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Near-benthic coral reef picoplankton vary at fine

scales decoupled from benthic cover
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ABSTRACT: Seawater microorganisms impact ecological and biogeochemical cycling on coral
reefs and are sensitive indicators of ecosystem status. Microbialization, a shift towards trophic collapse
and resultant high microbial biomass, is a global concern on coral reefs. Indeed, macroorganisms can
influence microbial processes and community composition on reefs, which is best understood as
increased macroalgae resulting in copiotrophic microbial growth and oxygen reduction. Whether
or not smaller-scale changes in macroorganisms influence the overlying seawater microbial com-
munities is largely unknown. Here, we assessed seawater microorganisms across 3 coral reefs to
understand their connection to reef site and within-reef benthic characteristics. At 3 coral reefs in
St. John, US Virgin Islands, we collected 60 ml seawater samples 2 cm above the seafloor, spaced
2 m apart in a grid pattern, and assessed bacterial and archaeal communities via sequencing of
small subunit ribosomal RNA genes. Benthic cover within 1 m of each sample was determined at
10 cm resolution through photogrammetry. Our results reveal that overall reef site overwhelmingly
shapes microbial community structure, while within-reef benthic cover surrounding sample locations
has minimal influence. However, ecospheres as areas that reflect the small-scale effects of benthic
cover directly under each sample, significantly explain as much as 12.1% of within-reef microbial
variation and may even outweigh variation attributable to reef site alone. These findings provide
new insights into fine-scale spatial variability in reef seawater microbiomes that are crucial for the
use of microorganisms as indicators of microbialization and coral reef health.

KEY WORDS: Coral reef communities - Seawater -+ Microbial - Picoplankton - Spatial variation -
Benthic cover

1. INTRODUCTION

Coral reefs have experienced a tripling of disease
prevalence over the past 25 yr (Burke et al. 2023) and
widespread loss of function due to coastal develop-
ment and a changing climate (Rosenberg et al. 2022).
This has contributed to microbialization of coral
reef ecosystems, an overabundance of copiotrophic
microbes that are less efficient at degrading carbohy-
drates and potentially pathogenic to corals and reef
organisms (Haas et al. 2016). Detecting microbializa-
tion is crucial for coral reef management, necessitat-
ing an improved understanding of the factors that
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structure microbial communities and the scales at
which these associations are apparent.

Here, we quantify the role of biogeography at the
scale of individual reef sites (site effects), benthic
cover within a reef (e.g. algal dominance), and direct
benthic interactions (e.g. organismal effects) as key
factors underpinning picoplankton community com-
position. The link between benthic cover and seawater
microbial composition, coastal benthic—pelagic cou-
pling, constitutes a fundamental aspect of coral reef
ecosystems, as resources from dominant benthic or-
ganismal classes shape overlying microbial commu-
nities (Criffiths et al. 2017). Dissolved organic carbon
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(DOC), in particular, is often depleted above coral
reefs and is a reflection of the differentiation of reef-
associated planktonic microorganisms from their open
ocean counterparts (Nelson et al. 2011). Globally,
coral reef ecosystems have undergone a widespread
shift from coral dominance to steady states of algal
dominance (Fung et al. 2011); coinciding with this
change in benthic cover is a cascading trophic decline
of bacterioplankton in the form of microbialization
(Haas et al. 2016). Shifts in the competitive landscape
of coral reefs are also reflected in the microbiomes of
corals themselves, which shift to resemble those of
highly competitive macroalgae at interaction zones
(Morrow et al. 2013). Changes to the benthic commu-
nity can directly impact picoplankton communities, as
the former provides exudates (Ferrier-Pages et al.
2000) including DOC and inorganic nutrients that di-
rectly promote the growth of seawater microorganisms
(Haas et al. 2013). For example, the exudates produced
by algae are distinct from those produced by coral and
alter the genetic diversity of reef-associated pico-
plankton (Nelson et al. 2013). Exometabolites pro-
duced by benthic organisms vary greatly, reflecting
the diversity of coral reefs themselves (Weber et al.
2022). Importantly, picoplankton respond to these
conditions and benthic cover differently, and on differ-
ent timescales, than other reef microbial communities
such as biofilms (Remple et al. 2021).

Distinct reef organisms significantly influence
picoplankton structure as a component of, or in ad-
dition to, the cumulative effects observed in re-
sponse to benthic cover. Heterotrophy is a primary
mechanism for these effects, with sponges acting as
a major consumer of autotrophic and heterotrophic
picoplankton above reefs (Lesser 2006, Lesser & Slat-
tery 2020), converting biomass originating from
coral-derived DOC to detritus as part of the sponge
loop (Rix et al. 2018). Corals also contribute to het-
erotrophy in oligotrophic waters (Patten et al. 2011),
and the effect of this process on picoplankton com-
position is directly mediated by both local tempera-
tures (Meunier et al. 2019) and hydrodynamics
(Ribes & Atkinson 2007). The effects of coral hetero-
trophy on picoplankton can also be selective, with
studies of Porites astreoides demonstrating preferen-
tial removal of Synechococcus, SAR11, and Rhodo-
bacteraceae cells (McNally et al. 2017).

Reef organisms can also alter picoplankton
structure through enrichment, resulting in so-called
aura-biomes (Walsh et al. 2017) or ecospheres (Weber
et al. 2019), where altered microbial composition is ev-
ident in seawater within centimeters of an organism's
surface. First discovered in 2017 with large-volume

