-  mol O2: 1 mol CO») (2018)
situ temp.)
Suspended and 0.007-0.125  Oxygen consumption (RQ of 1  Bach et al. (2019)
sediment trap mol O2: 1 mol CO2) and
material analysis of carbon content
TOC fraction 0.22-0.37 Decarbonation Cabrera-Brufau et al.
(2021)
POC fraction 0.08-0.35 Decarbonation Cabrera-Brufau et al.
(2021)
Copepod carcasses  0.02-0.16 Oxygen consumption (RQ of 1  Halfter et al. (2022)

mol O2: 1 mol CO3) and

analysis of carbon content




41

Seiki et al. (1991)(run 5, 5-30°C) | O -
> Iversen & Ploug (2013)15°C o
o wmm({ Suroy etal (2015) —
Ploug & Bergkvist (2015) O
>_1 Cavan & Boyd (2018)

Fallon & Brock (1979)

Westrich & Berner (1984) —

Walsh et al. (1988)

Seiki et al. (1991) (run 5, 5-30 °C) ~ — =
Harvey et al. (1995) oxic -

Harvey et al. (1995) anoxic O

Ploug & Grossart (2000)
Ploug et al. (2008)
Iversen & Ploug (2010) = e n
Iversen & Ploug (2013) 4 °C
Collins et al. (2015)
McDonnell et al. (2015) WAP
McDonnell et al. (2015) BATS
Belcher et al. (2016a)

Belcher et al. (2016b) - " =
Cavan et al. (2017)

Bach et al. (2019)
Cabrera-Brufau et al. (2021)
Halfter et al. (2022)

POC

___________ e m mm mm mm mm mm m mm m mm m m e m mm m e e e
Ogura (1975)
c ) Ogura (1975) -
Lenborg et al. (2018), Bussmann (1999)
o Lonborg et al. (2018) L -
D Lenborg et al. (2018) =

Phase 1 0 0.1 0.2 0.3 0.4 0.5
-Phase2
Decay (day!)

Fig. 9. Horizontal bar chart of carbon remineralization rates calculated in previous studies,
and our regression slope data separated by phase and carbon treatment. Green bars represent
data from phase one and red bars represent data from phase two. The authors of each study
are placed next to the bars with their respective values.
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sources rather than dissolved, so the upper bounds of the range of our DOC decay rates (> 0.7 d°
! Figs. 4h, 6¢ and d) are relatively unique (Table 7 and Fig. 9). The live POC decay rates (0.003-
0.096 d*) and the dead POC decay rates (0.001-0.329 d?) fall within the ranges reported in the
literature (Table 7 and Fig. 9). These rates are especially similar to those from Ogura (1975),
Seiki et al. (1991), the oxic incubations in Harvey et al. (1995), Iversen and Ploug (2013),
Collins et al. (2015) and Cabrera-Brufau et al. (2021). In contrast, the rates of decay reported in
McDonnell et al. (2015) that measured respiration using sediment traps equipped with oxygen
chambers to monitor decay (i.e., RESPIRE traps) are very high by comparison (Table 7 and Fig.
9). Most literature decay rates that are based on oxygen consumption assume a respiratory

quotient (RQ) value of 1 (Table 7).

CONSIDERATION OF LIVE CARBON

There has been a long-recognized conundrum involving the relationship between the
observed biological activity in the bathypelagic layer and the apparent supply of organic
nutrients (Reinthaler et al., 2010; Burd et al., 2010). Previous literature has suggested
mechanisms that close the gap between these two variables, such as the in-situ production
through yet uncharacterized production pathways (e.g., Herndl et al., 2023). Another possible
mechanism is rapid, episodic sinking events that are missed by conventional calculations and
steady-state assumptions, which could lead to an underestimation of the contribution of the slow-
sinking particle pool (Giering et al., 2017; Smith Jr. et al., 2018). Our analysis suggests that if
phytoplankton are alive while sinking, and have sufficiently rapid sinking velocities at the time
of aggregate formation, they will greatly resist degradation and supply pulses of nutrients to the

