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1. INTRODUCTION

Short temporal rhythmicities resulting from daily
sunlight cycles and lunar-influenced tidal cycles
have governed the dynamics of living organisms
throughout evolutionary history. Light is a funda-
mental source of energy for the photosynthetic cells
that dominate in the surface ocean worldwide and
produce approximately 46% of global net primary
production (Field et al. 1998). Tidal elevation directs

the zonation of intertidal flora and fauna along coast-
lines, influencing local community processes (Alongi
1987, Peterson 1991). Coastal ecosystems must cope
with the interaction of both diurnal and tidal forcings,
and the effects of these cycles are apparent on micro-
bial scales. The tidal cycle influences virus-microbe
interactions in estuaries (Chen et al. 2019), bacterial
abundances in salt marshes (Kirchman et al. 1984),
and even the presence of enterococci, fecal bacteria
used as a metric for water quality, on beaches (Boehm
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ABSTRACT: In coral reefs and adjacent seagrass meadow and mangrove environments, short tem-
poral scales (i.e. tidal, diurnal) may have important influences on ecosystem processes and commu-
nity structure, but these scales are rarely investigated. This study examines how tidal and diurnal
forcings influence pelagic microorganisms and nutrient dynamics in 3 important and adjacent
coastal biomes: mangroves, coral reefs, and seagrass meadows. We sampled for microbial (Bacteria
and Archaea) community composition, cell abundances and environmental parameters at 9 coastal
sites on St. John, US Virgin Islands that spanned 4 km in distance (4 coral reefs, 2 seagrass meadows
and 3 mangrove locations within 2 larger bays). Eight samplings occurred over a 48 h period, cap-
turing day and night microbial dynamics over 2 tidal cycles. The seagrass and reef biomes ex -
hibited relatively consistent environmental conditions and microbial community structure but were
dominated by shifts in picocyanobacterial abundances that were most likely attributed to diel dy-
namics. In contrast, mangrove ecosystems exhibited substantial daily shifts in environmental pa-
rameters, heterotrophic cell abundances and microbial community structure that were consistent
with the tidal cycle. Differential abundance analysis of mangrove-associated microorganisms re-
vealed enrichment of pelagic oligotrophic taxa during high tide and enrichment of putative sedi-
ment-associated microbes during low tide. Our study underpins the importance of tidal and diurnal
time scales in structuring coastal microbial and nutrient dynamics, with diel and tidal cycles con-
tributing to a highly dynamic microbial environment in mangroves, and time of day likely contribut-
ing to microbial dynamics in seagrass and reef biomes.
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& Weisberg 2005). Diurnal cycles, on the other hand,
govern microbial nitrogen fixation on mangrove root
systems (Toledo et al. 1995), bacterial production
rates in seagrass meadows (Moriarty & Pollard 1982),
and coral reef microbial community changes (Kelly et
al. 2019, Weber & Apprill 2020). Together, tidal and
diurnal forces play major roles in shaping microbial
life in coastal environments.

Seawater bacterial and archaeal communities are
fundamental to ocean ecosystems. These prokaryotic
microbes form the basis of the marine food web
because they cycle organic matter, remineralize
nutrients, and take part in all major elemental cycles
in the ocean (reviewed by Moran 2015). Extensive
study of microbial communities in the ocean has pri-
marily focused on seasonal changes and shown that
communities vary predictably with environmental
factors, such as temperature (Fuhrman et al. 2006,
Gilbert et al. 2009, Kim & Ducklow 2016, Bunse &
Pinhassi 2017). The dynamics of microbial communi-
ties over short temporal scales (hours to days) are less
studied. Studies from estuarine and coastal environ-
ments showed that tidal mixing and salinity are
major drivers of microbial community structure (Lu et
al. 2015, Chen et al. 2019, Neubauer et al. 2019). In
the case of open ocean environments with more  stable
physical and chemical features, observed changes in
microbial communities may be due to biological
interactions. For example, a study centered off the
coast of California over 3 wk and following a spring
bloom showed that the microbial community compo-
sition correlated more closely to biological variables
than physical and chemical variables (Needham &
Fuhrman 2016). Short-term microbial dynamics likely
play a role in structuring seawater microbial commu-
nities within coastal tropical marine environments
(mangrove, seagrass and coral reef), but these dynam-
ics are largely unstudied.