water samples (20 1) collected above different reef or-
ganisms (Walsh et al. 2017), these effects were also de-
tected in a later study using smaller seawater volumes
(60 ml) and are hypothesized to be facilitated by the
formation of boundary layers near the coral colony
surface (Weber et al. 2019). In contrast to hetero-
trophy, where cells are preferentially removed from
the water column, microbial ecospheres can occur
through 2 mechanisms: shedding of cells from the
coral microbiome or selective growth on coral exu-
dates. Regular shedding of coral surface mucus layers
may elevate the abundance of coral symbionts, such
as Endozoicomonas, in near-coral waters (Weber et al.
2019) and may play a major role in the localized
spread of coral disease on reefs (Williams et al. 2021).
In combination with shedding, exudates released by
benthic organisms act to encourage the growth of
picoplankton and alter microbial community structure
on the reef. Sponges have a demonstrated affinity for
enriching certain Archaea near their surface (Polénia
et al. 2016), macroalgal exudates enrich Vibrionaceae
and Pseudoalteromonadaceae (Nelson et al. 2013),
crustose coralline algae facilitate bacterioplankton
known to produce antimicrobial compounds (Quinlan
et al. 2019), and thermally stressed corals enrich
pathogenic bacterioplankton through an increased
flux of dissolved organic matter (Sparagon et al.
2024). Collectively, the mechanisms of heterotrophy,
shedding, and enrichment via exudates allow benthic
reef organisms to shape picoplankton communities in
their immediate vicinity and exert a significant effect
on both reef microbial ecology and biochemistry
(Patten et al. 2011). Recent trans-Pacific surveys have
identified high variability in coral microbiomes within
individual reefs, as well as similarity between surface
reef water and water above coral colonies for both
free-living (0.2—3 pm) and particle- or eukaryote-
associated (3—20 pm) plankton (Galand et al. 2023).
Local conditions unique to each reef site (site ef-
fects) as well as regional patterns (biogeography)
combine with within-reef benthic and organismal
effects to drive picoplankton structure. Regional dif-
ferences are regularly observed in reef picoplankton
samples as a function of geographic distance, in
addition to baseline differences between reef sites
(Ma et al. 2022). Abiotic factors that contribute to pat-
terns between reef sites can include differences in
ocean circulation (Nelson et al. 2011), water velocity
(Ribes & Atkinson 2007), sediment resuspension, light
availability (e.g. resulting from turbidity), pH, and
temperature. Light consistently drives diel variations
in autotrophic picoplankton (Kelly et al. 2019, Becker
et al. 2020). Seasonal variability of microbial commu-
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nities on coral reefs is especially prevalent (Nuryadi
et al. 2018). Temperature stress can interact with light
and wave action to influence total alkalinity and
within-reef net calcification rates (Zhang et al. 2012),
processes that influence reef microbial communities
(Meron et al. 2012). Experimentation outside of coral
reefs has demonstrated synergistic effects of nutrient
pollution, sediment resuspension, and water column
mixing, increasing algal biomass and autotrophic
picoplankton (Rhew et al. 1999). Biotic factors beyond
the benthic community, such as herbivore abun-
dance, may also interact with these abiotic factors.
For example, in studies simulating overfishing on
coral reefs, herbivore exclusion and nutrient pollu-
tion combine to compromise the coral microbiome
(Zaneveld et al. 2016). Further, by affecting coral
health, these disturbances are likely linked to pico-
plankton structure through differential exometabo-
lite production (Weber et al. 2022), as well as through
the impact of an altered coral microbiome on the sur-
rounding water column via organismal effects (Weber
et al. 2019).

The sensitivity of reef microbial communities to
ambient conditions suggests that they may be useful
indicators of reef health conditions. However, 1 unex-
plored aspect of these communities is if microorgan-
isms can reflect reef condition at fine spatial scales.
While satellite sea surface temperature data at the
kilometer scale are often used to study reef health
(Fordyce etal. 2019, Sutherland et al. 2023), these data
do not resolve within-reef patterns. Great progress
has been made to characterize coral reefs at fine spa-
tial scales with the advent of distributed temperature
sensors detecting submeter thermal variation in ru-
gose reef habitats (Reid et al. 2019, Sinnett et al. 2020)
and the widespread use of orthomosaics to assess fine-
scale benthic cover (Roach et al. 2021). However,
spatial variation of microbial communities within reef
environments remains considerably less resolved.
Previous work in the Pacific reported significant
within-reef and between-reef effects of algal cover on
the microbiome of corals but did not investigate these
effects on reef picoplankton (Briggs et al. 2021). As
pressure mounts to incorporate reef seawater micro-
bial data into predictive models of reef health (Terzin
et al. 2024), a critical first step is the identification of
picoplankton variability at small spatial scales and
their relationship to both benthic cover and distinct
reef organisms that might serve as visual indicators of
reef condition. In the Caribbean, the highest spatial
resolution studies examined near-reef picoplankton
communities every 1 m along 10 m transects sampled
5 cm distance from the benthos and found microbial

communities to be highly similar within distinct reefs
and not related to general benthic cover (Ma et al.
2022). To our knowledge, no studies in the Caribbean
have systematically addressed the relationship of spa-
tial and underlying organismal influences on over-
lying reef picoplankton.

Our study aims to quantitatively compare the in-
fluence of reef site (site effects), within-reef benthic
cover, and sample-specific organismal influences on
picoplankton communities at fine spatial resolution.
Using water samples collected 2 cm above the ben-
thos, we assessed picoplankton community differ-
ences across 3 St. John, US Virgin Islands, reef sites,
examining picoplankton variability attributable to the
reef site itself, benthic cover within each reef, or the
benthic cover directly under a sample collection
point. Benthic cover was manually classified every
10 cm in a 1 m? region surrounding each water sam-
ple, and its role in shaping microbial communities was
compared to that of the organism or benthic cover
located 2 cm directly beneath the sample syringe.
Existing microbialization literature links algal dom-
inance on reefs to an overabundance of copiotrophs in
the picoplankton, while additional work has identi-
fied corals and other discrete reef organisms that
directly influence picoplankton structure hetero-
trophy, exudates, and mucus shedding (McNally et
al. 2017). Based on these factors, we hypothesized that
locally dominant benthic cover would strongly pre-
dict reef picoplankton community structure in near-
benthos samples. Here, we provide the first quanti-
tative comparison of site effects (reef site), within-reef
benthic cover, and sample-specific organismal effects
in reef seawater microbiomes, as well as identify
residual variability not explained by these factors.

2. MATERIALS AND METHODS
2.1. Sample collection

In late October and early November 2022, we se-
lected 3 reef sites, Tektite, Booby Rock, and Salt Pond
(note: Salt Pond is a coral reef and not a salt pond or
hypersaline site), spanning 1.5 km along the south
coast of St. John, US Virgin Islands, for benthic cover
and microbial characterization. All reef sites used are
oligotrophic coral reefs, and while nutrient concen-
trations were not taken in this study, previous reports
of Tektite and Booby Rock document low nutrient
concentrations (<0.2 pM nitrate + nitrite, <90 pM
total organic carbon) (Becker et al. 2024). Within each
reef site, we identified a 10 X 10 m area with maximum
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benthic diversity. Starting from the bottom left cor-
ner, we laid out a 10 m transect across the benthos. At
2 m intervals along this transect, we collected 60 ml
water samples using capped sterile syringes, drawing
seawater from 2 cm above the bottom at a rate of
approximately 12 ml s~ and recapping syringes after
collection. We recorded the organism and type of
benthic cover (e.g. turf algae, rock, sand, macroalgae,
coral) 2 cm directly under each sampling point during
collection. Care was taken that divers did not swim
over areas not yet sampled. After collecting samples
within a transect, we shifted the transect tape 2 m to
the right, creating a rectangular grid of samples in a
transect-by-transect manner. To mark the location of
each sample, we used 50 cm of flagging tape attached
to an 85 g fishing weight, using blue tape for the first
sample on the first transect, yellow tape for intermedi-
ate samples, and red tape for the last sample on the
last transect. Scale markers for photogrammetry of
the sample area were distributed as five 20 x 20 cm
aluminum georectification tags and approximately
ten 20 cm long PVC pipes throughout the grid area.
Imagery for an orthomosaic of the sample area was
captured using 2 GoPro Hero7 cameras spaced 60 cm
apart on a PVC pipe and set to capture 1 image per
second while being swum approximately 2 m off the
seafloor by a diver in a lawnmower-style pattern. In
total, we collected 30 seawater samples covering an
80 m? area (max. depth 10 m) at the Tektite reef on
28 October 2022 at approximately 15:45 h, 36 from a
100 m? area at the Booby Rock reef (max. depth 13 m)
on 31 October 2022 at approximately 14:00 h, and 30
from an 80 m? area at the Salt Pond reef (max. depth
6 m) on 2 November 2022 at approximately 15:00 h.
Due to the intense sample scheme used, as well as
logistical constraints, it was not possible to sample
multiple reef sites on the same day. All samples pro-
ceeded to extraction, but not all samples success-
fully amplified under the conditions described below
in Section 2.2. Samples that did not amplify, or that fell
below quality thresholds in post-processing, were dis-
carded from final analysis (Data S1; all data, S1—S8§,
are available in an Open Science Framework reposi-
tory at https://osf.io/w495h/, see also 'Data archive').