bathypelagic environment.
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Within the live algal treatments, the trajectory of decay was best described with three
phases. In the first phase (phase zero), low decay rates were present since the algae were still
alive. This first phase of slower losses included the respiration of the live cells, the exudation of
organic material, and likely some cell deaths. Next, a rapid die-off occurred during which POC
rapidly decreased, and this was followed by a third phase of decay that was similar to the decay
consistent with the dead POC treatments during the latter half of the experimental time frame
(Figs. 4e-g and 5d-f). As observed with the instantaneous decay rates, POC decay began but was
relatively low in the first phase, and did not peak until the diatom die-off event (phase two)
(Figs. 4a and b). The rapid cell die-off released an abundance of organic material that fueled the
microbial growth, as seen in the spike in prokaryote cell counts (Figs. 4m and n). Differences in
decay seen in Fig. 4 and Table 3 between the 8 °C and 12 °C live T. weissflogii treatments can be
attributed to the difference in temperature between the two incubations (8 and 12 °C) as higher
temperatures cause higher rates of reactions (i.e., the Arrhenius equation) (Vallance, 2017). The
8 °C live treatment’s lower incubation temperature appeared to have slowed down the decay of
the organic matter in the first phase and affected both the trajectory of ATP concentrations and
the response time of the microbial community. A Q1o temperature coefficient describes the
temperature impact on a biological process (e.g., degradation) (Gillooly et al., 2001; Szewczyk et
al., 2023). Using a Q1o of 2 (Eq. 2), and in the first phase only, much of the difference in decay

rates can be explained by temperature alone. The Q10 equation is:

Qi =(R2/R1) M (10 °C [/ (T2- Ty)), 2

where R and Ry are the rates at the lower and higher temperature, respectively, and T1 and T»
the lower and higher temperature, respectively (van ‘t Hoff, 1899; Hegarty, 1973; Szewczyk et

al., 2023). Using this equation on the differences in decay rates of the live treatments, the actual
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Quo is 3.17 for the first phase. In contrast, the decay rates were very similar between the two

temperatures with a Q1o of 0.66 in the second phase.

Using this assumption, the rates from the 8 °C experiment adjusted to 12 °C were 0.0364
for the first phase of decay and 0.0165 for the second phase. These rates were similar to the
values that were measured in the 12 °C experiment (0.0438 and 0.0106 for the two phases,
respectively). Both of the live treatments showed a resistance to initial decay in comparison to
the POC and DOC treatments. The natural defenses associated with live algal cells, including
diatoms (e.g., the production of antibiotics), and their ability to resist degradation have long been
discussed in the literature (Waksman et al., 1937; Nielsen, 1955; Golueke et al., 1957;
Oppenheimer and Vance, 1960). These defenses would have prevented decay until the death of
those cells from their inability to perform photosynthesis and the cold temperatures. The
mortality of the live diatoms accelerated between 14 and 20 days into the experiment (Figs. 4e, f,
i and j). The degree of contribution of biomass to sinking fluxes is, therefore, an important but
rarely measured factor in determining the transfer efficiency of the biological pump (Taylor,
1989). The resistance of live cells to decay also explains the large number of intact cells
observed in the deep sea (Agusti et al., 2015; Turner, 2015; Tréguer et al., 2018; Giner et al.,
2020; Zhao et al., 2022). More work needs to be done to better understand the contribution of the
live carbon flux to the deep sea, but these fluxes are difficult to capture because of their highly

episodic nature.