Mangrove, seagrass, and coral reef biomes domi-
nate the coast of many tropical and subtropical is lands
and coastlines. Together, these ecosystems protect
coastlines from devastating tropical storms and hur-
ricanes, and they sustain local economies that rely on
tourism and seafood. Mangroves are halophytic
plants that thrive in the transition zone between estu-
arine and marine environments, tolerating a wide
range of physicochemical conditions. Collectively,
these trees make up mangrove forests, which are
critically important coastal biomes. They sequester
carbon (Donato et al. 2011), provide nursery grounds
for fish (Aburto-Oropeza et al. 2008), and insulate
coastlines from storms and erosion (Duke et al. 2007).
At the micro-scale, mangrove ecosystems are impor-

tant for remineralization as they harbor microorgan-
isms in sediments, roots, and seawater that include
denitrifying and nitrogen-fixing bacteria (Reef et al.
2010, Liu et al. 2012). Mangrove sediment microbial
community dynamics are well studied and have been
shown to respond to tidal changes, which affect eco-
system processes such as rates of nitrogen fixation
and denitrification (Lee & Joye 2006, Chen et al.
2016, Gong et al. 2019). Given the influence of tide
on sediment microbial communities, there may be a
concomitant shift in the overlying seawater microbial
communities with respect to the tidal forcing of sea-
water. However, the extent of tidal influence on the
microbial dynamics within the overlying seawater
remains to be elucidated in mangrove environments.

Seagrass meadows are often found deeper than
mangroves, where they are constantly submerged,
yet within the photic zone. These environments serve
as nursery grounds and habitat for diverse fishes and
invertebrates, and they contribute significantly to
primary production in tropical ecosystems (reviewed
in Ugarelli et al. 2017). Sediment-associated micro-
bial communities in seagrasses are important for
nitrogen cycling and carbon sequestration (Moriarty
et al. 1985, Sun et al. 2015, Ugarelli et al. 2018). The
seawater microbial community is far less studied but
has been shown to be important for carbon cycling
and the ultimate transfer of primary production to the
marine food web (Blum & Mills 1991, Peduzzi &
Herndl 1991). Ugarelli et al. (2018) recently exam-
ined the spatial variability in seawater microorgan-
isms across 3 seagrass locations and found quite con-
sistent patterns in the taxa recovered across sites, but
small changes in relative abundances of those taxa.
Short temporal scales do appear to exert an effect on
the microbial communities in seagrass environments.
The bacterial production rates within sediment and
seawater in seagrass meadows have been shown to
change on a diurnal cycle in response to the photo-
synthetic output of the underlying plants, but this did
not relate to the tidal cycle, according to Moriarty &
Pollard (1982). The extent that the composition of
overlying seawater bacterial and archaeal communi-
ties changes over similar short temporal cycles
remains to be described.

High biodiversity from macro- to micro-organisms
and low nutrient concentrations of overlying sea -
water are hallmarks of coral reef environments. The
diverse assemblage of microorganisms is particularly
important in reef seawater for recycling organic
metabolites and nutrients in these apparent nutrient
‘deserts’ (Gast et al. 1998, Bourne & Webster 2013,
Haas et al. 2013). The fundamental role that microbes

102



Becker et al.: Tidal microbial dynamics

play in coral reef biogeochemical cycling has made
them bioindicators of changing reef environments in
the face of climate change (Glasl et al. 2018). While it
is established that seawater microbial communities
on reefs alter predictably with seasonal shifts in envi-
ronmental parameters (Bulan et al. 2018, Glasl et al.
2019), much less is known on how short temporal
scales, on the orders of hours and days, impact reef
seawater communities. Existing studies suggest that
seasonal and diurnal changes could be more signifi-
cant than tidal changes in reef systems (Sweet et al.
2010, Kelly et al. 2019, Weber & Apprill 2020). While
diurnal changes may be more significant than tidal
changes in reef ecosystems, at present no data exist
in the Caribbean on the effect of tidal changes on
reef and other coastal marine seawater microbial
communities, precluding a complete assessment of
major temporal drivers in reef and other coastal trop-
ical systems.