2.2. Sample preservation, sequencing,
and data processing

After collection, all capped syringes were immedi-
ately placed on ice and transported to the Virgin
Islands Ecological Research Station (VIERS). At
VIERS, the water from each syringe was passed

through a sterile 24 mm diameter 0.2 um Supor filter
(Pall) loaded into an acid-washed Swinnex (Mille-
pore) filter holder. Syringes were not reused between
reef sites, and fresh 0.2 pm filters were used for each
sample. Filters were placed into labeled cryovials and
preserved in liquid nitrogen vapors in a dry shipper
for transportation to Woods Hole Oceanographic
Institution for extraction and amplification. DNA was
extracted from the filters using the QIAGEN DNEasy
PowerBiofilm Kit and manufacturer's protocols (Ma
et al. 2022), wherein the filter was added directly to
the bead-beating tube for each sample. Partial small
subunit ribosomal RNA genes were amplified from
bacterial and archaeal communities in the DNA using
515FY (Parada et al. 2016) and 806RB (Apprill et al.
2015) dual indexed primers with 20 pl reactions con-
sisting of 5 pl of GoTaq Flexi 5% buffer, 2.5 pl of
25 mM magnesium chloride, 1 pl of 10 mM deoxy-
nucleoside triphosphate, 1 pl each of forward and re-
verse primers, and 1 pl of DNA template, with sterile
water as the remaining volume. Amplification of each
reaction consisted of 2 min at 95°C initialization fol-
lowed by 32 cycles of 20 s at 95°C denaturation, 15s at
55°C annealing, and 5 min at 72°C elongation fol-
lowed by a final 72°C elongation for 5 min. All PCR
reactions were performed without grouping or pool-
ing by reef site. The amplified PCR product was visu-
alized using gel electrophoresis, purified using the
QIAGEN MinElute Kit, quantified using PicoGreen
(Invitrogen), and diluted to a final concentration of
1.04 ng ul~! prior to pooling of samples into a single
library. Samples were sequenced at the University of
llinois with Illumina MiSeq 250 base pair paired-end
sequencing, and data were processed using DADA2
in the statistical analysis software R (Data S1). The
Silva nr99 v138.1 (Quast et al. 2013) pretrained refer-
ence database was used for taxonomic assignment.
Amplicon sequence variants (ASVs) (Callahan et al.
2017), labeled as chloroplast or mitochondria or as-
signed with kingdom unknown, were removed. A
total of 5 contaminant ASVs were identified using ex-
traction and PCR negative controls and the 'decontam’
R package version 1.18.0 (Davis et al. 2018) and sub-
sequently removed; these ASVs matched groups (e.g.
Burkholderiaceae) previously identified as common
laboratory contaminants recovered during next-
generation sequencing (Laurence et al. 2014). Repre-
sentative sequences of putative contaminant ASVs are
available in Data S5. Raw sequence data are accessible
in the NCBI Sequence Read Archive under submis-
sion PRINA1036262. Taxonomies of ASVs (see Figs. 3
& 4) were further verified by importing sequences
aligned using SINA v1.2.12 and comparing alignments
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to the SILVA database (v138) (Pruesse et al. 2007,
Quast et al. 2013), with alignments further verified
using the ARB software package (Ludwig et al. 2004).

2.3. Orthomosaic processing

Imagery of each reef site was separately processed
in Agisoft Metashape Pro to produce a high-resolution
3-dimensional (3D) model of the entire sampled area.
For each model, 20 cm PVC pipes and 20 cm square
aluminum scale markers placed throughout the reef
were used to establish scale and calibrate the model
output. 3D models of each reef site (Tektite, Booby
Rock, Salt Pond) were then used to generate an output
2-dimensional photo planar orthomosaic of the entire
gridded sample area (Data S2—S4). These scaled
orthomosaics were imported into Adobe Photoshop,
and a 1 m? area centered on each sample marker was
exported as individual images for sample-specific
benthic cover analysis in CoralNet (Chen et al. 2021).
Within CoralNet, a regular grid of 100 points was
overlaid onto each image, equating to benthic annota-
tion every 10 cm within the 1 m? area surrounding
each microbial sampling point. Benthic annotation
points that fell over a scale marker or area unable to be
reconstructed by Agisoft Metashape Pro were labeled
as UNKNOWN. Otherwise, each point falling over
benthic habitat was classified as either live hard coral
(HARD), live soft coral (SOFT), live sponge (SPNG),
bare sand (SAND), dead hard coral (DEAD), bare rub-
ble (RUBL), peyssonnelid algal crust (PEYS), or a com-
bined class of turf or macroalgae (ALGAL_COVER).
All benthic annotations were manually confirmed ac-
ross all images. Proportional benthic cover for each
image associated with a seawater sample was ex-
ported from CoralNet and paired with microbial
sequence data recovered from that sample.

2.4. Statistical analysis

Statistical analysis was carried out to address the
factors structuring microbial community composition
in a stepwise fashion, proceeding from the largest
spatial explanatory measures (reef site) to the small-
est (organism or benthic cover 2 cm directly under
sample syringe). After subsampling to an even se-
quencing depth using the ‘Phyloseq’ function rarefy__
even__depth(), sequence count data were transformed
to relative abundance, where appropriate. Distance-
based tests of the microbial community or benthic
cover used Bray-Curtis dissimilarity, whereas physical

distance between sampling points within each reef site
was calculated as Euclidian distance. For all analyses,
plots were generated using the R package ‘ggplot2’
version 3.4.2 (Wickham 2016), combined with func-
tionalities of the ‘phyloseq’ version 1.42.0 (McMurdie
& Holmes 2013), ‘'microViz' version 0.10.10 (Barnett et
al. 2021), and 'MicrobiotaProcess' version 1.10.3 (Xu
et al. 2023) packages.