TRENDS IN NONLIVING TREATMENTS
In the non-living treatments (POC and DOC), the inflections from the first to the second
phases typically occurred in the time frame of 10-24 elapsed days for the POC treatments and 2-

6 elapsed days for the DOC treatments. Our results also show that the contrast between the initial
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and the subsequent decay rate was more striking in experiments that used DOC rather than POC
as a substrate. The easily digestible fractions in the DOC were degraded very quickly, and as
with the POC treatments there were refractory (i.e., harder to digest) pools that persisted
throughout the experimental time frames (Figs. 4c, d, 5a-c, 6a and b). However, the DOC
treatments exhausted the easily digestible fractions much earlier on in the experiment (2-4 days
in) than the POC treatments (Figs. 4c, d, 5a-c, 6a and b). After 2-4 days, the decay associated
with the second phases stabilized and the slopes became notably shallow compared to the slopes
in the first phases (Figs. 4d, 6a and b). It was at this point that the most labile DOC fractions had
been digested by the microbial community, which left fractions that decayed very little over a
period of months that would likely be classified as semi-labile (Hansell, 2013). A study by
Carlson et al. (1998) on organic carbon in the Ross Sea and the Sargasso Sea concluded that the
lability of the total organic carbon produced in phytoplankton blooms and its partitioning into
particulate and dissolved fractions are dependent on location, and could be a result of differences
in phytoplankton populations. Based on the differential decay rates we obtained from our
experiments, the percentage of organic carbon that is particulate versus dissolved would control
the amount of organic matter that reaches the mesopelagic zone and below. We observed a much
faster and initially stronger decay of DOC than POC (Figs. 4a-h, 5a-f and 6a-d), which suggests
that if both fractions were of the same age the DOC that reaches the deep sea will likely be a

smaller percentage of the original quantity than the POC.

Interestingly, the decay rates in the later stages of DOC degradation were also generally
much lower than the rates in the later stages of POC decay (Figs. 49, h, 5d-f, 6¢, d and Table 8).
DOM naturally produced in-situ can undergo transformations into harder to digest material

(Hansell, 2013). It is known that microbially-mediated remineralization can produce more



Table 8

Time points when inflections in natural log-transformed POC data occurred, the slopes for the
phases, and the difference between them for each treatment. The live treatments have two points
of inflection: one at the end of the first slope and one at the beginning of the third slope.
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Treatment Inflection(s) Slope 1 (-)  Slope2(-)  Slope I -slope 2 (-)
(days elapsed)

Live T weissflogii #1 ~ 1). 14-21 0.0639 0.0131 0.0508
(8 °C) 2).21-27

Live T weissflogii #2  1). 17-24 0.0584 0.0091 0.0493
(12 °C) 2).27-38

T weissflogii POC #1  10-17 0.2003 0.0156 0.1847
T weissflogii DOC 2-4 0.7645 0.0012 0.7633
E. huxleyi POC 17-24 0.0325 0.0272 0.0053
T weissflogii POC #2  17-24 0.0801 0.0054 0.0747
Tetraselmis sp. POC 10-17 0.0755 0.0126 0.0629
E. huxleyi DOC 2-4 0.5600 0.0048 0.5552
Tetraselmis sp. DOC  4-6 0.3685 0.0069 0.3616
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refractory DOM (e.g., Ogawa et al., 2001). Hansell (2013) indicated that DOC that is not
degraded over a period of weeks to months probably belongs to the semi-labile fraction. Semi-
labile DOC is also thought to be the DOC fraction that is the principal contributor to the
biological pump, on account of the high amount exported through the water column (~1.5 Pg C
year?) (Hansell et al., 2012; Hansell, 2013). Therefore, it reasons that the less digestible DOC
fractions that formed over the course of our experiments were likely similar in nature to the
fractions present in the mesopelagic. It is possible that a more diverse microbial population is

required to break down the material that is harder to digest (Pedler et al., 2014).

