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Abstract

Marine snow and other particles are abundant in estuaries, where they drive biogeochemical
transformations and elemental transport. Particles range in size, thereby providing a
corresponding gradient of habitats for marine microorganisms. We used standard normalized
amplicon sequencing, verified with microscopy, to characterize taxon-specific microbial
abundances, (cells per liter of water and per mg of particles), across six particle size classes,
ranging from 0.2 to 500 um, along the main stem of the Chesapeake Bay estuary. Microbial
communities varied with salinity, oxygen concentrations and particle size. Many taxonomic
groups were most densely packed on large particles (in cells/mg particles), yet were primarily
associated with the smallest particle size class, because small particles made up a substantially
larger portion of total particle mass. However, organisms potentially involved in methanotrophy,
nitrite oxidation, and sulfate reduction were found primarily on intermediately sized (5 - 180 um)
particles, where species richness was also highest. All abundant ostensibly free-living
organisms, including SAR11 and Synecococcus, appeared on particles, albeit at lower
abundance than in the free-living fraction, suggesting that aggregation processes may
incorporate them into particles. Our approach opens a door to a more quantitative
understanding of the microscale and macroscale biogeography of marine microorganisms.

Abbreviated Summary

We examined bacteria that live on microscopic particles of six different sizes, and not on
particles at the surface and bottom of six locations (some locations lacked oxygen) in the
Chesapeake Bay. Most of the bacteria that live on particles live on the smallest particles,
because those particles are the most abundant. However, some bacterial groups, especially
ones that change the water’s sulfur and nitrogen chemistry are often most abundant on particles
of intermediate size.
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Graphical Abstract

Bacteria on 7 paricle size classes from surface, oxycline
and bottom of the Chesapeale Bay Mainstem
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Introduction

Marine environments exhibit microscale heterogeneous environmental conditions and
bacterial communities vary on the scale of microns to millimeters (Long and Azam 2001; Simon
et al. 2002; Azam and Malfatti 2007; Stocker 2012). A main contributor to the ocean’s
microscale heterogeneity are particles that vary in size, shape, density, and chemical
composition (Alldredge and Silver 1988). These particles are habitats for microorganisms whose
metabolic and behavioral niches differ from those of free-living organisms (Simon et al. 2002;
Leu et al. 2022). Particle attached bacteria experience environments with more abundant
energy sources, harbor more diverse genes for breakdown of peptides and carbohydrates, and
are more densely packed, than are free-living bacteria (Alldredge et al. 1986; Simon et al. 1990;
Leu et al. 2022).

Not only are free-living microbial communities different than particle-attached ones (DelLong
et al. 1993; Bidle and Fletcher 1995), there is also substantial variability between the microbial
community on different particles (Mestre et al. 2017; Farnelid et al. 2018). The differences
between microbial communities on particles of different size (such as on 20 — 200 um vs 0.8 — 3
Mm particles) are of similar magnitude to those on particles of the same size found at different
layers of the deep ocean water column (such as the surface and the mesopelagic) or in different
ocean basins (such as the Pacific and the Atlantic Oceans) (Mestre et al. 2018). These
microbial community structures reflect chemical differences; particles of different sizes are
believed to harbor different chemistry with larger particles harboring diffusion gradients of
oxygen and other oxidants such as nitrate, which allow anoxic microzones to form in low-oxygen
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water and sulfidic microzones to form in anoxic water (Ploug et al. 1997; Stief et al. 2016;
Bianchi et al. 2018; Fuchsman et al. 2019b; Saunders et al. 2019; Raven et al. 2021).

The Chesapeake Bay is the largest estuary in the United States and provides a well-studied
model system characterized by high production and active biogeochemical processes (Turk et
al. 2021). The Bay is characterized by high particle abundance, which transport nutrients and
carbon through the system (Sanford et al. 2001; Malpezzi et al. 2013; Palinkas et al. 2019).
Particles transport organic carbon to the middle of the Bay, where it fuels microbial respiration,
depleting the mid-Bay of oxygen (Wang and Hood 2020) and creating a seasonally (summer)
oxygen-starved environment (Testa et al. 2018). Bacteria in the anoxic Bay are known to
produce greenhouse gases including methane (Gelesh et al. 2016) and nitrous oxide (Ji et al.
2018; Laperriere et al. 2019), as well as hydrogen sulfide (Luther et al. 1988), which is toxic to
marine life (Kang 1997; Boyd 2014). Sulfur oxidizing bacteria, responsible for the removal of
hydrogen sulfide and other reduced sulfur species have been identified in the hypoxic Bay
(Crump et al. 2007; Findlay et al. 2015), potentially using nitrogen species as terminal electron
acceptors (Arora-Williams et al. 2022). Methane appears to be produced in the sediments, but
is oxidized in the water column (Reeburgh 1969; Hagen and Vogt 1999; Gelesh et al. 2016).
However, it is unknown whether and on what sizes of particles methane and sulfur cycling
bacteria associate. Bay microbial communities vary across space and season, following the
changes in oxygen/sulfide concentrations (Kan et al. 2006, 2007; Wang et al. 2020; Arora-
Williams et al. 2022). However, no investigation of the spatial variability of particle associated
bacterial communities using modern techniques has been done in the Bay.

Highly size resolved measurements from global sampling efforts have shown that particle
size variability promotes microbial diversity globally (Mestre et al. 2018). Previous analyses of
bacterial communities along the particle size spectrum have been semi-quantitative, providing
relative abundance estimates (fraction of the total community), rather than estimates of
quantitative abundance (cells per liter of water or milligram of particle). Therefore, we
implemented a novel size fractionation approach, with seven size fractions, to allow collection of
DNA, microscopic samples, and concentrations of the particles themselves in each size fraction.
We furthemore utilized DNA standards to quantitatively describe microbial distributions along
the particle size spectrum. Here, we describe particle size resolved measurements of microbial
communities and how they vary across space in the Chesapeake Bay.

Methods

Samples were collected at six stations along the length of the mainstem of the Chesapeake
Bay (Figure 1A) at the surface and the bottom of the water column between 2019-July-22 and
July-24. Samples were collected at Chesapeake Bay program stations CB3.1 and CB3.2 at
depths of 3 m (Surface) and 7 m (Bottom); CB3.3 at 3 m (Surface) and 7 m (Oxycline); station
CB4.3C at depths of 3 m (Surface) 6 m (Oxycline) and 19 m (Bottom); Station CB 5.1 at 7 m
(Surface) and 32.5 m (Bottom); and Station 5.5 at 3 m (Surface) and 13 m (Bottom). As stations
were located in 13.3, 12.2, 24.1, 27.1, 34.3 and 17.7 m of water respectively, all samples
labeled “bottom” were taken near the bottom of the water column. Samples were collected on
July 22 from stations CB5.1 and CB5.5, July 23 at stations CB4.3C and CB3.3C and July 24 at
stations CB3.2 and CB3.1. Hydrological conditions were assessed during the time of sampling
by querying Chesapeake Bay Program stations (see supplementary results).
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Approximately 15 L of water was collected per station using Niskin bottles on a shipboard
CTD rosette. Water was removed from the Niskin bottles by opening the lower stopper in order
to collect even those particles that settled below the sampling valve. We collected POM from six
size classes: 500 um and larger, 180 — 53 ym, 53 — 20 ym; 20— 5 ym and 5 - 1.2 ym. We
collected DNA from all of the above size fractions and a 1.2 — 0.2 um size fraction. Sample
processing happened in two phases. In the first phase, particles were size fractioned using
nylon mesh and re-suspended into a particle slurry of particulate matter made of particles from
500, 180, 53, 20, 5 uym size classes. Additionally, during this stage, water containing only
particles smaller than 5 pm and free-living bacteria was saved. In the second phase, particle
slurry from each size larger than 5 ym was collected on filters for analysis of particulate matter
content (GF/C) and molecular analysis (Supore), and for microscopy (formalin preserved water).
Additionally, during the second stage, water that had passed through the 5 uym filter was split,
with half passed through 1.2 and 0.2 um Supore filters in series for collection of DNA and a 1.2
pum GF/C filter for collection of POM. Additionally, a portion of this water was also preserved for
microscopy analysis. A full description of these two phases can be found in the supplement
(Supplemental Methods; Particle Processing).

Particulate Organic Matter Mass

To measure particulate organic matter mass, GF/C filters were post-weighed and the pre-
and post-weights were compared, as described and reported in Dougherty et al. (2021). Total
organic matter mass per sample was normalized to the volume of water filtered through the
nylon filter and the fraction of rinse water that passed through the GF/C filter. Total particulate
matter mass was calculated following Eqn. 1.

Particlemass(mg/L) =

Filter PostW eight(mg) — Filter PreW eight(mg) . Total Volume of Rinse Water(L)
Volume Filtered(L) Volume Rinse Water Used for POM Measurement(L) Eqn |
Isotopic Analysis

After mass was measured, GF/C filters were wafted with hydrochloric acid vapor for 24
hours to remove carbonates, dried, packed in both silver and tin capsules, and sent to
University of California Davis Stable Isotope Facility. Blank combusted GF/C filters were also
included in the analysis. Samples were processed for mass spectrometry following their Difficult
Combustion of Solid Samples Protocol (Supplemental Methods; Isotopic Analysis). Total
particulate nitrogen and particulate carbon concentrations were converted into concentrations
by modifying Eqn. 1, substituting the filter mass difference with observed carbon and nitrogen
concentrations.