Analysis proceeded with an initial test for differ-
ences in beta dispersion and permutational multivari-
ate ANOVA (PERMANOVA) for overall microbial
dissimilarity across reef sites, the goal of these tests
being to establish if site effects were present in the
microbial data and necessary in later statistical tests.
The function adonis2() was used from the R package
‘vegan' for PERMANOVAs, as was the function beta-
disper() for tests of significant beta dispersion. The
same tests were used to determine if reef sites signifi-
cantly differed in their overall benthic composition
using data from orthomosaic analysis. The R package
‘corncob’ (Martin et al. 2020) was used to determine
what microbial ASVs, if any, significantly differed in
abundance between the 3 reef sites using the function
differentialTest().

Within each reef site, Mantel tests with Spearman
rank tests were used to analyse correlation between
within-reef dissimilarity in benthic cover and dissimi-
larity in the overlying seawater microbiome. Mantel
tests, using the function mantel() from the 'vegan' pack-
age, were also used to assess if physical (Euclidian)
distance between samples within each reef site signifi-
cantly correlated to microbial dissimilarity among
these samples. The ‘corncob’ function differential Test(),
with a control for reef site (site effects), was used to
determine ASVs that significantly differed in abun-
dance with changes in local benthic cover within 1 m?
surrounding each sample (orthomosaic data). The
function cor__heatmap() from the R package ‘microViz'
(Barnett et al. 2021) was used to plot Pearson correla-
tions of ASVs significantly associated with the dom-
inant benthic cover class (e.g. highest percent cover)
within the 1 m? annotated area around each sample.
Dominant benthic cover and cover directly under sam-
ples were both represented in R as categorical variables.

Further analysis investigated the influence of
organismal ecospheres on microbial composition.
‘Corncob’ was used to test if differing benthic cover
or organisms 2 cm under water samples produced dif-
ferential abundance among microbial ASVs. The re-
sponse of log-transformed microbial richness and
Shannon diversity to organisms or cover under the
syringe (log(richness) ~ SampleCover) were assessed
using a linear mixed effect model (lmer) with a ran-
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dom intercept for reef site (1|Site). Random intercepts
in linear models control for differences between reef
sites by allowing the intercept (baseline level) of the
outcome variable (e.g. picoplankton richness) to vary
randomly across different reef sites and were em-
ployed as follows:

Imer[log(richness) ~ SampleCover + (1|Site)] (1)

Fixed effects were assessed for significance using a
type 2 ANOVA performed using the R package ‘car’
version 3.1-2 (Fox & Weisberg 2019). Strength of asso-
ciation between benthic cover directly underlying
samples and the dominant class observed in benthic
cover data from orthomosaics was assessed by calcu-
lating Cramer's V (Acock & Stavig 1979).

To compare the effects of reef site, within-reef ben-
thic cover, and sample cover, a PERMANOVA was
performed comparing the significance of these terms
to overall microbial dissimilarity among samples. For
this test, local benthic cover was summarized as the
dominant benthic class within the 1 m? area surround-
ing each sample. Strength of association between
benthic cover directly underlying samples and the
dominant class observed in benthic cover data from
orthomosaics was assessed by calculating Cramer's
V. PERMANOVAs were structured to assess the sig-
nificance of terms sequentially, in order of spatial
scale, as follows:

MicrobialDissimilarity
~ Site + DominantCover + SampleCover

(2)

as well as marginally by adjusting the by term from
by = term to by = margin.

Sequential tests allowed for variation in micro-
biome communities to be attributed in order of spatial
scale, beginning with the reef site a sample origi-
nated from (Site), followed by the dominant benthic
cover within 1 m? surrounding the sample (Dominant-
Cover), and ending with the organism or cover 2 cm
below the syringe during sampling (SampleCover).
An additional marginal PERMANOVA test was run
that included effects for reef site and the organism
or benthic cover under each sample, as well as per-
cent cover for all benthic classes in a 1 m? area
centered on the sample collection point; this PERM-
ANOVA took the form listed in Eq. (3), below. Se-
quential PERMANOVA tests were arranged to
account for site effects prior to testing for effects of
within-site characteristics such as benthic percent
cover or organism directly under the sample loca-
tion. Preliminary tests using a restricted marginal
PERMANOVA design implementing the parameter
strata = site indicated no difference in significance

among terms compared to marginal tests run with-
out this parameter.

MicrobialDissimilarity
~ Site + HARD + SPNG + PEYS + ALGAE (3)
+ SAND + SOFT + SampleCover

3. RESULTS
3.1. Sequencing results

A total of 66 seawater samples persisted through
amplification, sequencing, and quality controls: 14 at
Booby Rock, 26 at Tektite, and 26 at Salt Pond. Read
depth across these samples averaged (=SD) 95913 =
16 517. At full read depth, 24 533 ASVs were detected
after removal of 5 suspected contaminant ASVs.
Where appropriate, sequence data were rarefied to an
even read depth of 65996, with no loss of samples and
21899 ASVs present after subsampling.

3.2. Influence of benthic cover on
picoplankton composition

A total of 9600 benthic classifications were man-
ually generated across all images and used to assess
benthic cover at each reef site. A smaller subset of
6600 benthic classifications corresponding to sam-
ples that passed sequencing quality controls was used
in analyses linking picoplankton and benthic compo-
sition. Orthomosaic data (Fig. 1A,B) indicated that
algal cover (turf algae mixed with macroalgae) was
the dominant benthic class at all 3 reef sites (Fig. 2A),
with an average percent cover of 47.8 + 13.8% at Tek-
tite, 37.2 = 14.3% at Booby Rock, and 73.8 + 13.8% at
the most degraded reef, Salt Pond. The second most
dominant benthic classes were 28.0 = 21.1% uncol-
onized sand at Tektite, 17.9 = 11.2% peyssonnelid
algal crust (PEYS) at Booby Rock, and 8.8 + 8.7%
uncolonized sand at Salt Pond. By comparison, living
hard coral cover averaged 5.9 = 7.9% at Tektite, 6.0 =
4.5% at Booby Rock, and 1.0 = 1.4% at Salt Pond.
PERMANOVAs indicated that benthic communities
differed significantly between reef sites, significantly
explaining 39% of variation in benthic composition
(df = 2, R? = 0.39, pseudo-F = 20.31, Pr(>F) = 0.001).
Dispersion of benthic communities also differed sig-
nificantly among reef sites (df = 2, pseudo-F = 3.92,
Pr(>F) = 0.026).