Bacteria are believed to specialize in the type of DOC substances they preferentially
incorporate from their environment (e.g., Kieft et al., 2021). For example, there is evidence that
Bacteroidetes lineages have an assimilation preference for DOC from diatom lysates (Kieft et al.,
2021). Pedler et al. (2014) concluded that only one bacterial strain, Alteromonas (AltS10), was
needed to deplete the operationally-defined labile DOC fraction. Alteromonas has also been
found to be a common gammaproteobacterium in marine snow, with different strains thought to
specialize in the colonization of larger and faster particles or smaller and slower ones (Ivars-
Martinez et al., 2008). It is likely, therefore, that fresh organic material is primarily degraded by
a few copiotroph specialists that can rapidly grow when given rich organic material, and then
quickly fade away as a result of both depleted resources and bacterivory. Another example that
shows that specialist copiotrophs may be responsible for most of the fresh carbon decay is the
substantial taxonomic and functional gene differences between microbial populations growing in
sediment traps, i.e., those captured in poisoned sediment traps (reflecting communities on
sinking particles) and those present in the water column (Fontanez et al., 2015). Fontanez et al.

(2015) found that Alteromonas, Marinobacter, Moritella and Pseudoalteromonas were the
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bacterial genera found in the highest abundances in the unpoisoned traps, while Vibrio

dominated bacterial abundances in poisoned traps.

EFFECT OF COMPOSITION ON DECAY

The decay experienced by a carbon source over time is dependent on its composition
(i.e., live, dead, POC or DOC) more so than the species the organic substrates derived from. In
the case of dissolved organic matter, decay processes are similarly important in the determination
of the fraction of refractory DOC (Meon, 2001). Live cells resist degradation more effectively
than dead material in the form of POC or DOC, and some of the early losses we observed with
the live diatoms were due in part to decrease of the 1*C signal through cell respiration. The decay
associated with POC and DOC are very different from each other in terms of the rate of decay
and peak decay reached at any point of time (Figs. 4c, d, g, h, 5a-f, 6a-d and Table 8). Our data
also suggest that the two phases of decay are not independent of each other. The faster decay
observed in the early phases led to slower decay in the later phases (Figs. 4d, 5b, ¢, 6a and b).
The E. huxleyi POC treatment began with a relatively low initial decay rate that led to a higher
decay rate in the second phase than observed in the T. weissflogii and Tetraselmis sp. POC
treatments (Figs. 4c and 5a-c). We cannot explain with a high degree of confidence the reason

for this interrelationship, and therefore this is an area that requires further research.

We are unsure why the initial POC decay rate for E. huxleyi was less than that of the
other two algae, but consider three possibilities. Lower decay may have been a result of the high
degree of stickiness observed in the preparation of the E. huxleyi POC treatment. The cells were
very difficult to remove and resuspend from the filter, and considerable mechanical force,
including sonication, had to be used to remove the cell debris from the polycarbonate membrane.

This may have mechanically solubilized material that ended up in the dissolved fraction, leading
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to a slower initial decay of the retained particulate fraction. The T. weissflogii cells were much
easier to resuspend and the Tetraselmis sp. cells were removed with the most ease out of the
three species. The second possibility is that the presence of transparent exopolymer particles
(TEP) could have slowed the decay. An increase of TEP has been previously observed on
coccolithophorids in the presence of viruses (Vardi et al., 2012) and the mechanisms associated
with the slower digestion of mucopolysaccharides have been observed in another haptophyte
(i.e., Phaeocystis sp.). The low decay rate of mucus in that species is related to the high C:N and
C:P ratios that possibly make it a less favorable substrate because of nutrient limitation
(Alderkamp et al., 2007). Another possibility for the trajectory of the E. huxleyi POC treatment is
that the coccolithophorid has antimicrobial protection that inhibited the growth and digestion of
its matrix. However, this final possibility is unlikely given the robust growth of the microbial

community, especially as reflected in the high cell counts (Fig. 5j).