Hydrogen Sulfide Measurements

Samples for hydrogen sulfide concentration analysis were treated with zinc acetate to stabilize
sulfide and stop biological activity. Hydrogen sulfide concentrations were measured at stations
CB3.3C and CB4.3C using a colorimetric assay, separately at Horn Point Laboratory (Station
CB4.3C) and at Johns Hopkins University (all depths at station CB3.3C and 21.9m at CB4.3C)
(Cline 1969; Parsons 1984).
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Measuring Microbial Diversity and Abundance

Microbial abundance on selected samples was measured from the formalin preserved
particles by removing the bacteria from the particles by adding detergent and sonicating, and
then enumerating bacteria using DAPI based autofluorescence microscopy (Supplemental
Methods: Microscopy measurements of bacterial abundance). DNA was extracted from the
Supore filters using an in-house phenol chloroform process (modifying Fuhrman et al. 1988;
Cram et al. 2016) (Supplemental Methods; DNA Extraction). Prior to amplification, 10° copies of
a synthetic 16S rRNA sequence that has an identity distinct from any known organism
(GenBankAccession Number LC120931; Tourlousse et al. 2017) was added per ng of
environmental DNA. DNA was amplified with slight modifications to Needham et al.’s published
protocol (2018) (Supplemental Methods; Amplicon Libraries). Amplicon sequence variants were
called using the DADA2 algorithm (Callahan et al. 2016), following a modified version of Lee et
al.’s (2019) protocol (Supplemental Methods; Amplicon Bioinformatics).

Taxon Specific Abundance Estimation

To estimate the environmental abundance of each ASV, each ASV sequence read count
was normalized to spike in read counts, the total amount of DNA extracted from each sample,
volume of water filtered, and rinse water volume following Eqn. 2.

Taxon Abundance(16S + 18S copies/L) =
ASV Reads 10°Spike Copies DN A Extracted(ng) Total Volume of Rinse Water(L)

Spike Reads ¥ 1ngDN A *Volume Filtered(L) *Volume Rinse Water Used for DN A Extraction(L) Egn 2.

Taxon abundance was further normalized to the width of the particle size fraction bins (Eqn
3.)

Taxon Abundance(copies/L)

N lizedT Abund ies/L =
ormalizedTaxonAbundance (copies/L/um) SizeClassUpperBound(um) — SizeClassLowerBound (um)

Eqgn 3.

To estimate microbial cells per mg of particle mass, microbial abundance was normalized to
particle mass (Eqn. 4).

Abundance(copies/L)

Taxon Abundance(copies/mg) = Particlemass(mg/L) Eqn. 4
gn. 4.

Analytical approach

Alpha diversity

We used the “breakaway” package (Willis et al. 2018) to estimate species richness in each
of our samples and used the “betta’ function therein to explore how richness varied with latitude,
depth and particle size. We used a polynomial model, in which we included a squared term for
latitude and particle size to identify whether richness was highest or lowest at intermediate
salinities and particle sizes.

We calculated the Shannon index (H) of diversity using the “vegan’ package, first rarefying
samples to 806 reads, which was the lowest number of reads in any of the samples that were
included in the analysis. We estimated Pielou’s evenness index (J), by dividing the Shannon
index (H) by breakaway’s estimate of evenness (ignoring breakaway’s confidence intervals). We
applied ordinary least squares linear models, using R’s base “stats™ package to estimate the
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relationship between the Shannon diversity and Pielou evenness scores and particle size,
salinity and oxygen, again including polynomial terms for salinity and depth. For consistency we
also used the linear model to estimate how the richness estimates (from “breakaway’) varied
with size, latitude and depth. Thus between the “betta” function (Willis et al. 2018) and the linear
model, we had two different models of how richness varied with size, salinity and oxygen.

Beta Diversity

Overall community patterns and their relationship to sample latitude, depth and size were
summarized by using the “rda()’ function in the ‘'vegan package (Oksanen et al. 2013) on log-
transformed volume and bin size normalized microbial abundance values (cells/L/um).
Significance testing was performed using a permutation test for redundancy analysis as
implemented in vegan’s "anova.cca()’ function. To reduce computational complexity and
challenges from zero inflation, we only included ASVs in the analysis that appeared in at least
20% of samples.

Community structure

Abundance of microbial taxa, grouped to different taxonomic levels were visualized and
representative examples shown herein. We estimated Phylum level abundance patterns by
summing the abundance of all ASVs within each phylum and then reporting only those phyla
that comprised at least 10® copies/mg particles total, in any of the samples from the 1.2 ym or
larger samples. To explore patterns within one phylum, we visualized all ASVs within the
Planctomycetes phylum considering only ASVs that comprised at least 108 copies/mg of
particles in the particle containing samples. Planctomycetes were chosen as the representative
phyla for three reasons: (1) they are known to be a major clade of bacteria that are
predominately particle associated (DelLong et al. 1993; Fuchsman et al. 2012), (2) they are
abundant and widespread in the Bay (Kan et al. 2006), and (3) they are important players in the
marine carbon and nitrogen cycles (Shu 2011). We also visualized the abundance of those
bacteria that were most abundant on particles 20 um or larger. In this case we only showed
ASVs that had an abundance of at least 10° copies/mg particles on any one sample.

Estimating biogeochemical function

To identify bacteria involved in sulfur cycling and methanotrophy, we used tools from
"PICRUSt2" (Douglas et al. 2020) to identify which ASVs had most closely sequenced relatives
that harbored genes for methanotrophy (particulate monooxygenase; EC:1.14.18.3) and for
sulfur cycling (dissimilatory sulfite reductase; EC:1.8.99.5) from the Kegg EC enzyme database
(Kanehisa 2017). From within the "PICRUSt2" package, we aligned the sequences with a
reference tree using 'HMMER, found the most likely placements of each ASV on that reference
tree with "TEPA-NG" (Barbera et al. 2019) and output a tree file with "GAPPA" (Czech et al.
2020), using "PICRUSt2"’s "place_seqgs.py’ command. We then used the "hsp.py" function that
implements the “castor’ algorithm (Louca and Doebeli 2018) to predict gene families associated
with each ASV. While the pipeline for 'PICRUSt2" conventionally extends to predicting
metagenomic potential of the overall community, we stopped after gene prediction, and instead
identified which ASVs were associated with our two genes of interest.

To identify bacteria putatively involved in nitrogen cycling, we identified ASVs with in which
any taxonomic identifier, from class to genus level, began with the string “Nitro-", and confirmed
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that these were known ammonium and nitrite oxidizing organisms. Similarly to identify bacteria
involved in methaotrophy, we searched for archaea with taxonomic identifiers beginning with the
string “Methano-" (Garcia et al. 2000) and for archaea from the Verstraetearchaeota phylum
(Vanwonterghem et al. 2016). We visualized the abundance of these particularly
biogeochemically interesting ASVs, including only ASVs that have an abundance of at least 10°
copies/L in at least one size fraction.

Results

Site description

As reported previously (Dougherty et al. 2021), stations follow a salinity gradient with
northernmost stations less saline than more southerly stations. All sites are characterized by a
pycnocline between 5 and 10 m in depth, with a sharp oxycline at the central Bay stations
CB3.3 and CB4.3C (Figure 1A-C). There was an observed gradient of hydrogen sulfide at
stations CB3.3C and CB4.3C, which was evident from a sulfide smell in the water. A detailed
profile of hydrogen sulfide was measured at CB3.3C and CB4.3C with a notable increase below
15 m at both stations (Figures 1C, S3). Hydrography corresponding to our times of sampling are
described in supplement.
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Figure 1. Description of the physics and chemistry of the sample sites A. Map of all sample sites
— color and shape coding of sites corresponds to point color and shape in panels B and C.
Stations correspond to the Chesapeake Bay Program sampling grid, all station names begin
with the prefix “CB,” and stations 3.3 and 4.3 correspond to central Bay stations and end with
the suffix “C”. For instance, “4.3” corresponds to station “CB4.3C.” B. Vertical profiles of Salinity
and C. Oxygen. The horizontal line in C, labeled with H,S, indicates the depth at which
hydrogen sulfide exceeds 16 uM at station CB3.3C and where the water is also sulfidic at
CB4.3C (Figure S3). In B and C shape position of each point along the depth axis shows the
depth of microbial sampling.
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Particle composition

As reported previously, particle mass follows an inverse power law relationship with particle
size (Dougherty et al. 2021) (Figure 2A). Particle carbon and nitrogen mass both also follow
power laws with respect to size (Figure S4A-C). Generally, carbon comprises ~3 — 30% and
nitrogen ~0.3 — 3% of total particle mass, regardless of particle size (Figure S5AB). Carbon to
nitrogen ratios vary between environments, with highest relative nitrogen content at the
northernmost stations CB3.1 (C:N, integrated over all size classes Surface = 9.6, Bottom = 9.2)
and CB 3.2 (C:N Surface = 8.6, Bottom = 7.8), and highest relative carbon content at station
CB4.3C (C:N Surface 24.3, Oxycline = 16.0, Bottom = 29.0) but are consistently well above the
Redfield ratio (C:N = 6.6; Figure S5C), indicating degraded material. 3'3C appears to vary
latitudinally at the surface, running between -23 and -30%o with least negative values at the
southernmost stations, and most negative values at the terrestrial stations (Figure S6A), as
would be expected due to the isotopic composition of terrestrial (more depleted) and marine
(less depleted) organic matter (Arthur et al. 1985). In bottom waters, the least negative values
appear to be found at the intermediate stations, though these patterns vary between size
classes. 0'°N values appear to usually be around 10%. with some specific samples having
higher values (Figure S6B).

Microbial Total Abundance

Amplicon sequences suggested acceptable sequence quality data, as evidenced by sequencing
of mock communities (Supplemental Results). Microbial 16S and 18S gene abundances,
generated by this approach, ranged in abundance between size fractions with around ~10°
copies per L of free living bacteria, and fewer bacteria associated with progressively larger size
fractions (Figure 2C). This decrease in microbial abundance tracked the decrease in particle
abundance with their generally being of 107 - 108 copies per mg of particle mass, regardless of
particle size or location (Figure 2D). The exception was samples taken at the northernmost,
least saline station CB3.1. There, microbial abundance on intermediate sized particles (5 — 53
um) was between 10° — 108 copies per mg. We expect these abundances are likely slight (same
order of magnitude) over-estimates of total microbial abundances because single cells often
harbor multiple 16S or 18S gene copies (Vétrovsky and Baldrian 2013). Consistent with this,
amplicon-based estimates of microbial abundance were generally within the same order of
magnitude as, though slightly higher than, microscopy-based estimates (Figure S8), as
expected from organisms that harbor multiple 16S and 18S gene copies per cell.
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Figure 2. Free living and particle associated microbial total abundance at each station and
depth. A. Total particle mass, normalized to particle size bin width. B. The ratio of particulate
carbon mass to total particle mass. C. Microbial abundance per liter of water, normalized to
particle size bin width. D. Microbial abundance normalized to particle mass. In all panels, both X
and Y axes are on a log scale. Line and symbol colors indicate stations as seen in Figure 1.