The influence of dominant benthic cover within 1 m?
centered on each sample, on picoplankton Bray-
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Fig. 1. (A) Overview of data collected at the Tektite reef site, where picoplankton samples and orthomosaic data were collected
across an 80 m? area. 1 m? boxes centered on sample locations indicate areas annotated for benthic cover. Green boxes indicate
samples successfully sequenced and red boxes indicate samples that did not pass quality controls and were removed from micro-
bial analysis. At each reef, all annotated areas (red and green boxes) were used to establish reef-level benthic cover. (B) Example
view of 100 benthic annotation points (purple crosses) within a box, centered on sample location (e.g. yellow dot). (C) Microbial
community dissimilarity versus intersample physical distance at Tektite. Distance between samples averaged 5.9 m across 26
total samples at this site. Boxplots indicate first and third quartiles of microbial dissimilarity, horizonatal lines indicate medians,
whiskers indicate minimums and maximums and outliers are indicated by dots

Curtis dissimilarity, was assessed using a PERM-
ANOVA that tested for the significance of these ef-
fects, conditioned on the reef from which samples
originated. This test indicated that the differences in
dominant benthic class between samples did not sig-
nificantly explain picoplankton dissimilarity. Benthic

class within a 1 m? area centered on the sample collec-
tion point did not explain picoplankton community
structure after taking site effects into consideration
(df = 3, R? = 0.03, pseudo-F = 0.71, Pr(>F) = 0.84).
Linear mixed effect models with a random intercept
for reef site determined no significant effect of dom-
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inant benthic class on either picoplankton log richness
or diversity (Shannon). Whereas richness, diversity,
and dominant benthic class represent summary statis-
tics of multidimensional community data, Mantel tests
comparing the full scope of picoplankton Bray-Curtis
dissimilarity and benthic Bray-Curtis dissimilarity also
determined that no significant relationship existed be-
tween these data at the Tektite (r = —0.09, p = 0.83),
Booby Rock (r = —0.19, p = 0.86), or Salt Pond (r =
—0.05, p = 0.62) reef sites. Similarly, site-specific
Mantel tests determined that picoplankton sample
composition, as well as benthic cover surrounding
each sample (Data S1), had no significant association
with physical (Euclidian) distance between samples
that averaged 5.9, 5.5, and 5.6 m at Tektite (r = —0.02,
p = 0.58), Booby Rock (r = 0.23, p = 0.06), and Salt
Pond (r = 0.05, p = 0.25), respectively (Fig. 1C).

3.3. Reefs differ in baseline picoplankton
community structure

Unconstrained principal coordinates analysis using
Bray-Curtis dissimilarity showed that picoplankton
communities differed by reef site (Fig. 2B). PERMA-
NOVAs confirmed this result, with reef site explain-
ing 27.9% of picoplankton dissimilarity in a single-
term test (Table 1, Test 1). A secondary PERMANOVA
randomly selecting an equal number of seawater sam-
ples from each reef determined that these site differ-
ences could be reliably detected with as few as three
60 ml samples per reef site. Though each reef was

microbially distinct, beta dispersion did not signifi-
cantly differ between Booby Rock, Tektite, and Salt
Pond (df = 2, pseudo-F = 2.67, Pr(>F) = 0.076).

To control for baseline differences in reef pico-
plankton, we employed random intercepts for reef
site in subsequent linear models and included reef
site as a factor in all PERMANOVA tests. ‘Corncob’
analysis of differential picoplankton abundance iden-
tified 239 ASVs that significantly differed across the 3
reef sites and were investigated after agglomerating
to order (Data S6). Among these site-differentiating
groups, Tektite exhibited 48.6 % higher average abun-
dance of Marine Group II Archaea than Salt Pond and
61.5% higher average abundance than Booby Rock.
Flavobacteriales were 67.9% higher in average abun-
dance at Salt Pond compared to Booby Rock and
98.7% compared to Tektite. Average SAR11 abun-
dance at Booby Rock was 15.2% higher than at Salt
Pond and 24.9% higher than at Tektite. Synechococ-
cales was most abundant at Tektite, occurring at
10.9% higher average abundance compared to Booby
Rock and 27.8% compared to Salt Pond (Fig. 2C).

3.4. Specific picoplankton ASVs associate with
dominant benthic classes

Analysis for differential abundance determined that
6 picoplankton ASVs significantly associated with
differences in dominant benthic class within a 1 m?
area of each seawater sample (Fig. 3, Data S7). A
highly prevalent ASV313 classified as Margulisbacte-

Table 1. Results of PERMANOVAs performed on picoplankton communities (transformed as Bray-Curtis dissimilarity), with test
number corresponding to separate analyses. *p <0.05

Test no. Picoplankton variability ~ (in response to) Test type df R? Pseudo-F Pr(>F)
1 Site Single term 2 0.279 12.232 0.001*
2 Site + Marginal 2 0.171 7.833 0.001*
Dominant benthic cover (1 m? sample area) + Marginal 3 0.029 0.882 0.578
Cover 2 cm under sample Marginal 7 0.114 1.489 0.021*
3 Site + Sequential 2 0.279 12.781 0.001*
Dominant benthic cover (1 m? sample area) + Sequential 3 0.026 0.801 0.717
Cover 2 cm under sample Sequential 7 0.114 1.489 0.024*
4 Site + Marginal 2 0.092 4.192 0.001*
Hard coral (% cover in 1 m? sample area) + Marginal 1 0.009 0.796 0.596
Sponge (% cover in 1 m? sample area) + Marginal 1 0.013 1.196 0.268
Peyssonnelid (% cover in 1 m? sample area) + Marginal 1 0.010 0.940 0.470
Algae (% cover in 1 m? sample area) + Marginal 1 0.007 0.627 0.766
Sand (% cover in 1 m? sample area) + Marginal 1 0.010 0.929 0.438
Soft coral (% cover in 1 m? sample area) + Marginal 1 0.011 1.048 0.379
Cover 2 cm under sample Marginal 7 0.121 1.576 0.013*
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ria (candidate division ZB3) occurred at an average
abundance of 0.025%, was positively associated with
areas where sponge and algae were the dominant
benthic cover, and was negatively associated with
areas dominated by hard coral or PEYS. ASV1078,
classified as a Thalassobaculum sp., was most abun-
dant in sponge-dominated areas and least abundant
over sandy benthos, averaging 0.002% abundance
across all samples. In contrast, ASV930, classified as
Vibrio sp., was most abundant in seawater from areas
of high algal dominance but also generally occurred
in low abundance, with an average of 0.003% across
all samples. No ASV found to associate with specific
dominant benthic classes exceeded an average abun-
dance of 0.025%.