Cabrera-Brufau found higher particulate organic matter decay rates in flagellate
communities, largely comprised of coccolithophores and nanoflagellates, than in communities
mostly made up of diatoms (Cabrera-Brufau et al., 2021). This is in contrast to our results, where
at least initially the opposite was true, and diatom carbon was digested more easily (Figs. 4c, g,
5a, b, d, e and Table 8). There were, however, several main differences in the experimental
protocol between our study and that of Cabrera-Brufau et al. (2021). They used conglomerations
of different substrates that were not limited to individual species, and the initial incubation of the
POM involved nutrient inputs and cycles of 12 hours of light followed by 12 hours of darkness.
Our experiments were performed in complete darkness. Their degradation experiment was also
only performed over a 19-day period (Cabrera-Brufau et al., 2021) while ours took place over 87

days.
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BIPHASIC DECAY

In all of our experiments, the decrease in POC and DOC over the entire time course of up
to 87 days did not follow simple first order kinetics. Viewing the data at high temporal
resolutions, decay rates were complex and rapidly changing during the first few days, typically
reaching peak values between 21 and 27 days for the live treatments, between 1 and 2 days for
the POC treatments, and at 2 days for the DOC treatments. The rapid increase in decay rates at
these times is concomitant with the rise in microbial biomass, as evidenced by both ATP
measurements and prokaryote abundances (Figs. 4i-p, 5g-1 and 6e-h). However, both the changes
in the microbial populations and the rates of decay of the substrate are so rapid that overall, a
simple model based on biphasic decay is justified when using bulk POC and DOC (Figs. 4-6).
Biphasic decay was previously observed in organic matter from sediments that was studied in the
laboratory, albeit on a much longer time scale (Westrich and Berner, 1984). After approximately
50 days into their experiment, the concentration of remaining POC was ~50% of the initial
concentration (Westrich and Berner, 1984). Westrich and Berner (1984) suggested that the phase
that extends to 50 days represents the POC fraction that is the most reactive and therefore easiest
to digest. By comparison, our POC treatments at 50 elapsed days had POC percentages between
15 and 26% of the initial amount. The differences in POC decay rates could be due to differences
in substrate — theirs consisted of naturally collected POC with multiple species while ours were
derived from single species — and the fact that they studied benthic decay while we used pelagic
microbial communities (Westrich and Berner, 1984). Digitizing the data from Westrich and
Berner’s (1984) laboratory experiment with Long Island Sound plankton (their Fig. 2) resulted in
an instantaneous rate of decay in oxygenated water of 0.034 d! for the first phase, and 0.0004 d*

for the second phase (their Fig. S1). The inflection point between these two phases was very
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similar to ours, occurring 30 days after the start of the experiment with ~30% of the original
POC remaining. These values are remarkably close to what we obtained in our experiments,
especially in the first phase (Figs. 4c, 5a-c, 6a and b). In the water column, biphasic decay was
also observed in a field study by Kheireddine et al. (2020) on a time scale more similar to ours.
Their study used data collected in-situ from the Red Sea and found that over a period of a few
days >85% of the exported POC that reached the mesopelagic zone underwent degradation
(Kheireddine et al., 2020). In a second phase, the remainder of the exported POC took between
weeks and months to degrade (Kheireddine et al., 2020). The fast initial and slow subsequent
phases of decay described in Kheireddine et al. (2020) were similar to what we observed in our
experiments (Figs. 4a-h, 5a-f and 6a-d). In both of these studies the authors concluded that this
two-phase system is most likely a consequence of the lability of the substrate (Westrich and

Berner, 1984; Kheireddine et al., 2020).

MEASURES OF BIOMASS

Biomass that contribute to the mass fluxes are not only composed of the initial
phytoplankton substrates, but also of prokaryote populations and the heterotrophic protist grazers
that colonize sinking aggregates. The analysis of ATP, therefore, is potentially a very useful
method in determining the contribution of biomass to the overall carbon flux. From our
experiments it appears that, with a few exceptions, the peak biomass typically occurs 4-10 days
into the experiments. This range in time is around when particles with sinking velocities of 40-
100 m d! (Giering et al., 2017; lversen and Lampitt, 2020) would have transited a good portion
of the mesopelagic zone — i.e., 280 to 1400 m, respectively. The possibility for aggregates to sink
faster than this range means that even greater amounts of live and entirely undegraded material

reach the bathypelagic environment. The comparison between ATP and prokaryote counts
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indicates that ATP is effective at representing live biomass, both of the initial live carbon sources
and the build-up of the prokaryote community that occurs as carbon sources are degraded (Figs.