Alpha diversity

Across our entire dataset, we observed 82476 unique ASVs, excluding ASVs that mapped
to our spike-in samples. The breakaway package, which estimates the abundance of
unobserved singleton species, estimated that sample richness ranged from 23 (lower bound
22.1, upper bound 39.3) to 10.2 * 10° (bounds: 4.90 * 10*— 2.77 * 10%) ASVs per sample (Figure
S9A). The “betta’ function, which accounts for the abundance of these unobserved species on
richness patterns (Willis et al. 2018) showed non-linear relationships with particle size and
salinity (p < 0.001 ; Figure S10A; Table S4), with highest richness among intermediate sized
particles (5—20 ym and 20-53 pm size bins; Figure S10A). Richness appeared to be unrelated
to dissolved oxygen concentration (Table S4; p = 0.779). Applying a simpler linear model, rather
than the “betta’ function showed similar but weaker patterns (Table S4). Thus, for our data, the
‘betta” algorithm is consistent with, though more sensitive than, the linear model.

Linear models further suggested that the Shannon diversity index (Figures S9B, S10B) was,
like richness, highest among intermediate particle sizes (5 — 20 ym, 20 — 53 um, and 53 — 180
Mm size bins; Table S4). Evenness (Figures S9C, S10C) was non-statistically significantly
lowest among intermediate sized particles (p = 0.053) and did not vary with any other
parameters (Table S2).

Beta Diversity

Redundancy analysis suggested that overall microbial community structure (normalized to
volume filtered and bin-size, and expressed as copies/L/um) was statistically related to particle
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Figure 3. Redundancy analysis of the relationship between community structure and salinity,
oxygen concentration and particle size. Both size and oxygen data have been log transformed.
Axes correspond to the first two redundancy analysis axes and show 18.6% and 8.1% of the
variance. Points indicate samples and their outline colors, fill colors and shapes (corresponding
to stations indicated in Figure 1A) and sizes indicate which station, depth and size class they
were collected from (legend). Arrows indicate the three terms in the RDA model: particle size,
salinity, and dissolved oxygen concentrations. Percentages by each arrow show the marginal
percentage of variance explained by that parameter.

Similar patterns were evident when samples from the 0.2 — 1.2 ym fraction were removed,
and when samples from the 0.2 — 1.2 and 1.2 — 5 ym fractions were both removed (Figure S12;
Table S5), indicating that community structure differs across the particle size gradient and is not
driven only by differences between free-living and attached bacteria. Similar patterns were also
observed, when latitude, depth (whether the sample was collected from near the surface) and
size (hereafter Positional Model) were compared to community structure (Figure S13A,B), rather
than salinity, oxygen and size (hereafter Environmental Model). In both cases, the predictor
variables explained a similar fraction of total variance (Environmental Model 26.3%; Positional
Model, 25.4%). We found that adding sample depth to the Environmental Model did not result in

11
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an increase in model performance (ANOVA; p = 0.31). For both models, adding quadratic terms

lead to an increase in model performance, with lower AIC values (Environmental Model, DF =
AIC = 681; Quadratic Environmental Model, DF = 6, AIC = 677; Positional Model, DF =4, AIC
682; Quadratic Positional Model, DF = 6, AIC = 677) and higher percent variance explained
(Quadratic Environmental, 34.3%; Quadratic Positional, 34.1%). Adding information about
carbon to mass ratio, carbon to nitrogen ratio, 3'3C or 5'°N values of the particles to the
Environmental Model did not appear to lead to a statistically detectable increase in model

4,

performance. (ANOVA; p of all new terms > 0.05). Indeed, a stepwise regression in which non-
significant terms were dropped from the model in order of lowest significance found that each of

these new terms was eliminated from the model.

Diversity Patterns

Phylum Level

It was clear that some microbial taxa were associated in particular with some stations,
depths and particle size fractions. Normalized to particle mass, bacteria from the phyla
Bacteroidetes, Cyanobacteria, Planctomycetes, Verrucomicrobia and Alpha-, Delta- and
Gamma- Proteobacteria were all abundant on particles, each with higher abundance at the
surface of all stations, the bottom of station CB3.2, and the oxycline of station CB3.3C (Figure
4). Archaea in contrast were rarely abundant on particles. Euryarchaeota were abundant on
small particles at station CB3.2 Bottom and CB4.3C Oxycline. Diverse eukaryotes, especially
meso-zooplankton and Ochrophyta (diatoms and other brown algae) were detected and
abundant at least at some stations. All were associated primarily with intermediate and large
size classes, likely reflecting the larger size of these organisms.

Normalized to water volume, rather than particle mass, all particle associated phyla were
primarily associated with the smallest particles (Figure S14). This is because even if the
microorganisms are abundant relative to particle mass, most particle mass is associated with
small particles (Figure 2A-B).
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Figure 4. Phylum level taxonomic groups, measured as 16S or 18S rRNA gene sequences
per mg of particulate mass, in all three domains of life. Phyla are in rows, with kingdoms shown
in the panels at right. Stations are in columns with panels at top showing sample depth
(Surface, Oxycline, Bottom); latitude for each station is shown in Figure 1A. Concentric circles
indicate each size class of particles. Color corresponds to log transformed abundance of each
microbial group. Some size classes at some stations are not shown, because either particle
mass or amplicon measurements were not successful. Only phyla whose abundance exceeds
10 cells/mg particles, in at least one sample, are shown. The Proteobacteria phylum was
subdivided into class, and Chloroplasts, while technically Cyanobacteria under the SILVA
taxonomic scheme, are treated as their own phylum.

ASV Level

As with the phyla level patterns, some ASVs were abundant when normalized to particle
mass, but were scarce when normalized to water volume. This pattern occurs because large
particles are scarce relative to small ones (Dougherty et al. 2021) and so comprise less habitat.
An example of this pattern is the ASV level groups of Planctomycetes, which fall into three
families (Phycispareles, Pirellulales and Planctomycetales). ASVs showed associations
especially with high or low latitude stations, and some with surface or bottom waters. Some
were primarily associated with small particles, and others with all sizes of particles (Figure 5A).
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However, normalized to water volume, all Planctomycetes ASVs were primarily associated with
the free-living and 1.2 — 5 um size fractions (Figure 5B).
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Figure 5. Abundance of different amplicon sequence variants from within the phylum
Planctomycetes. ASVs are rows, with order level taxonomy on the panels at right. Depths and
stations are indicated by column, as in Figure 4. A. Normalized to particle mass. B. Normalized
to volume of water. Axes as in Figure 4. Only ASVs whose abundance exceeds 10° cells/mg of
particles, in at least one sample, and that appear in at least 20% of all samples, are shown. ASV
number is indicated after a semicolon.

A few ASVs showed an exception to the pattern in which most were associated with small
particles. Six ASVs from the Alphaproteobacteria class and two each from the
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Gammaroteobacteria class and Firmicutes phylum were primarily associated with size classes
20 um or larger (Figure 6), were at least 10° cells/ml in one sample, and were observed in at
least 20% of all samples. These species included known parasites such as an ASV from the
Midichloraceae family, as well as others known to break down particulate matter such as one
ASV from the Paracoccus genus, which BLAST against the NCBI database indicated was
identical to two species: Marcusii and P. Carotiniaciens. Also evident in the larger size fractions
were larger organisms. These included an ASV from the Lobata order (ctenophore) and a
chloroplast for which NCBI Blast search reported 100 percent similarity to several eukaryotic
algae, including both diatoms and foraminifera.
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Figure 6. Abundance of different bacterial amplicon sequence variants that are most
abundant, on average, on size fractions 20 um or larger, normalized to volume of water. Axes
as in Figure 4. Only ASVs whose abundance exceeds 10* cells/mg of particles, in at least one
sample, and that appear in at least 20% of all samples, are shown. ASV number is indicated
after a semicolon.

All bacterial ASVs that were abundant (= 1% of the total community) in the 0.2 — 1.2 ym,
free-living size fraction were also found at lower, but still detectable abundance, in larger size
fractions (Figure S15A-C). These included several bacterial ASVs from the SAR11 clade, which
is ostensibly free living.
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Bacterial influences on biochemical cycling

A range of bacteria potentially involved in methane, sulfur and nitrogen cycling, were
identified by observing taxonomic identities, in the case of methanogenic and nitrogen cycling
organisms; and using PICRUSt2 to identify bacteria with closest known relatives with that
harbored the gene for dissimilatory sulfite reduction enzyme, in the case of sulfur cyclers; and
the particulate monooxygenase enzyme in the case of methanotrophs (Figure 7). All of these
biogeochemical processes were dominant in the bottom or oxycline samples, when they were
observed.

Methane cycling

Methanotrophy: The PICRUSt2 based approach identified one species whose closest fully
sequenced relative harbored the particulate monooxygenase enzyme EC:1.14.18.3, which is
involved in methanotrophy with oxygen. This was an otherwise unidentified ASV from the
Methylomonaceae family. This putative methanotroph was abundant particularly in the smallest
particle size fraction (1.2 — 5 ym) in the bottom waters of all but two stations (Figure 7). At
station 3.2 it was abundant on 20 — 53 ym and 53 — 180 um particles, rather than the smallest
size fraction. It was not abundant in any size fraction at the southernmost station CB5.5.

Methanogenisis: We identified one ASV that was potentially methanogenic, an unidentified
ASV from the Methanofastidiosales order. This ASV was only found in one sample, the free-
living (0.2 — 1.2 ym) size fraction at the bottom depth of station CB5.1 at an abundance of 1.6 x
10° 16S gene copies/L seawater. No other groups were identified in our dataset with the prefix
of Methano- in any of their taxonomic identifications from Class through Genus level (Garcia et
al. 2000), nor were any bacteria from the Verstraetearchaeota phylum (Vanwonterghem et al.
2016) identified. This absence suggests that no other methanogens were present in our dataset.