The objectives of our study were to (1) provide an
initial understanding of the variability in the physico-
chemical environment over 2 tidal and diurnal cycles
at 3 tropical biomes simultaneously in St. John, US
Virgin Islands (USVI), (2) capture the changes in mi-
crobial communities at those same locations and time
points, and (3) examine the influence of tidal level
and time of day on structuring bacterial and archaeal
community composition in these environments. We
sampled the seawater at 9 sites on the southern shore
of St. John, USVI, over 2 full spring tidal cycles in July
2017, which extended over 48 h and included day
and night measurements. Much of this study took
place in the Virgin Islands National Park, which ex-
tends from land into the surrounding waters, protect-
ing mangrove, seagrass, and reef biomes in close
proximity to each other. We hypothesized that the
mangrove habitats, which reside closest to the inter-
tidal zone, would experience a physicochemical envi-
ronment that varied in concert with the tide, leading
to a more dynamic microbial community compared to
reef and seagrass biomes. We hypothesized that any
tidal-based changes in the reef and seagrass biomes
would be subtler compared to the mangroves and
that these environments would show some evidence
of diurnal-based microbial community alterations.

2. MATERIALS AND METHODS

2.1. Sampling

The study took place on the southern coast of St.
John, USVI, in 2 comparable bays, Lameshur Bay

and Fish Bay, during summer of 2017 (prior to hurri-
canes Irma and Maria). In total, 3 tropical biomes
were sampled: coral reef (4 sites), seagrass meadow
(2 sites) and mangrove (3 sites; 2 within the same
mangrove system) (Fig. 1). The Lameshur Bay man-
grove location included 2 distinct sampling sites. The
‘Lameshur mangrove inland’ area was at the upper
range of the intertidal zone and was dominated by
black mangroves Avicennia germinans and white
mangroves Laguncularia racemosa. The Lameshur
mangrove inland environment was only flooded and
sampled during high tide (Fig. 1). The second Lame -
shur Bay mangrove area was named ‘Lameshur man-
grove subtidal’ because it was located below the
mean low low water level. This habitat was domi-
nated by red mangroves Rhizophora mangle, and its
subtidal location caused it to be constantly sub-
merged and enabled sampling at each time point
(Fig. 1). The Fish Bay mangrove site was also a sub-
tidal mangrove habitat surrounded by red man-
groves that were sampled throughout the study. The
seagrass meadows were dominated by turtle grass
Thallassia testudinum but also included manatee
grass Syringodium filliforme and shoal grass Halod-
ule wrightii. The majority of sites were within the
boundaries of the Virgin Islands National Park,
which is undeveloped except for a small re search
station. The Fish Bay mangrove, Fish Bay seagrass,
and Ditliff reef sites were outside the boundary of
the park, and the land surrounding Fish Bay was
inhabited.

Sampling occurred from July 22−24, 2017 and
coincided with the spring tides and natural diel
cycles. A new moon occurred on July 23 at 05:45
(EST). St. John tidal cycles exhibit a combination of
mixed semidiurnal tides, which occur typically dur-
ing neap tides, and diurnal tides, which occur around
the spring tides (Fig. 1b). Sampling time points coin-
cided with the diurnal tidal cycle at low, flood, high,
and ebb tides over a 48 h window, resulting in 8 total
sampling time points (gray dots, Fig. 1b). Due to the
nature of the diurnal tide, over the 48 h, low and
flood tide only occurred during the day to dusk time
period, while high and ebb tide only occurred during
night and dawn, respectively. Samples were col-
lected ±1 h from the designated time point, placed on
ice, and processed within 2 h of collection.

At all sites, a CTD (Castaway, SonTek) was de -
ployed from surface to the bottom depths in reef and
seagrass seawater, and single point measurements
were collected from mangrove seawater to capture
the temperature and salinity at each time point. Only
temperature and salinity at the surface of the cast
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were used for analysis. Water samples were collected
from the surface (within 0.5 m) after triplicate rinsing
of each respective container. Water for inorganic nu-
trients (30 ml) was transferred into acid-washed and
seawater-rinsed bottles (HDPE, Nalgene, Thermo -
Fisher Scientific), which were frozen to −20°C. Sam-
ples for microbial abundances (875 μl) were transferred
from nutrient bottles to a 2 ml cryovial (Corning),
which was fixed to a final concentration of 1% para-
formaldehyde (Electron Microscopy Sciences), refrig-
erated in the dark for 20 min at 4°C, then flash-frozen
in a liquid nitrogen (LN2) dry shipper. Samples were