4i-1, 5g-i, 6e and f).

The protist grazer population apparently had a large impact on the number of prokaryotes
in the experiments. Protist grazer and prokaryote populations are not independent of each other,
as the abundance of one is dependent on the abundance of the other and can show reverse trends
when protist grazers are at high levels (Andersen and Fenchel, 1985; Andersen and Sgrensen,
1986). Lower threshold levels for protist grazing on prokaryotes (i.e., concentrations below
which protist grazing ceases) were reported to range between 5 x 10* and 7 x 10° prokaryotic
cells mIt (Wikner and Hagstrom, 1991; Sanders et al., 1992; Eccleston-Parry and Leadbeater,
1994; Jeong et al., 2008). In our experiments, prokaryote numbers leveled out at approximately 2
x 10° cells mI after heavy grazing (Figs. 4m-p, 5j-1, 6g, h and Table 4). The protist grazers
increased in population with a delay of a few days and reached their peak soon after the peak in
prokaryote cells. The Tetraselmis sp. POC treatment possessed the lowest peak value of
prokaryotes seen in any treatment (~0.5 x 108 mI%), which was likely partially explained by the
fact that it also had the highest number of protist grazers (Fig. 51 and Table 4). The abundance of
protist grazers in the 2022 experiment was sufficiently high to rapidly reduce the prokaryote
numbers in all experiments to a level of ~2 x 10° cells mI! (Figs. 5j-I, 6g and h). The lower
feeding threshold is the number of prey items below which prey can no longer be efficiently
grazed. For comparison, Andersen and Fenchel (1985) found an experimental numerical
response threshold of 1-1.5 x 10° cells mI* using samples from Aarhus Bay. Field samples from
Azam et al. (1983), Andersen and Sgrensen (1986), Wikner and Hagstrom (1991) and Sanders et

al. (1992) showed numerical response thresholds ranging from approximately 2-5 x 10° cells mI°
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!, We are not sure yet as to whether the development of microbial predators — most likely
heterotrophic flagellates — affected the carbon degradation itself. Protist grazers are also known
to increase the recycling of N and P-rich compounds that may stimulate decay, although more
work needs to be done in this regard (Johannes, 1965; Wang et al., 2009). Past studies have
concluded that the presence of protist grazers can increase the rate of microbial degradation of
organic matter and the extent to which the organic matter is degraded (Ribblett et al., 2005;

Risse-Buhl et al., 2015; Chen and Wang, 2018; Chang et al., 2021).

There were also substantial differences in the prokaryote populations between the first
and the second T. weissflogii POC treatments. There is a much earlier, greater, and more rapid
decrease in both ATP and prokaryote abundance in the second treatment. The two biomass
indicators show that the first T. weissflogii POC treatment had an overall larger microbial
population throughout the time period, which may have been responsible for the higher
instantaneous decay rates (Figs. 4g, k, o, 5e, h and k). The same algal species was grown under
the same conditions, but the mesopelagic water was collected at different times of the year. The
water used in the first treatment was taken in October, while the water in the second treatment
was taken in May. The observable differences in the development and decline of the microbial
communities in the first and second Thalassiosira weissflogii POC treatments therefore suggest
that they may be a function of the initial microbial communities, such as the number of protist

grazers contained within or different predator-prey interactions.