Nitrogen Cycling

Ammonium oxidizing and nitrite oxidizing taxa were both evident at our site and were
primarily found in bottom waters. Ammonium oxidizing archaea from the genus Candidatus
Nitrosopumilus were found free-living in all stations except for the northernmost CB3.1 and most
ASVs were also associated with the smallest particle size fraction at most of these sites.
Ammonium oxidizing bacteria, one each from the genera Nitrosoglobus and Nitrosomonas
genera were seen, with the Nitrosomonas found at the northernmost stations CB3.1 and CB3.2,
again primarily free-living and on the smallest particle size fraction. Nitrosoglobus was found
only in the free-living fraction at station CB5.5 and in no other samples. Nitrite oxidizing bacteria,
all of the genus Nitrospira, showed a different pattern, in which they were primarily associated
with intermediate sized particles (5 —20 yum and 20 — 53 ym) at stations CB3.1 and CB3.2,
though one ASV was abundant on particles at station CB3.2.

Sulfur Cycling

Multiple and diverse Proteobacterial species harbored the dissimilatory sulfite reduction
enzyme EC:1.8.99.5. These included many putative sulfate-reducing Deltaproteobacteria,
several sulfur oxidizing bacteria from the family Sedimenticolaceae, a purple sulfur bacteria
ASV, and a purple nonsulfur bacteria ASV.
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The sulfate-reducing Deltaproteobacteria fell into four families, with biogeographical patterns
more or less conserved within the families. Desulfarculaceae were primarily associated with the
smallest size class of particles, though also found on larger particles at all stations south of and
including CB3.3C. Desulfobaceraceae had a similar pattern but were sparse at the
southernmost station CB5.5. Most members of this phyla were also present on the largest
particle size fraction at station CB3.3 and intermediate size fraction at station CB4.3.
Desulfovibronaceae appeared to be both free-living and associated with the smallest size
fraction (1.2 — 5 ym), though at station 3.3 some were also associated with the largest = 500 um
size class. Desulfobulbaceae at station CB3.3 was most abundant in intermediate size fractions
(20 — 53 ym and 53 — 180 um). A single ASV (Desulfofustis; 617) was also found on
intermediate sized particles at the northernmost stations CB3.1 and CB3.2. At stations CB4.3C
and CB5.1, this Desulfobaceae was predominantly found on smaller particles. Thus
Desulfobulbaceae tended to associate with different particle sizes depending on salinity. Some
Desulfobulbaceae can reverse their sulfur reduction pathway (Trojan et al. 2016), and so may
oxidize sulfur.

Sulfur oxidizing bacteria included both photosynthetic (purple sulfur and non-sulfur bacteria
Bryant and Frigaard 2006) and non-photosynthetic (Sedimenticolaceae) members. Sulfur
oxidizing bacteria from the Sedimenticolaceae family appeared to largely co-occur with sulfate
reducing bacteria. They were found both free-living and in all size classes, though which size
classes they were found in varied between stations. One ASV of purple sulfur bacteria, which
was identified to the Chromatiales order appeared primarily in the smallest size class at the
most anoxic stations (CB3.3C, CB4.3C and CB5.1), though it also showed up in larger particles
at stations CB3.2 and CB3.3C. Similarly, one ASV of purple nonsulfur bacteria, identified to the
Rhodospirillaceae family, was found at all Station CB3.3C and south, and was primarily free-
living, though at stations CB4.3C and CB5.1 was also associated with the smallest particle size
class.
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Figure 7. Abundance of bacterial ASVs that are putatively involved in methanogenesis,
methanotrophy, nitrogen cycling or sulfur cycling (see methods for how functionality was
determined). Panels are grouped vertically by biogeochemical process type, Class and Family.
Parentheses indicate biogeochemical processes in which all members of a given clade are
involved, and whether a given Class is from the Archaeal domain. ASV number is indicated after
a semicolon.

Discussion

While our approach gives consistent results with previous size fractionation based studies
(Mestre et al. 2018), that bacterial communities vary with particle size, location and depth
(Figures 3, S11, S12), the more quantitative approach employed in this project extends these
results by identifying the sizes of particles in which microorganisms primarily reside. We present
six novel observations (I- VI). Specifically, we showed that (I) particle associated microbial
abundance scales linearly with particle mass, (II) most organisms are free-living or associated
with the smallest particle size class, while only a few organisms associated primarily with larger
particles, and (lll) there were no abundant free-living bacteria that were not also present on
particles. We also showed that (IV) microbial richness is generally highest on particles of
intermediate size (5 — 180 um). Our method allows us to describe (V) the distribution patterns of
the eukaryotic community and size and particle partitioning of some members. Finally, this
approach allowed us to show that (VI) bacteria involved in anoxic processes associated with the
transformation of methane, sulfur and nitrogen were associated primarily with particular particle
sizes in particular regions and depths of the Bay. In this discussion we first explore some
methodological considerations, and then expand on each of these six novel observations.

Six novel observations

(1) Microbial abundance scales linearly with particle mass

The observation that bacterial abundance scales with particle mass and particulate organic
carbon mass suggests that bacteria are likely distributed throughout particles, rather than just
on their surface, or that particles are fractal in shape such that their effective surface area
scales linearly with their volume. Such an observation is consistent with prior microscopy based
observations that bacteria are distributed throughout the core of marine particles (Flintrop et al.
2018). The observation that bacterial abundance is lower (by over two orders of magnitude on
the 20 — 53 um size class than on the same size class at other stations) on particles at the
northernmost station CB3.1 could reflect that these northern particles differ in their physics and
chemistry from those further south in the Bay, such that they support fewer bacteria relative to
their mass. Furthermore, at the bottom of the water column (the only depth this sample was
measured), the CB3.1 site had the fewest ASVs associated with the largest particle size fraction
(breakaway richness estimate of 100 ASVs, vs 1610-2260 ASVs for all 500 um, bottom water,
samples; Figure S9) and a community structure most distinct from smaller particles (Figure 3),
suggesting a distinct environment at this site. Just north of our northernmost site CB3.1, the Bay
is characterized by an estuarine turbidity maximum (Schubel 1968). This region has high
particle loading and more terrestrial particle origins than elsewhere in the Bay (Schubel 1968;
Sanford et al. 2001; Malpezzi et al. 2013). In particular, the turbidity maximum traps particles of
intermediate sinking speed (Geyer 1993), which could in principle select for particles with
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elevated mineral ballast content. However, the particles in this region had carbon to mass ratios
and C:N ratios that were similar to those seen elsewhere (Figure 2B), suggesting that relevant
chemical differences, if they exist, extend beyond the carbon to mass ratio. Despite this lower
microbial abundance on particles, estuarine turbidity maximum systems are typified by fast
microbial growth rates (Baross et al. 1994; Lee et al. 2012) especially by particle associated
bacteria (Crump and Baross 2000), and by high particle concentrations (Schubel 1968), and so
particle associated microbial heterotrophic productivity and other biogeochemical process rates
are not necessarily lower at the northernmost site, even though the bacteria are less dense on
particles.

(1) Most, but not all, organisms are associated primarily with small particles

We showed, for the first time, that most particle associated organisms are primarily
associated with the smallest particles (range 69-99%; Figures 2C, 5, S14). This is true even for
taxa that are more abundant relative to particle mass on larger particles, because small particles
are so much more abundant by number and mass than large ones (Figure 2A). Such a pattern
indicates that the primary habitat of most particle associated bacteria are small particles. As
long as microbial growth rates are not orders of magnitude faster on large particles than small
ones, this pattern would further suggest that most taxa are adapted to small rather than large
particle environments. Small particles are typified by longer residence times than larger particles
(Alldredge and Gotschalk 1988; DeVries et al. 2014), which may select for bacteria able to
capitalize on these more persistent environments (Kigrboe et al. 2003), and higher spherical
surface area to volume ratio allowing for more advection of oxidants throughout the particle
(Weber and Bianchi 2020).However, some taxa are primarily associated with intermediate and
large particles (Figure 6), including methane and sulfur cycling taxa that may favor anoxic
microenvironments (Figure 7).

Several ASVs showed exceptions to the above pattern and are primarily associated with
particles 20 um or larger. Some of these bacteria such as Midochloraceae (Montagna et al.
2013) and Sulfitobacter (Amin et al. 2015; Johansson et al. 2019; Shibl et al. 2020) are known
to be symbionts and may be associated with larger organisms and likely appear in our larger
size fractions because their hosts partition into larger size classes. In contrast, the Paracoccus
ASV which was found to associate statistically with large particles likely associates physically
with those particles, rather than large organisms. Paracoccus can both grow aerobically and can
break down a variety of sugars and other compounds (Harker et al. 1998; Tsubokura et al.
1999). Thus, it seems probable given their metabolism that the Paracoccus ASV is degrading
the large particles. An ASV from the Vibrio genus, which we could not classify further with NCBI-
BLAST, was associated especially with the largest size class. Some but not all Vibrio are
pathogens (Colwell et al. 1977) and may be associated with zooplankton (Kaneko and Colwell
1973), but many are also are known to associate with suspended particles (Froelich et al. 2013;
Kirstein et al. 2016; Liang et al. 2019), and could be in either role in this environment.