3.5. Distinct reef organisms influence picoplankton
community composition

Picoplankton diversity, richness, and specific ASVs
varied significantly depending on the type of organ-
ism or benthic cover located immediately (2 cm)
below the sample syringe. Sequential PERMA-
NOVAs determined that cover immediately below
the sample significantly explained 11.4% of varia-

Dominant benthic cover (1 m? sample area)

tion in picoplankton after accounting for the effects
of reef site and benthic cover surrounding each
sample (Table 1). Linear mixed effect models with
a random intercept for reef site determined that
only certain benthic cover classes underlying pela-
gic microbes produced significant effects on pico-
plankton diversity, including Shannon diversity
and richness. Picoplankton diversity and richness
were both significantly elevated in the seawater
collected over macroalgae, seagrass, sponges, and
substrates colonized by turf algae (Fig. 4A). Analysis
for differential abundance indicated 9 total ASVs
indicative of the organism or benthic cover directly
under a seawater sample (Fig. 4B, Data S8). These
ASVs averaged 0.18% relative abundance with an
average prevalence of 89.39%, and they included
members of the Proteobacteria, Cyanobacteria, Mari-
nimicrobia (SAR406 clade), Bacteroidota, and Acti-
nobacteriota. For example, water samples collected
2 cm over sand were depleted in ASV122, classified
as the SAR116 clade, but enriched in ASV228, clas-
sified as an Sva0996 marine group Actinobacteria.
ASVG63, a Synechococcus sp., was reliably depleted
in samples collected over sand but enriched over
soft coral and turf algae. The mean relative abun-
dance of these ASVs across all samples was 0.18%,
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Fig. 3. Heatmap showing picoplankton amplicon sequence variants (ASVs) differing significantly by dominant local benthic

cover within 1 m? of a sample, controlling for reef site and colored by Pearson correlation coefficient to each benthic cover class.

See Section 2.3 for definitions of benthic habitats. Prevalence of these groups across all samples and reefs is also indicated,
followed by log-transformed ASV abundance
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suggesting organismal effects may be most evident
in low-abundance ASVs.

3.6. A majority of picoplankton variability remains
unexplained by site, benthic, or organismal effects

PERMANOVAs allowed comparison of the mar-
ginal effects of reef site, the dominant benthic class
(e.g. percent cover of each class) underlying pelagic
microbes, and the organism or benthic cover 2 cm
directly underneath each water sample collected.
From a marginal PERMANOVA including reef site,
within-reef dominant benthic cover, and the benthic
cover under each sample, site effects significantly
explained 17.1% of microbial dissimilarity, dominant
cover was insignificant, and cover directly under the
sample significantly explained 11.4% (Table 1,
Test 2). An additional sequential PERMANOVA test
of these effects, accounting for reef site, sample-
specific dominant benthic cover, and sample-specific
organismal effects in order of spatial scale, provided
revised R? estimates of 27.9% for reef site and 11.4%
for organism or benthic cover under the sample, with
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no significant effect of locally dominant benthic
cover (Table 1, Test 3). A final marginal PERM-
ANOVA accounting for reef site, the percent cover
of each benthic class within 1 m? of the sample, and
the organism or cover directly under the sample re-
inforced the result that picoplankton communities
significantly varied with reef site (9.2%) and the
organism or cover under each sample (12.1%) but
were not influenced by any local benthic class in the
1 m? area (Table 1, Test 4). Among these PERM-
ANOVA tests, as much as 57.9% of picoplankton
variability remained unattributed to the variables
measured (reef site, within-reef benthic cover, orga-
nismal effects). Furthermore, we found that samples
collected over the same benthic cover (e.g. sand)
were consistent within reefs and showed significant
site specificity. For example, a PERMANOVA test
indicated significant site-level differences in pico-
plankton from seawater collected over sandy reef
areas, despite the apparent benthic similarity of
these samples (df = 2, R? = 0.399, pseudo-F = 4.97,
Pr(>F) = 0.001). Samples collected over sand at Tek-
tite featured 2852 ASVs not found over sand at any
other reef site, followed by 1462 and 978 ASVs spe-

978
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~

Fig. 5. Reef site specificity observed in seawater samples collected over sand at 3 different reefs. Bars show the total number of

amplicon sequence variants (ASVs) observed in each subset, and membership in these subsets is indicated by darkened dots,

with joint membership across multiple sites indicated by dots joined by a darkened line. Of all ASVs detected over sand at the

Tektite location, 2852 were specific to sand at Tektite and did not occur over sand at any other reef; 422 ASVs were shared
among sand-associated samples at all 3 reef sites
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cific to sand at Salt Pond and Booby Rock, respectively
(Fig. 95). A total of 422 ASVs were shared among all 3
reef sites for samples collected over sand.

4. DISCUSSION

In this study, we addressed the association of pico-
plankton communities to coral reef benthic commu-
nities at multiple spatial scales, comparing pico-
plankton variability as a function of reef site, benthic
cover, and the distinct reef organism or benthic cover
underlying each sample. Reef organisms have pre-
viously been shown to influence the structure of pico-
plankton communities (Walsh et al. 2017, Weber et al.
2019), but how these interactions vary across an indi-
vidual reef, with benthic cover comprising many
organisms, or affect intersite patterns in picoplankton
composition is largely unknown. In this study, we
determined that reef site explained as much as 27.9%
of picoplankton variability. By comparison, benthic
cover in a 1 m?area around each sample had no signif-
icant effect on overall picoplankton composition but
did influence a limited set of 6 ASVs such as ASV930,
a Vibrio sp. found here to be associated with algal
cover. Furthermore, we confirm that organismal eco-
spheres are significant drivers of picoplankton struc-
ture on Caribbean coral reefs, explaining as much as
11.4% of variation after accounting for effects of reef
site and dominant benthic cover (Table 1, Test 3).