BIOCHEMICAL FRACTIONS
In general, the biochemical compositions in our experiments were similar to other studies
that used similar fractionation protocols. A previous study found through shipboard experiments

that lipids contained ~18% of the fixed C-14 that was present (Li and Platt, 1982). Even through
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experimental manipulation of light levels and water temperature, the percentage of lipids were
not greater than 30% of the C-14 total (Li and Platt, 1982). In our experiments, the percentage of
lipids in the POC treatments range from ~5% to less than 30% — aside from one outlier (Fig. 8).
Prior research has suggested that the biochemical protein fraction is a principal macromolecular
component of phytoplankton (~60%) (Wakeham et al., 1997). Proteins have often been assumed
to exhibit labile behavior and be subject to fast decay, but proteins have also been identified in
the detrital DOM pool that would be harder to digest (Tanoue, 1995; Suzuki et al., 1997,
Yamada and Tanoue, 2003; Nunn et al., 2010). The resistance of proteins to decay has been
noted in previous literature, but Laursen et al. (1996) describes both labile and harder to degrade
proteins (Keil and Kirchman, 1994; DelLong and Béja, 2010). Protein in our experiments is
operationally defined as being TCA-insoluble, while the fractions that are soluble are designated
as poly-NA. Therefore, the protein fraction likely consisted of more than just true proteins, and
this must be taken into consideration with regard to our data. Similarly, the separation of the
lipids via the chloroform-methanol extraction could have included non-lipid substances that

could have possibly been degraded more quickly than true lipids.

In the first time interval, lipids and the low molecular weight fraction were more rapidly
digested than the structural proteins and polysaccharides (Table 6). These results are in contrast
to the degradation experiment in Harvey et al. (1995), where carbohydrates were decayed the
fastest, lipids the slowest, and proteins fell in between. There are different lipid classes, the
proportion of which in particles has been found to change seasonally (Harvey and Johnston,
1995). It is possible that a labile and easily digestible group of lipids was present initially, such
as lipids with short-chain fatty acids (FASs) that generally are easier to degrade than complex

lipids (e.qg., triglycerides or complex waves) (Pedrosa-Pamies et al., 2018). Also, long-chain odd
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FAs appear to selectively preserve in the deep sea (Pedrosa-Pamies et al., 2018). In the
experiment with T. weissflogii and Synechococcus sp, the decay rates associated with the bulk
biochemical fractions and each separate fraction were similar between the two species (Harvey et
al., 1995). We can confirm this, as the percentages of each biochemical fraction were relatively
similar between the three species tested in our experiments. However, Harvey and Macko (1997)
found that there were significant differences in the decay of individual lipids between the two
types of phytoplankton tested in the previous study. There were even interspecies differences for
some of the individual lipids present in both species (Harvey and Macko, 1997). It is possible
that in our experiments there were also differences in individual lipid decay among species, but
we cannot be sure as we did not separate our lipids into the individual classes. The decay rates
were very similar among biochemical fractions in our second time interval, however (Table 6).
This finding of relatively static biochemical compositions observed in the later period is more
consistent with the non-selective preservation found in other studies (Hedges et al., 2000;
Hedges et al., 2001; Lee et al., 2004; Wakeham and Lee, 2019). Conversely, some studies have
also shown that aliphatic compounds are selectively preserved with depth (Hwang and Druffel,

2003; Hwang et al., 2006).

FUTURE CARBON CYCLING AND SUMMARY

The carbon cycle is predicted to change with continuing climate change and rising global
temperatures, which will impact carbon degradation and the biological pump (Boscolo-Galazzo
et al., 2018). The evaluation of recent climate model data predicts changes in POC export at 100
m to be between -1.98 and 0.16 GtC yr?, depending on the model (Henson et al., 2022). Across
84% of the ocean, the models disagree on whether this change will be positive or negative