(I1l) We observed no exclusively free-living, abundant, bacteria

The observation that every ASV that comprised = 1% of the free-living community was also
found associated with some particle size fraction indicates that all abundant bacteria in the Bay
mainstem are at least sometimes associated with particles, at least at the time and locations
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where we sampled. This is in contrast to observations of the Baltic Sea, where it was shown that
many bacterial species were only found in the free-living fraction (0.22 — 5 ym; Rieck et al.
2015). However, SAR11 bacteria which are believed to be free-living in nature (Giovannoni et
al. 2005) and grow free-living in culture (Rappé et al. 2002), are seen not only associated with
particles in our dataset (Figure S15), but also in large size fractions in the more oligotrophic
Blanes Bay microbial observatory in the Mediterranean Sea (Mestre et al. 2020) or in the
Eastern Tropical North and South Pacific (Ganesh et al. 2014; Fuchsman et al. 2017),
suggesting that the association of abundant “free-living” bacteria with particles may happen
elsewhere. One possibility is that free-living bacteria become associated with particles through
physical processes, such as sticking and aggregation, which the bacteria cannot avoid. This has
been shown for Synechoccocus in the laboratory (Cruz and Neuer 2019). Additionally, viral
infection can cause bacteria to clump (Shibata et al. 1997), and high viral loads on particles of
viruses that infect free-living bacteria support the importance of this pathway (Ganesh et al.
2014; Fuchsman et al. 2019a). As particles are particularly abundant in the tidal Chesapeake
Bay (Dougherty et al. 2021; Turner et al. 2021) perhaps physical aggregation is more
pronounced in the Bay than elsewhere.

(V) Microbial richness is highest on intermediate sized particles

The observation that particles of intermediate size (5 — 180 um) harbored highest richness,
and thus highest Shannon diversity could indicate that intermediate sized particles have
characteristics of both larger and smaller particles and so harbor communities typical of both
particle types. In other ocean sites, high richness has been seen in transitions between different
communities. For instance, in the oligotrophic coastal ocean richness was high in the
mesopelagic transition between the surface deep ocean environments (Cram et al. 2015). In an
estuary system, richness was shown to be highest in brackish water (Tee et al. 2021).
Meanwhile in sediments, nitrifying bacteria appear to be most diverse at zones of redox
transitions (Zhao et al. 2019).. Perhaps a similar pattern happens along the observed particle
size gradient with intermediate sized particles containing attributes and microorganisms from
both larger and smaller size fractions.

The lower diversity in the central Bay opposes patterns seen in the Columbia River and
Waiwera River estuaries, where alpha diversity was higher in brackish waters than elsewhere
(Fortunato et al. 2011; Tee et al. 2021). In our system, the sulfidic waters in the brackish section
of the estuary likely select against many common bacteria. This brackish and sulfidic bottom
environment, because it is smaller than the oceans or watershed systems that surround it, may
be affected by island biogeography effects (MacArthur and Wilson 2001) in which smaller
systems support fewer species.

(V) Algal and zooplankton size and spatial distribution patterns

In contrast to bacterial phyla, most Eukaryotic phyla appear to have patchy distribution
across space and are often found only associated with particular size classes (Figure 4).
Ochrophyta (diatoms and other brown algae) and Ciliophora (cilliates) are microorganisms that
were abundant in our largest size classes, suggesting that they may aggregate into and/or
associate with particles. (Figure 4).
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The observation that zooplankton associate with particular size classes reflects the size of
those organisms. For instance, Arthropods, dominated by Maxilopods, were found primarily in
the 53-180 um size class, suggesting that we have primarily sampled individuals from the
Nauplii or Copepodite life stages. The dominance of sub-adult life stages is consistent with
previous observations (Kimmel et al. 2006), and the fact that adult maxilopods can avoid being
collected in Niskin bottles. Alternatively, these findings could reflect fragments of zooplankton
carapaces and molts being collected on the smaller size filters. The observation that arthropods
are mainly in the Southernmost station, and that they avoid the sulfidic region of the Bay also
reflect previous observations (Zhang et al. 2006). Meanwhile Ctenophora are primarily
associated with our larger size classes reflecting that ctenophores and parts thereof tend to be
larger than 500 um (Ruppert et al. 2004).

(VI) Elemental Cycling

Bacteria involved in methane, sulfur and nitrogen cycling were shown to have particle size
and water salinity specific habitats (Figure 7). Putative methane, sulfur and nitrogen cycling
organisms were each most abundant in bottom waters and scarce in surface waters, confirming
that anoxia and/or interaction with the sediment are likely important for all of these processes.
Sulfate reducing and sulfide oxidizing microorganisms have been associated with particles in
other anoxic systems (Fuchsman et al. 2012, 2017; Saunders et al. 2019; Raven et al. 2021),
but their association with particular particle sizes has not been seen before, to our knowledge.

Methane cycle

The observation that methanogens were scarce in our dataset, while methanotrophs were
abundant on particles supports the inference that methanogenesis likely occurs in the sediment
(as shown by Gelesh et al. 2016) and not on suspended particles; but methane is consumed in
the water column primarily by particle associated, rather than free-living, bacteria. Methanotroph
ASVs were present at all stations except station CB5.5 (Figure 7), suggesting that methane is
produced by the sediment across the Bay and consumed in the overlying waters. CB5.5 is more
marine, and this region has lower organic carbon in its sediments (Roden and Tuttle 1993;
Zimmerman and Canuel 2001). Thus, methane is either not produced, or is both produced and
consumed in the sediments.

Nitrogen cycle

Our data suggest that ammonia-oxidizing bacteria and archaea are ubiquitous in the bottom
waters of the Chesapeake Bay, and are primarily associated with the free-living (0.2 — 1.2 ym)
and next-smallest (1.2 — 5 ym) size fractions. The presence of these organisms in the anoxic
bottom waters of the Bay is surprising, since these nitrifying bacteria and archaea require
oxygen as an oxidant. The ammonia-oxidizing organisms could be either advected or dispersed
into the anoxic bottom waters. However, distinct ammonia-oxidizing archaea have also been
found in the upper sulfidic zone of the Black Sea, implying a more complex lifestyle (Coolen et
al. 2007). Large particles appear not to be important habitats for ammonium oxidizing
organisms. The exception to this pattern was an ASV from the Nitfrosomonas genus, which
appeared to associate with larger particles in the northernmost stations of the Bay (Figure 7).
Nitrosomonas has been found associated with particles previously in the Mediterranean Sea
(Phillips et al. 1999).
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In contrast, nitrite-oxidizing ASVs from the Nitrospira genus appeared to have, as their
primary habitat, particles from the northernmost Bay stations. Such a pattern could suggest
geographic decoupling between ammonium and nitrite oxidation. However, the lack of observed
nitrite oxidizers in the southern station despite the abundance of ammonium oxidizing archaea
suggests that some other unidentified organisms are likely consuming the nitrite produced by
the ammonium oxidizers at these stations.

Our PCR primers have mismatches to anammox bacteria (McNichol et al. 2021), and
unsurprisingly we did not detect any anammox bacteria in our dataset. Future efforts should
consider using the pooled primer sets that have since been described by McNichol et al. (2021),
and which better amplify organisms from this group. We did not look for denitrifying bacteria in
our site, as denitrification is not phylogenetically conserved (Zumft 1997; Bertagnolli et al. 2020)
and so neither taxonomic groupings nor phylogenetic placement is likely to generate reliable
information about this process. However this process is common in anoxic systems, and has
been measured in the Chesapeake previously (Ji et al. 2018). Furthermore, new evidence
suggests that many of the taxa associated with sulfur cycling in the Chesapeake also reduce
nitrate (Arora-Williams et al. 2022). Thus, it is likely that many bacteria especially in the anoxic
waters are indeed removing nitrogen from the system.

Sulfur cycle

Sulfur cycling organisms were particularly abundant at the oxycline sample of station
CB3.3C (Figure 7). These sulfur cycling taxa were not as abundant at station CB4.3C’s oxycline
depth. Consistent with this, our sulfide profiles indicate that CB3.3 had higher sulfide
concentrations than CB4.3 (Figure S3). These differences could be due to variations in the
benthic sulfide flux (Roden and Tuttle 1992), which can play a role in driving sulfur cycling in
anoxic bottom waters. While sulfide transport out of sediment occurs in the summer at both
sites, site CB3.3C has higher sulfate reduction rates in the winter which may promote higher
porewater sulfide concentrations and sulfide transport out of sediment at this site (Roden and
Tuttle 1993). Sulfur cycling organisms, especially sulfate reducing Deltaproteobacteria, and the
sulfur oxidizing and purple sulfur bacteria from the Gammaproteobacteria, were found
associated with large particles. The exception was purple nonsulfur bacteria which were found
to be free-living. Purple sulfur bacteria are large, with a width of around 4 um (Madigan and
Martinko 2005), and so their presence in the 1.2 — 5 pm size fraction could indicate that these
organisms were free-living when found in that size fraction. However, these purple sulfur
bacteria were also found in the larger size factions suggesting they were also particle
associated. Several ASVs of sulfate reducing Desulfobacteraceae and Desulfobaeae were
associated with intermediate particle size fractions at station CB3.2, rather than the smallest
particle size fraction. This pattern is unusual since most ASVs are primarily on the small size
fractions, as discussed above. Therefore, this abundance on intermediate particles suggests
that these bacteria, at least at station CB3.2, have intermediate particles as their primary
habitat. It has been suggested that large particles may be sites of sulfate reduction because
reductants are abundant and other oxidants such as nitrate, nitrite and oxygen cannot diffuse
into the particle cores (Bianchi et al. 2018) and sulfate reducers and sulfate reduction have been
found on particles previously (Fuchsman et al. 2012; Saunders et al. 2019; Raven et al. 2021).
Such a pattern then suggests the presence of anoxic environments in these large particles
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which may be leveraged by sulfate reducing bacteria. However, the association of sulfate
reducers primarily with the smallest particle size fraction at the other stations suggests a more
complex pattern.