4.1. Effect of reef site on near-benthos reef
microorganisms

This study showed a clear impact of reef site on the
near-benthos collected seawater communities. The 3
reef sites sampled in this study, all residing in Virgin
Islands National Park, represent a spectrum of coral
reef health. As the most degraded reef site, Salt Pond
contained just 1% hard coral cover compared to 5.9%
at Tektite and 6.0 % at Booby Rock. Circulation of sea-
water likely differs across these reef sites, with sep-
arate embayments containing Salt Pond and Tektite
likely leading to increased residence time of seawater
compared to Booby Rock, a rocky outcropping ap-
proximately 500 m offshore. Nutrient samples were
not taken at the time of sampling, but previous reports
of Booby Rock and Tektite show similar and consis-
tent nutrient environments (Becker et al. 2024). Reef
sites in the study area are known to vary in benthic
composition (Edmunds & Bruno 1996), and the con-
nection between overall reef condition and microbial

content is well established in the literature (Kelly et
al. 2014, Bourne et al. 2016, Glasl et al. 2019). Using 26
samples at Tektite, 14 at Booby Rock, and 26 at Salt
Pond, we had sufficient sample density to detect base-
line reef differences and demonstrate high within-site
variability of reef picoplankton communities. For
example, the shallowest and most degraded reef site
in this study, Salt Pond, contained the most ASVs from
Flavobacteriales, which have previously been reported
as indicative of low-quality reef environments (Kelly et
al. 2014) and macroalgal exudates (Nelson et al. 2013).
Chitinophagales, a group sensitive to warming in reef
environments (Sun et al. 2022), was also at its lowest
abundance in samples from Salt Pond. Differences in
picoplankton composition by region and specific reef
sites are well documented on Caribbean (Ma et al.
2022) and Pacific coral reefs, with up to 31 % of micro-
bial dissimilarity attributed to environmental differ-
ences (Galand et al. 2023). Potential drivers of this
variability are numerous and may include land-based
inputs (Tsai et al. 2010), seawater stratification (Thomas
et al. 2010), or site-level differences in temperature
(Chen et al. 2014, Wei et al. 2022) and varying degrees
of benthic—pelagic coupling (e.g. through heterotro-
phy) (Ribes et al. 2003, McNally et al. 2017, Lesser &
Slattery 2020). Relatively large-scale processes such
as these establish the conditions on which within-reef
picoplankton structure occurs. Contextualizing reef-
specific and within-reef picoplankton variability is
key to detecting ecosystem change on coral reefs.

4.2. Comparisons of inter- and intrareef
picoplankton variability

While not used yet in a predictive context, reef
microbiomes are often suggested as indicators of reef
health and function, and it is critical that we build an
understanding of the scale at which they vary. Multi-
ple studies have identified broad geographic trends in
reef microbiome structure and function (Kelly et al.
2014, Ma et al. 2022). Likewise, the relationship be-
tween reef-level coral or algal cover and microbial
composition has been shown in some locations (Haas
etal. 2013, Kelly et al. 2014), suggesting that seawater
samples may be useful at detecting disturbance at
reef scales (Glasl et al. 2019) and a valuable diagnos-
tic tool in the future. Whereas ample evidence sup-
ports reef-level characterization of reef microbiomes,
these same site effects pose a significant challenge to
the use of water sampling to describe within-reef pat-
terns, such as the detection of disease indicators in
coral-associated seawater (Becker et al. 2022), by con-
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founding characteristics of distinct reefs with those of
the organisms sampled within or between these reefs.
Site effects are a common issue in picoplankton stu-
dies (Galand et al. 2023) and can be addressed through
increased sample density, as we have attempted to
demonstrate here.

Previous work in the Caribbean did not identify
within-reef (transect to transect) seawater picoplank-
ton differences (Ma et al. 2022), though the benthos
underlying each sample was not examined. Detailed
characterization of benthic cover associated with
each sample was applied here, which allowed this
study to capture intrareef variation of reef-associated
seawater microbiomes and account for site effects
when interpreting these data. We found no associa-
tion between these data when considering differences
in benthic cover within 1 m of sample collection
points. We did identify associations between specific
ASVs and samples taken from areas dominated by
particular benthic classes. For example, picoplankton
samples in reef areas dominated by algae were, as a
whole, not significantly different from samples in
areas dominated by coral. However, these samples
from algae-dominated reef areas were enriched in
specific ASVs, such as ASV930 classified as Vibrio,
which has been previously detected in the macro-
algae boundary layer (Nelson et al. 2023). Similarly, a
highly prevalent ASV313 (Margulisbacteria [candi-
date division ZB3]) was positively associated with
areas dominated by sponges or algae and negatively
associated with areas dominated by sand, PEYS, hard
coral, or soft coral. ASV-specific associations were
present for all benthic classes (see Fig. 3) but did not
result in broad community dissimilarity across sam-
ples of different benthic composition. While benthic
cover is a critical assessment in our understanding of
coral reef function, these results suggest that in this
study, it is a poor predictor of picoplankton commu-
nity composition.

By contrast, the organism or benthic cover directly
under each sample had a significant effect on the
picoplankton recovered. Previous research has iden-
tified that benthic organisms can impact picoplank-
ton communities immediately adjacent to their sur-
face, but the relative scale of this effect versus that of
the local benthic community and the reef site itself
has not been rigorously compared. We determined
that the organism or benthic cover class underlying
each sample had a significant effect, akin to eco-
spheres previously identified in other work (Weber et
al. 2019). Similar to previous work, we found enrich-
ment of Flavobacteriales related to macroalgae (Nel-
son et al. 2013, 2023), but ecospheres associated with

the other benthic organisms are less studied. In
models that included reef site and sample-specific
dominant benthic cover, the organism or cover 2 cm
directly under each sample explained as much as
11.4% of picoplankton variability compared to 25.2%
explained by reef site (Table 1, Test 3). Interestingly,
in a model that included reef site as well as the per-
cent cover of each benthic class, the organism or
cover under each sample explained 12.1% of pico-
plankton variability compared to 9.2% explained by
reef site (Table 1, Test 4). These results indicate a sig-
nificant outsized effect of distinct reef organisms on
nearby picoplankton that occurs in parallel with base-
line reef site differences.

Importantly, we also observed high reef site-level
specificity within picoplankton associated with par-
ticular benthic organisms or cover directly under the
sample. For example, sand-associated samples from
Tektite, Booby Rock, and Salt Pond contained 77.9,
58.5, and 68.2%, respectively, of ASVs that were
entirely reef site specific, with 443 ASVs shared across
sand-associated samples in all 3 reefs (Fig. 5). While
the use of ASVs as a method of characterizing 16S
rRNA genes from the bacterial genome poses a risk
of artificially inflating sample differences (Schloss
2021), the high degree of specificity observed here in
picoplankton over differing benthic cover or reef
organisms exceeds distance thresholds needed to
avoid these risks. Furthermore, where individual
ASVs were identified as associated with specific ben-
thic cover classes or organisms, they often originated
from taxonomically distinct groups unlikely to be
derived from artificial genome splitting alone (Fig. 3).
Patterns of picoplankton specificity were observed
for all benthic organisms detected across reef sites,
with an average of 63.6% site specificity for samples
taken over live coral, 59.9% for sponges, and 61.9%
for macroalgae. These results suggest that organismal
ecospheres are a major source of variability in pico-
plankton communities near the benthos, and this var-
iability is likely to be constrained by processes occur-
ring at the scale of individual reef sites.