(Henson et al., 2022). There is more disagreement between the models when comparing the
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current POC flux with future predicted fluxes (Henson et al., 2022). DOC trapped in ocean
waters can be sequestered on a timescale of years to centuries, keeping it out of the atmosphere
and the upper ocean (Hansell et al., 2009). Changes in the marine DOC pools could have drastic
impacts on carbon dioxide concentrations in the atmosphere, and as a result, climate change
(Kirchman, 2018). It is predicted that the more intense global warming expected in the coming
years will reduce the effectiveness of certain processes associated with the biological pump, such
as the transport of atmospheric carbon dioxide (Turner, 2015). Increased stratification, decreased
nutrient concentrations in the surface layer and as a result decreased amounts of exported carbon
are also expected in the oceans with the warming global climate (Turner, 2015). The nature of
refractory DOC in intermediate to deep ocean depths, including how it is created as well as its
fate, is an area of research that will help shed light on the effects of continued climate change on
the oceanic carbon cycle (Baltar et al., 2021). A model created by Boyd (2015) suggests that the
factors that will contribute the most to future decreases specifically in POC fluxes are changes in
the community structures of algae in the surface layer and zooplankton at depth. We found
remarkably consistent decay rates among treatments and experiments. This consistency suggests
that neither the composition of the substrate nor the mesopelagic community have major effects
on the subsequent decay. Instead, our analysis suggests that a large proportion of the variance in
decay rates can be explained by simple compartmentalization into five distinct pools: fresh and
refractory pools for each of the POC and DOC fractions as well as the proportion of live
material. More research is needed to characterize the biochemical composition of these pools in

greater detail and to better understand the regime change from one decay rate to the other.
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CONCLUSIONS

In carbon degradation experiments that used mesopelagic water and radiolabeled algal
cultures, the treatments with live algal cells initially resisted degradation until a relatively rapid
die-off event occurred roughly three weeks into the experiment. In contrast, the POC and DOC
fractions were easier for the microbial communities to digest, with the DOC fraction consistently
degraded the fastest. All of the treatments displayed clear bi-phasic trends in POC and DOC over
time, except for the E. huxleyi POC treatment which appeared to maintain a relatively consistent
level of first-order decay throughout the entire experiment. The trends in POC differed
significantly between each algal species in each phase, however, the differences were not very
large, and approximately the same amount of material remained at the end of the experiments.
On a more time-resolved level, the carbon decay rates peaked at around three weeks for the live
treatments and on the first or second day for all of the dead POC and DOC treatments. These
peaks in decay rates were followed closely by peaks in the microbial biomass, seen through both
ATP and prokaryote abundances. Protist grazers were also found at high abundances around the
times of these microbial peaks, and likely reduced the prokaryote population sizes thereafter.
During the first phase of decay, the rate of decay for lipids was greater than the rate of decay for
any other biochemical fraction. During the second phase of decay, lipid decay rates were more
similar to those of the other fractions and therefore supported the non-selective preservation
hypothesis over longer time scales. Based on the results, future avenues of research should focus
on the fractionation of sinking material into POC, DOC and live carbon, as well as on the
proportion of more easily digestible lipid fractions in the early stages of decay. Particles can sink
through a substantial range of depths in the mesopelagic zone during that early period. The

separation of sediment trap material into these fractions, rather than attempting to account for
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source material, would lead to better predictions of decay rates and would help to better constrain

biological pump and vertical carbon flux models.
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Fig. S1. Biochemical fractionations of samples taken from POC treatments, at three time points
during the experimental time frames. Green represents sample values from the 12 °C live T.
weissflogii (Tw Live) treatment, olive the T. weissflogii POC (Tw POC) treatment, red-brown the
E. huxleyi POC (Eh POC) treatment and violet the Tetraselmis sp. POC (Tsp POC) treatment.
The degree of shading indicates the degree of decay, with opaque shades being undecayed and
more transparent shades being more strongly decayed. The number of days refers to the number
of days elapsed since the addition of each treatment to the mesopelagic water.
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Fig. S2. Biochemical fractionations of samples taken from DOC treatments, at three time points
during the experimental time frames. Olive represents sample values from the T. weissflogii
DOC (Tw DOC) treatment, red-brown the E. huxleyi DOC (Eh DOC) treatment and violet the
Tetraselmis sp. DOC (Tsp DOC) treatment. The degree of shading indicates the degree of decay,
with opaque shades being undecayed and more transparent shades being more strongly decayed.
The number of days refers to the number of days elapsed since the addition of each treatment to
the mesopelagic water. Note that this fractionation represents the POC fraction in the DOC
experiments and thus the microbial community, rather than the original growth substrate.
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