Methodological Considerations

Our method worked well to quantitatively measure microbial community structure along a
particle size gradient, across the surface and deep waters of the Chesapeake Bay. However,
there are some important methodological considerations intrinsic to this approach. Most of these
are not unique to our study, but rather affect microbial community studies in general, but warrant
consideration here. The considerations are that some bacteria are large, some patrticles are
fragile, some bacteria contain multiple copies of marker genes, and that lllumina read quality
was comparatively lower for this project than in other amplicon studies. Large Bacteria: Some
bacterial taxa exceed 1.2 ym in width and so may show up in the 1.2 — 5 pm bin. However, our
primary conclusions hold even if we only consider bacteria in the 5 um and larger (Figure
S12A,B). Fragile Particles: The delicate nature of particles introduces the risk of disaggregation
during gravity filtration, potentially skewing the particle size to mass spectrum and reassigning
cells to smaller size fractions. Filter Handling: Despite precautions, including frequent rinsing of
filters, there is a potential for filter clogging and bacterial aggregation during filtration, especially
for the smaller mesh sizes, potentially leading to misrepresentation of bacterial abundance and
community structure in some size categories. Genetic markers: Many bacteria contain multiple
(between 1 and 15) copies of the 16S gene (Venter et al. 2004; Espejo and Plaza 2018) and
eukaryotes even more copies of the 18S gene (Fuchsman et al. 2022 and references therein),
which inflate gene copy counts and skew proportions towards bacteria with more 16S gene
copies. Microscopy validation indicates that our DNA-based methods are realistic, though higher
on average than microscopy counts (Figure S8). DNA Extraction Efficiency: Our assumption of
100% DNA extraction efficiency (Eqn. 2). may lead to underestimates of the abundance of some
taxa (Han et al. 2018; Nearing et al. 2021; Brauer and Bengtsson 2022). Adding spikes before
DNA extraction (following Gifford et al. 2020) could correct for this loss, but was not done here.
Ampilification Bias: The PCR step of amplicon sequencing may preferentially amplify some
organisms (Elbrecht and Leese 2015). While our primer set has been validated and shows
minimal bias, it does not capture all bacterial clades (McNichol et al. 2021). Read Quality
Issues: Our lower than typical read quality (Lee 2019) might have adversely impacted accuracy
(see Results, Amplicon Processing and Figure S7A-D). However, similarities in richness
between different sequencing runs affirms that read quality does not substantially affect our
results. Despite this, the presence of low read number ASVs could artificially increase perceived
diversity. Low Read Depth Samples: We included three samples with low read depth (< 1300
reads, after processing), as they provided information about community structure. While they
may have introduced inaccuracies in some of our ordination analyses, we used diversity index
statistics that were robust to the low read depths.

Additional points of discussion

Samples of free-living and small particle associated microorganisms appear to vary
more with temperature and salinity than microorganisms that are associated with larger particles
(Figure 3). One possible reason for this greater similarity between large particle samples is that
microbial niches on large particles might be defined more by the properties of the particle to
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which they are attached than to the surrounding water. Meanwhile free-living bacteria have the
water itself as their habitat and small particle-attached bacteria may experience conditions
intermediate to those of free-living bacteria and those attached to large particles — for instance
they likely have some of the chemical substrates and physical attachment surfaces in common
with large particle-attached bacteria, but exposure to oxygen or other oxidants more like those
of free-living bacteria. Previous analysis has shown similarity of microbes on particles across
depths in the oligotrophic ocean and much of that was attributed to particle movement between
environments (Mestre et al. 2018), which could also be a factor here.

While we found that microbial abundance scales with particle mass, we did not try to
normalize to particle surface area. This is because marine snow are believed to have shapes
that are closer to fractals than spheres, with substantial folding and pore space (Logan and
Wilkinson 1990; Dissanayake et al. 2018). Thus, they have surface areas much higher than for
equivalently sized spheres. Furthermore, bacteria are found throughout particles (Flintrop et al.
2018). Thus, we contend that it is reasonable that microbial abundance scales with particle
volume, which, assuming that the volume of the non-porous portion of the particle scales with
mass (as in Cram et al. 2018), means that microbial abundance should also scale with mass.

Conclusion

This work extends our knowledge of microbial biogeography in the Chesapeake Bay from an
analysis of spatial and depth variability into one that concurrently considers variability of habitats
within locations. We show that such within-location habitat variability is important and that
bacteria have niches that are defined not only by geography, but also particle size. Bacteria
involved in sulfur and methane cycling appear to associate with intermediate particle size
classes, suggesting that select particles provide sites for water column biogeochemical
transformations that often occur in anoxic environments. Extending this approach to consider
bacterial biogeography within habitats in more regions, and across more kinds of microhabitats
will provide new understanding of the ecological niches of marine microorganisms.
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Supplemental Methods

Particle Processing

Phase 1. Separation of particulate material into size classes:

Water was gravity filtered, in sequence, through nylon mesh of decreasing pore size. The
water that passed through the mesh was retained. Pore sizes were 500, 180, 53, 20, 5 um and
mesh diameters were ~142 mm. After filtration, each nylon mesh was back rinsed with ~500 ml
of prefiltered “rinse water” to produce a resuspension of particulate matter from particles from
each size class. The “rinse water” had been generated during transit by pumping surface water
in sequence through water filters of size 10, 5, 1 ym to remove particles, followed by a 0.2 ym
filter (Pall AcroPak 1500 Capsule with a Supor Polyethersulfone membrane) capsule which
removes bacteria. After back-rinsing, the resuspended particles were split, with 45 mL saved for
microscopy, ~200 mL used for particulate matter mass measurements and ~200 mL for DNA
measurements. In all cases the actual volumes were carefully recorded and used for
normalization during analysis. Water that had passed through all of the filters was also saved,
45 mL preserved for microscopy, ~1 L ml used for particulate matter mass measurements and
~1 L ml for DNA measurements.

Phase 2: Preservation of particulate material for microscopy, POM and DNA analysis

Microscopy samples were preserved with the addition of 1 mL of saturated, 0.2 uym filtered
formaldehyde, and stored at -80°C.

To collect particulate matter for mass and elemental measurements, the resuspended
particulate matter from each sample and size class was collected by vacuum filtration through a
1.2 ym nominal pore size, 25 mm diameter, GF/C glass fiber filter (Whatman WHA1822025).
These filters had been previously pre-combusted at 400°C, and then pre-weighed using a
Sartorius micro balance to a precision of 1 ug. To collect particulate matter in the 1.2 — 5 ym
range, ~500 ml of the water that had gone through all of the nylon mesh was also collected on
the 1.2 yum GF/C filter.

To collect DNA, resuspended particulate matter from each nylon filter was filtered through a
1.2 um pore-size 47 mm diameter, polyethersulfone filter (Sterlitech PES1247100). DNA from
the 1.2 -5 pm and 0.2 — 1.2 ym ranges were collected by passing ~1 L of the water that had
passed through the other filters, in series, through 1.2 ym and 0.2 um pore size, 47 mm
diameter, polyethersulfone filters using a peristaltic pump (1.2 pm filter as above, 0.2 ym filter —
Sterilitech PES0247100). All DNA filters were folded, placed in a 2 mL sterile screw-cap
cryogenic tube and flash frozen in liquid nitrogen. Samples were then stored at -80 °C prior to
extraction.

Isotopic Analysis

At the University of California Davis Stable Isotope Facility, the following protocol was followed:
Samples were combusted at 1080 °C in a reactor packed with chromium oxide and silvered
copper oxide. Oxides were removed in a reduction reactor containing reduced copper at 650°C.
The liberated gases were retained in a helium carrier, which flowed through a water trap
containing magnesium perchlorate and phosphorous pentoxide. Carbon dioxide was temporarily
stored in an adsorption trap until dinitrogen gas is analyzed, and then the carbon was analyzed.
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Both carbon and nitrogen were quantified in an Elementar Vario EL Cube coupled with an
Isoprime VislION isotope ratio mass spectrometer. The total carbon and nitrogen content of each
filter were measured, as well as 8'3C and &'°N relative to Vienna Pee Dee Belemnite and Air
standards respectively.

Microscopy measurements of bacterial abundance

In cases where particle and microbial abundance was high enough that it would be
challenging to enumerate cells directly on a microscope due to overlap between bacteria, fixed
samples were first diluted 100-fold in 0.2 um filtered deionized water, while in others sample
water was used directly. Microbial abundances on each particle size fraction were measured by
adding 1 pl/mL of Triton-X-100 per mL of sample, vortexing and then sonicating the sample for
30 seconds. Samples were then collected by vacuum filtration on a 0.2 um pore size, 25 mm
diameter, black PCTE track etched polycarbonate filter (Thomas Scientific # 4663H09).
Samples were stained in some cases by incubating with a 20 mg/L DAPI solution for 5 minutes,
in which case the DAPI was removed by filtration and the filters placed on a microscope slide,
covered with non-fluorescent immersion oil and a coverslip. In other cases, samples were
instead stained by placing Invitrogen ProLong Gold Antifade Mountant with DAPI solution
(Fisher Scientific #P36941) under the coverslip, instead of immersion oil. The two methods gave
similar results. Microbial abundances were counted on a Zeiss Axio Imager M2 epifluorescence
microscope with a gridded eyepiece and microbial counts normalized to abundance (following
Patel et al. 2007).

DNA Extraction

Frozen samples were combined with 400 pL lysis buffer (1% Sodium Dodecyl sulfate in filter
sterilized STE (10mM Tris-Cl, 100mM NaCl, 1mM EDTA; pH 8.0)). Samples were heated at
95 °C for two minutes, put in a bead beater (BeadBug Microtube Homoginizer), without added
beads, for 30 seconds. This process was followed by another round of heating, one more round
of beating, and a final round of heating. We then added 400 uL of phenol-chloroform solution
(25 parts phenol solution (pH8; Sigma P4557): 24 parts chloroform (Sigma C2432); 1 part
isoamyl alcohol (Sigma W205702)). Samples then underwent one additional beating step (30
seconds). During this final beating step, the filters dissolved in the phenol solution. The sample
was then centrifuged at 13,000 g at room temperature (~20 °C) for two minutes to separate the
phenol layer from the aqueous layer. The samples were again placed in the bead beater for an
additional 30 seconds and then re-centrifuged to increase the samples’ exposure to phenol
chloroform. The remaining phenol layer was viscous due to the presence of dissolved filter and
was removed with a pipette from which the end had been cut off to widen the opening. An
additional 400 pL phenol chloroform was added, samples were vortexed for 30 seconds to mix,
the sample was re-centrifuged and the phenol again removed. Next 400 pL of chloroform-
isoamyl alcohol (24:1 ratio) solution was added and the samples again vortexed and centrifuged
again to separate the layers. At this point the aqueous layer was transferred to a new tube.