4.3. Residual variation in reef-associated
seawater microbiomes

This study identifies both reef site and organismal
effects as having significant influence on the compo-
sition of reef picoplankton communities, but more
than half of the variation in this system (57.9%) was
not explained by these factors. This residual unex-
plained variation represents a considerable opportu-



Greene et al.: Fine-scale reef picoplankton 105

nity for the future study of abiotic and biotic drivers of
picoplankton structure on coral reefs. Prior research
has shown that light environments vary at small
scales on and within (Wangpraseurt et al. 2014) coral
reefs. Temperature and nutrient availability on coral
reefs can vary substantially at submeter scales (Reid
et al. 2019), a pattern only recently discovered with
the use of new distributed temperature sensing sys-
tems (Sinnett et al. 2020). Submarine groundwater
discharge, often laden with nutrients and occurring
as point-source impacts, directly alters the productiv-
ity of reef organisms including calcifiers (Silbiger et
al. 2020). Hydrodynamics also play a major role in
benthic—pelagic coupling on coral reefs, though this
was not studied here. Increased flushing across coral
reefs, or within reef cavities, directly increases remo-
val of bacterioplankton by heterotrophy (van Duyl et
al. 2006) and may shift community structure via selec-
tive feeding behavior of corals and other benthic
invertebrates (McNally et al. 2017) whose feeding is
facilitated by increased turbulent flow across the
rugose reef canopy (Ribes & Atkinson 2007). More
broadly, reef-scale circulation patterns driven by tidal
forcing, as well as sporadic events (e.g. wind or wave
events), can drive shifts in microbial communities
over coral reefs by altering the availability of re-
sources over short timescales (Rodier et al. 2024).
These abiotic factors can directly shape the physio-
logy and function of organisms living on coral reefs
(Luehrmann et al. 2020), including picoplankton
communities (Quinlan et al. 2019). As these diverse
abiotic factors were not characterized in our study, we
recommend that the patterns presented here should
be interpreted as a snapshot in time, demonstrating
(1) high spatial variability of reef picoplankton within
individual reefs, (2) strong site specificity of pico-
plankton communities, and (3) reliable detection of
organismal effects (e.g. ecospheres) wherein discrete
reef organisms modulate nearby picoplankton com-
munity structure. Future studies capable of simulta-
neously analyzing reef picoplankton, benthic cover,
and abiotic factors such as flow and temperature over
short timescales will dramatically improve our under-
standing of benthic—pelagic coupling on coral reefs,
and these studies are becoming increasingly feasible
with the development of new reef-monitoring tech-
nologies (Sinnett et al. 2020, Apprill et al. 2023).

To our knowledge, this study constitutes the first ef-
fort to match fine-scale picoplankton variability (sam-
ples every 2 m) to equal-or-finer scale benthic variabil-
ity, characterized using a grid of points every 10 cm
around each sample. While we did not conduct a
power analysis prior to conducting the study, we be-

lieve that such analysis could be useful in guiding fu-
ture studies. As for resolution, finer-scale benthic an-
notation, for example every 1 cm, or the addition of
more benthic classes was not logistically feasible in
this study. However, methods to automate benthic
classification are rapidly coming available (Miller et
al. 2023), and by expanding both the scope and resolu-
tion of benthic mapping, these techniques will likely
reveal additional associations between benthic and
picoplankton communities. Using 9600 manual ben-
thic annotations to establish benthic cover and 6600
annotations associated with picoplankton variability
from seawater samples, this study revealed that or-
ganismal effects are a major driver of picoplankton
structure, possibly even outweighing reef site effects.
Furthermore, the residual variability unexplained here
is an opportunity for future in-depth study of abiotic
and biotic conditions at fine spatial scales. Our work
puts into context the scale at which reef microbial
communities vary and is critical if these organisms are
to be used as indicators of reef health in future work.

5. CONCLUSION

Coral reefs are experiencing global decline, and
their ecosystem function is changing (Williams &
Graham 2019). Microbial organisms are central to the
health of corals as foundational species (Bourne et al.
2016) and are increasingly monitored in the water col-
umn as indicators of disturbance to coral reefs (Kelly
etal. 2014, Glasl et al. 2017). Critically, the goal of this
study was not to ascribe picoplankton characteristics
to reef health but rather to describe their variability in
relation to benthic characteristics. Spatial variation of
seawater microbial communities is poorly resolved
due to the layered effects of broad geographic pat-
terns (Ma et al. 2022), differences between reef sites,
and the influence of macroorganisms (Walsh et al.
2017). We addressed this gap through fine-scale
paired analysis of reef-associated seawater and ben-
thic communities at 3 Caribbean reef sites. We deter-
mined that reef seawater microbial communities
significantly vary at the scale of distinct reef sites,
explaining as much as 27.9% of microbial variability,
and these differences can be detected with as few as
three 60 ml samples, a helpful lower bound when con-
ducting similar studies. Within reefs, benthic cover
surrounding each sample had no significant effect on
overall microbial content but did produce taxon-
specific enrichment. Instead, the organism or benthic
cover 2 cm directly under each sample significantly
explained as much as 12.1% of microbial variation,
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supporting the hypothesis that reef macroorganisms
alter picoplankton in their vicinity (Weber et al.
2019). Associations such as these provide valuable
baseline data for benthic—pelagic coupling in reef
ecosystems and, perhaps, future inference of pico-
plankton demographics based on visually detect-
able characteristics of the reef environment by auto-
nomous vehicles (Apprill et al. 2023). By comparing
inter- and intrareef drivers of microbial differentia-
tion, we identify that as much as 57.9% of microbial
variation is unexplained by reef site, benthic cover, or
macroorganism influence. Our results highlight the
remarkable spatial variability of coral reef picoplank-
ton communities and the need for additional study of
the biotic and abiotic factors that structure them.

Data archive. All supplementary materials (Data S1—S8),
including analysis code and tables, are publicly available via
a permanent repository on the Open Science Framework at
https://osf.io/w495h/. S1: A compressed folder containing
code files and metadata used in analysis. S2: A full-resolution
orthomosaic of the Booby Rock reef site used in benthic data
analysis. S3: A full-resolution orthomosaic of the Salt Pond
reef site used in benthic data analysis. S4: A full-resolution
orthomosaic of the Tektite reef site used in benthic data
analysis. S5: A list of representative sequences for ASVs
found to significantly vary by putative contaminant. S6: A
list of representative sequences for ASVs found to signifi-
cantly vary by reef site. S7: A list of representative sequences
for ASVs found to significantly vary by local benthic cover
around water samples collected. S8: A list of representative
sequences for ASVs found to significantly vary by the ben-
thic cover directly under water samples collected.
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