To precipitate DNA, to the aqueous layer 10 ug of glycogen (a co-preciptant) and 0.31 times
the lysate volume of 10.5 M filter sterilized Ammonium Acetate was added. The sample was
mixed by inverting 5 times, and then 1.31 times the lysate volume of isopropyl alcohol was
added. Samples were incubated at -20°C overnight (~10 hours). DNA was pelleted at the
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bottom of the tube by spinning at 15,000 g for 60 minutes. The supernatant was decanted off.
Then the pellet was rinsed with 250 mL -20 °C ethanol and the pellet spun again for 30 minutes.
The pellet was then air dried in an inverted tube (~2 hours). The pellet was resuspended in 25
ML of TE (10 mM TRIS-HCI, 1 mM EDTA, pH 8) and incubated at 37 °C for 1-2 hours for the
DNA to dissolve. DNA concentration was measured using a qubit fluorometer. A sample aliquot
was then diluted to a final concentration of 2 ng/ul. Samples were then preserved at -80 °C prior
to further analysis.

Amplicon Libraries

Our amplicon libraries leveraged the 515FY-926R primers (Parada et al. 2016) which had
been amended with overhangs for a final sequence of

Overhang + 515FY:
5 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGG ¥

Overhang + 926R:
5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCGYCAATTYMTTTRAGTTT 3’

Samples were amplified by combining, for a final volume of 25 uL, 1X Accustart Master Mix;
0.3 mM of each of the forward and reverse primers; 0.5ng/ul of DNA and 5 * 10* of spike-in
sequence (Genbank Accession LC140931). Samples were amplified in a thermal cycler (BioRad
T-100) as follows: Samples underwent initial denaturation at 95 °C for 120s. There were then 25
cycles of denaturation (95 °C * 45 s) annealing (50 °C * 45 s), and elongation (68 °C, 90 s).
Following the amplification cycles, there was a final elongation step of (68 °C, 300 s). Samples
were then held at 10 °C for less than one hour before being refrigerated at 4 °C. We checked to
ensure that amplicons appeared in our samples and were the appropriate length by running
samples on an agarose gel. Samples were then cleaned using AMPure XP beads, following the
manufacturers’ instructions with a bead:sample ratio of 0.8.

Samples were amplified to append unique forward and reverse barcodes and illumina
adapters:

i7 index primer

5 CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTCTCGTGGGCTCGG
i5 index primer

5 AATGATACGGCGACCACCGAGATCTACACXXXXXXXXCTCTCTAT

Where bold Xs stand in for lllumina i7 index sequences (N701-N729) and i5 index
sequences (S502-S522).

Samples were again amplified in 25 pL volumes with 1X Accustart master mix, 0.4 mM of
each primer, and 7 uL of amplified DNA (we do not dilute to a common concentration between
rounds). Samples were amplified as in round one, but with only five amplification cycles, rather
than 30.

Fragments were again assessed by agarose gel and cleaned with AMPure XP beads.
Samples were eluted with TE following amplification. Samples were diluted to a common
concentration of 5 ng/ul and sent to IMET'’s Bioanalytical Services laboratory (BASLab) for
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sequencing. We found that no samples from station CB5.1 Bottom amplified. Those samples
were thus re-amplified as part of another batch of samples. Those samples followed the same
protocol but were eluted in EBT (10 mM Tris, pH 8, 0.1% Tween20) for the final elution step.
Those samples were sent to UC Davis’s Core DNA lab for sequencing. Both sequencing
facilities ran our samples on an lllumina MiSeq and returned demultiplexed samples to us.

Two mock community samples of the genomic DNA from 20 organisms, one in which each
species had even proportions and one in which they had staggered proportions (BEI Resources
HM-782-D and HM-783D), were run alongside the environmental samples for each run. We also
ran a “Generous Donor” sample, DNA which we collected from the Horn Point Laboratory Pier
and which we include in all runs so that they can be cross compared.

Amplicon Bioinformatics

To process amplicon sequence data, primers were removed from sequences with Cutadapt
(Martin 2011). Due to relatively low sequence quality (see Supplemental Results; Amplicon
Processing), we used the DADA2 filterandtrim()" algorithm to retain sequences with fewer than
three errors on the forward read and fewer than five errors on the reverse read, and truncated
sequences to 230 sequences in the forward and 220 in the reverse direction. DADA2 was then
used to learn error rates, dereplicate identical sequences, call amplicon sequence variants, and
to merge forward and reverse reads. Samples from the BasLAB and DNATECH sequence
libraries were called separately, as recommended by the package developers, and were then
merged after sequence calling. Chimeric sequences were then removed. Taxonomy was called
using DADAZ2’s "assignTaxonomy()" function using the Silva database, version 132 (Quast et al.
2013; Yilmaz et al. 2014), which had been modified by adding the spike in sequences. This
scheme allowed us to classify bacterial, archaeal and eukaryotic sequences, as well as spike
sequences.

Supplemental Results

Hydrographic Context

Hydrological conditions can impact the delivery of particles from rivers. The majority (90%)
of terrestrial suspended solids that enter Chesapeake Bay come from the James, Potomac, and
Susquehanna Rivers (Figure S1 for locations) (Zhang and Blomquist 2018). The sampled sites
are primarily influenced by the Susquehanna River because the water flows from North to South
and all of the sampled sites are north of the James River and only site CB5.5 is south of the
Potomac River. Discharge at the Conowingo Dam plays a major role in determining of
suspended sediments load of the water that enters the Bay from the Susquehanna River (Zhang
et al. 2016) Thus, despite differences in hydrological conditions over the sampling period (i.e.,
CB5.1 and CB5.5 were sampled at baseflow conditions, CB4.3C and CB3.3C were sampled
during the rising limb of a storm, and CB3.2 and CB3.1 were sampled on the falling limb of a
storm; Figure S2A-C), discharge patterns at the Conowingo Dam did not substantially vary over
the period of sampling (Figure S2A-C) and therefore it is likely that delivery of suspended
sediments also did not greatly vary over the period of sampling. Additional information about
physics, chemistry, and the particle size to mass and size to abundance distribution spectra of
each site, when they were sampled for this study, are described in Dougherty et al. (2021).
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Amplicon Processing

Mock community sequencing suggested that overall community structure was broadly in line
with input communities. In the first sequencing run the even mock community, which contained
20 species each of which can have more than one 16S sequence, had 25 ASVs that comprised
at least 1% of the community structure each for a total of 76.8% of the total mock community.
These reads varied in relative abundance from 9.3% to 1.1%. There were 326 rare ASVs each
comprising < 1% of the community. In the second run, there were 22 ASVs that comprised at
least 1% of the community structure ranging in relative abundance from 8.9% to 1.3% each for a
total of 96% of the overall community, and 189 rare ASVs.

Per sample sequence depth ranged from 7034 reads through 304399 reads (median = 91838 +
38019 (median adjusted deviation, MAD)). We use an internal reference standard sample, a
generous donor DNA sample collected at the HPL pier, as part of every sequencing run that our
lab does. Sequence quality of this generous donor sample was characteristic of the other
samples and allowed us to compare sequence quality between runs (Figure S7A-D) while
ensuring that the community structure was similar between runs. The sequence quality of
samples from BasLab appeared to drop off more quickly than other projects that we had
encountered, with quality scores dropping below 30 after about 100 cycles for both the forward
and reverse reads. In contrast, the samples run by DNATECH appeared to remain above 30
through 220 bases in the forward direction and 200 cycles in the reverse direction (Figure S7A-
D).

DADAZ2’s chimera checking program suggested that a high fraction of our reads were chimeras
(range 7.2% - 53.4%; median 33.6% + 9.4% MAD), in both of our runs. While high fractions of
detected chimeras are often related to skipping primer trimming steps, we confirmed that this
step did indeed occur for this analysis. Following all processing steps, we were left with between
2135 and 142572 reads (median 33803 £ 20198 MAD), including spike in sequences. After
removing spike in sequences, all samples but three had more at least 9900 reads. The low read
number samples were CB4.3 Surface 0.2 uym (852 reads); CB3.1 Bottom 500 um (860 reads)
CB3.3C Bottom 180 ym (1248 reads).

Microbial community structure data (Table S1), microbial taxonomic information (Table S2), and
corresponding environmental parameters (Table S3) are available as supplemental tables.
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1326  Figure S1. Map of the study area, reflecting not only the station locations shown in Figure 1A,
1327  but also the locations hydrological stations describing discharge by key rivers into the

1328 Chesapeake Bay (Figure S2). Each station is labeled in light goldenrod colored rectangles

1329 (SesH, Sesquihanna River at Harrisburg; SesC, Susquehanna River at Cantonsville; Pot,

1330 Potomic River near Washington DC). The James river (Jam), mentioned in the main text, is also
1331  shown.
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Figure S2. Discharge at United States Geological Survey (USGS) gauges at A) the
Susquehanna River at Conowingo, MD (USGS 01578310), B) the Susquehanna River at
Harrisburg, PA (USGS 01570500), B) the Susquehanna River at Conowingo, MD (USGS
01578310), and C) the Potomac River near Washington, DC (USGS 01646500). Data
downloaded from https://waterdata.usgs.gov/.
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Figure S3. Hydrogen sulfide concentrations, measured at stations CB3.3C and CB4.3C. The

laboratory which performed the analysis differed between samples and are shown: Horn Point
Laboratory (HPL) and Johns Hopkins University (JHU). Sulfide was not measured at any of the

other stations, but sulfide was also not detected by smell at any of the other stations.
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Figure S4. Particle (A) mass, (B) particulate organic carbon (POC) content and (C)
particulate organic nitrogen (PON) content associated with each size fraction, at each measured

depth, of each station. Colors and shapes of points correspond to stations as shown in Figure

1A and Figure S1.
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Figure S5. Ratios between the particle characteristics shown in Figure S2, numerators and
denominators are all in the same units, and so y axis values are unitless. (A) Particulate organic
carbon to mass ratios; (Particulate organic nitrogen to mass ratios); (C) Particulate organic
carbon to nitrogen ratios. Colors and shapes of points correspond to stations as shown in
Figure 1A.
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Figure S6. Particulate organic carbon and nitrogen isotopic ratios (A) 8'3C and (B) &'°N.
Colors and shapes of points correspond to stations as shown in Figure 1A.
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Figure S7. Read quality of generous donor samples (collected at the HPL pier, all size
fractions) from our two different sequencing runs. A-B. most samples, sequenced by IMET
BasLAB, C-D. samples from station 5.1 Bottom. Sequenced by UC Davis. A,C. Forward read
quality. B,D. Reverse read quality. This is a standard output by the DADA2 program (Callahan
et al. 2016). The heatmap indicates the distribution of scores, as well as a mean best fit score
(line). The red line indicates the fraction of samples that are at least a given length.

46



3.3
1e+07
5.1
55

@
A 43
v
@)

1e+06 -

O Surface
O Oxycline

O Bottom
1e+05

Microscopy (Cells/L)

Size Class (pm)

1e+04

1e+04 16+05 16+06 1e+07
1372 Amplicon (Copies/L) O 500

1373 Figure S8. Microscopy-based estimates of microbial abundance compared to amplicon-
1374  based estimates. The black diagonal is the one to one line.

1375
1376
1377
1378

47



1379

1380
1381
1382
1383

1384

1385

1386
1387

A Surface B Surface C Surface
6 - 0.125
: b
- s P Sasias PR
§‘ :lé 3 = 0,000 ===z O
5
o Oxycline Q Oxycline % Oxycline
© 1e+06 - C 6 2 0.125
L 1e+05+ 8 5 Q. 0.100 1
(0 1e+04- & o — 0,075
S e g gl A
¢ 1e+021 =3 2 0.000
2 2 S
< Bottom o Bottom Q Bottom
2 jere: L 5 412
16+05 5 - v i
. 0.075 1
1803 i it ﬁ‘%‘ 0.050-
Te+02 31 0.000 -$—_—$_—$_$$:é

T T T T 1 T T T
N om 88 N om 88 N omn 8
o ~ P an®I o L Aw 23 o ~ P av X3

Figure S9. Estimates of A richness, B Shannon diversity and C evenness at each sample.
Confidence intervals in A correspond to upper and lower bounds specified by the breakaway
package. Colors and shapes of points correspond to stations as shown in Figure 1A. Note that
richness, but not the other metrics, is on a log scale.
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Figure S10. Linear model predicted outputs of A richness, B Shannon diversity and C
evenness which show general trends with size and latitude at the surface and bottom of the
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Confidence intervals are two standard errors of predicted mean values.
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Figure S12. Redundancy analysis of the relationship between Salinity, Oxygen concentration
and particle size microbial community structure (A) excluding samples from the (0.2 — 1.2 ym
size classes and (B) excluding samples from the 0.2 — 1.2 ym and 1.2 — 5 ym size classes.
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Figure S15. Amplicon sequence variants that comprised at least 1% of the total free-living
(0.2 — 1.2 ym size fraction) community at at least one station in (A) the surface (B) oxycline and
(C) the bottom depths. Only station and depth combinations where the free-living bacteria were
sequenced are shown. All of these ASVs were found to be present in one or more of the larger
size fractions.

Supplemental Tables

Table S1. Microbial abundances of each ASV in each location, depth and size fraction. Data
have been processed to normalize sequence reads by spike concentrations and DNA in the
environment to produce normalized abundances. Column names as follows

ASV: Numbered amplicon sequence variant
Reads: Number of reads of that ASV

ID: Sample ID of form station-depth-size fraction. For instance, 3-1-B-0-2 is station CB3.1,
Bottom, Size fraction 0.2-1.2 ym.

SpikeReads: Number of reads that taxonomically mapped to the spike-in sequence in each
sample.

conversionMultiplier: DNA per liter * 10”5 spike in copies / SpikeReads, used for calculating
concentrations.

RA: Relative abundance of the sequence. A value between 0 and 1.

copiesPerL: The estimated number of each ASV per L of water in each size-fraction at each
sample. Calculated by multiplying Reads by conversionMultiplier

We note that normalized copies per liter can be calculated by dividing copiesPerL by Bin_Size,
and copies per mg of particles can be calculated by dividing copiesPerL by MassperLiter. This
table is 6,184,875 lines long and takes 1.4GB of space uncompressed and so is uploaded as its
own gzip compressed csv file.

Table S2 Taxonomic information about each amplicon sequence variant.

Kingdom:Genus — Taxonomy information about the ASV as returned by DADAZ2’s built in
classifier and the silva_nr_v132 database.

nASV: Just the number from the ASV column
TagLevel: The finest taxonomic level for which taxonomy is available
Tag: The taxonomic identification at TagLevel

Tag_ASV: Tag, appended to nASV. Used when naming ASVs in figures so that the ASV name
provides information about taxonomy.

Table S3 Sample information table.
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1464

1465
1466

1467

1468
1469
1470

1471
1472

1473
1474
1475
1476

Station: Chesapeake bay program station ID. All stations are central bay stations (so 4.3
means CB 4.3C and so on).

Size_Class: The lower bound of the sample size class. For instance 0.2 means the 0.2 - 1.2
pm size fraction, while 500 is the 2500 pm size fraction.

Depth: Depth category. Surface or Bottom. Station CB 4.3 also has a third Oxycline (Oxy)
depth.

Bin_Size: The width of the particle size bin (um). Calculated as the upper bound minus the
lower bound.

DNAperLiter: The amount of DNA extracted from a sample, normalized to volume filtered.

MassperLiter: The amount of POM mass measured, normalized to volume filtered. Not
recorded for the 0.2 — 1.2 ym size bin. This value was previously reported in Dougherty et al.
(2021).

ParticlesPerLiter: Estimated number of particles in a size class, per liter. Measured by LISST
and summed over all size bins. This value was previously reported in Dougherty et al. (2021).

Flag: Some samples did not amplify and/or sequence well. This is especially the case with all
first run samples from station 5.1B. Only samples where FLAG is false are included here, so
this is just a column of the word false.

57



1477
1478
1479
1480
1481
1482

Table S4. Relationships between metrics of alpha diversity (Richness, Shannon Diversity and
Evenness) to water salinity, oxygen concentration and particle size. : Metric: the alpha diversity
metric used. Richness (breakaway — betta) uses the betta function in the breakaway package to
carry out the model. All other metrics, use a simple linear model. Term indicates the coefficient
for which statistics are shown. Shown are estimates and standard errors of coefficients, T
values (linear models only) and p-values (bolded if p < 0.05).

Metric Term Estimate Std. Err. T D
Richness Intercept 4.0x10° 2.4x10? NA <0.001
(Breakaway — Betta)
logio(Size Class) 6.5 x10? 1.4 x 10? NA <0.001
logio(Size Class)? -4.0x 10° 6.2x 10! NA <0.001
Salinity -3.7x 10? 2.1x 10! NA <0.001
Salinity? 1.7 x 10! 1.2x 10° NA <0.001
logio(Oxygen + 0.03) -8.8x 10! 3.1x10? NA 0.779
Richness Intercept 3.9x10° 7.7 x 107 5.059 <0.001
(Breakaway — LM)
logio(Size Class) 7.5 x10? 4.4x107 1.688 0.096
logio(Size Class)? -4.4x 10? 1.9x10° -2.348 0.022
Salinity -4.5x 107 1.7 x 10? -2.610 0.011
Salinity? 2.4x 10! 9.1x10° 2.586 0.012
logio(Oxygen + 0.03) 44x100 | 7.6x102 0.574 0.568
Diversity Intercept 5.2x10° 2.0x 10" 26.613 <0.001
(Shannon H)
log1o(Size Class) 5.0x 10! 1.1x 10! 4.461 <0.001
logio(Size Class)? -2.1x 10! 4.8x10? -4.278 <0.001
Salinity -9.5x 102 4.4x 1072 -2.175 0.033
Salinity? 32x1073 23x1073 1.386 0.170
logio(Oxygen + 0.03) 14x100 | 19x10t | -0.738 0.463
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1484

Evenness
(Pielou J)

Intercept 6.1x10* 6.6x 103 0.092 0.927
logio(Size Class) 83x10° | 38x10° | -2.182 0.033
logio(Size Class)? 3.2x103 1.6x 1073 1.965 0.053
Salinity 1.0x 1073 1.5x 1073 0.687 0.494
Salinity? -3.4x107 7.8x 103 -0.432 0.667
logio(Oxygen + 0.03) 48x10% | 65x10° 0.738 0.463
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Table S5. Coefficients of an ANOVA like permutation test of the RDA analysis coefficients
describing the relationship between water salinity, oxygen concentration and particle size and
overall microbial community structure. Three Datasets are run: All (Figure S11), which includes
all size classes. Particle associated (Figure S12A) which exclude the free-living 0.2 — 1.2 um
size class samples and = 5 Micron Particles which exclude both the 0.2— 1.2 ym and 1.2 -5 ym
size classes. Term indicates the coefficient for which statistics are shown. DF corresponds to
degrees of freedom. Variance is the total variance explained by each coefficient. % Variance is
the variance divided by total variance. T is the relevant statistic for the test and p is the p-value
of that statistic.

Dataset Term DF Variance % Variance T P
All Salinity 1 745 6.9% 7.0 <0.001
logio(Oxygen + 0.03) 1 458 4.2% 4.3 <0.001
logio(Size Class) 1 2002 18.5% 18.7 <0.001
Residual 71 7613 70.4%
Particle Salinity 1 781 8.2% 8.7 <0.001
Associated
logi0(Oxygen + 0.03) 1 546 5.7% 6.1 <0.001
logio(Size Class) 1 2616 27.5% 29.1 <0.001
Residual 62 5567 58.5%
> 5 Micron Salinity 1 534 9.5% 8.2 <0.001
Particles
logi0(Oxygen + 0.03) 1 432 7.7% 6.6 <0.001
logio(Size Class) 1 1229 21.8% 18.9 <0.001
Residual 53 3445 61.1%
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