collected for total organic carbon and nitrogen but
were contaminated during sample storage due to im-
proper orientation of the cap seals, unfortunately pre-
venting the incorporation of orga nic substrates in this
study. To capture seawater microbial communities,
water was collected into acid-washed, 4 l Nalgene
bottles (LDPE plastic, ThermoFisher Scientific) and
1 l of seawater was pumped using a Masterflex L/S
peristaltic pump (Cole-Palmer) through Masterflex
silicone tubing (L/S, platinum-cured, #96410-24 size,
Cole-Parmer) to rinse the tubing. The remaining 2 l of
seawater was filtered through a 0.22 μm Supor filter
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Fig. 1. Sampling area and tide height over the course of the sampling period. (a) Map of St. John, United States Virgin Islands
(USVI) depicts mangrove (blue dots), reef (red dots), and seagrass (orange dots) sites in Fish Bay and Lameshur Bay with inset
provided for greater detail in orientation of sampling locations. Reef sites are labeled by name (Ditliff, Cocoloba, Yawzi, Tek-
tite). (b) Tide height relative to mean low low water (MLLW, m) plotted as a function of time with sampling time points in -
dicated with gray dots. Tide height data were collected from NOAA/NOS/CO-OPS Station ID 9751381 in Lameshur Bay, 

St. John, USVI
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(25 mm; Pall). For the mangrove and seagrass sites,
2 l could not always be filtered completely, and there-
fore 0.3−2 l and 1.2−2 l of water was filtered through
the membrane, respectively. For the coral reef sites,
1.5− 2 l passed through the filter membrane. All filters
were placed into 2 ml cryovials using sterile forceps
(Corning) and flash-frozen in an LN2 dry shipper until
returned to Woods Hole, MA, and stored at −80°C.

2.2. Flow cytometry and nutrient analyses

Samples collected for microbial abundance were
analyzed at the University of Hawaii SOEST Flow
Cytometry Facility with a Beckman-Coulter Altra
flow cytometer (Beckman Coulter Life Sciences) that
was attached to a Harvard Apparatus syringe pump
for quantitative sample delivery (50 μl min−1). Sam-
ples were stained with Hoechst 33342 DNA stain
(1 μg ml−1 final concentration) and excited co-linearly
by 488 nm (1W) and UV (~350 nm, 200 mW) lasers
(Campbell & Vaulot 1993, Monger & Landry 1993).
Signals were collected as FCS 2.0 listmode files using
Expo32 software for scatter (forward and side) and
fluorescence (chlorophyll, phycoerythrin and Hoechst-
bound DNA). Data were analyzed offline using
FlowJo software (Tree Star). Populations and abun-
dances (cells ml−1) of cyanobacteria (Prochlorococcus
and Synechoccocus), eukaryotic phytoplankton and
non-pigmented bacteria were distinguished based
on their characteristic scatter, chlorophyll, phycoery-
thrin, and DNA signals. Non-pigmented bacteria
were used as a proxy for heterotrophic Bacteria and
Archaea (Monger & Landry 1993, Marie et al. 1997).

Samples collected for nutrient analysis were ana-
lyzed at Oregon State University using a Technicon
AutoAnalyzer II (SEAL Analytical) and an Alpkem
RFA 300 Rapid Flow Analyzer. Ammonium was
measured with the indophenol blue method (US
Environmental Protection Agency 1983). Phosphate
was measured with an adjusted molybdenum blue
method (Bernhardt & Wilhelms 1967), and nitrite +
nitrate and silicate were measured using standard
methods in Armstrong et al. (1967).

2.3. DNA extraction, PCR amplification, 
and sequencing

DNA was extracted from the 0.22 μm filters using
a sucrose-EDTA lysis method similar to Santoro et
al. (2010) that combines lysis with filter column
purification. Three DNA extraction controls were

included with the following DNA extraction proce-
dure on unused 0.22 μm filters identical to those
used for sample collection. Briefly, the 25 mm filter
was subjected to physical and chemical lysis using
0.1 mm glass beads (Lysing Matrix B, MP Biomed-
icals), sucrose-EDTA lysis buffer (0.75 M Sucrose,
20 mM EDTA, 400 mM NaCl, 50 mM Tris) and
10% sodium dodecyl sulfate (Teknova), followed
by a Proteinase K digestion (20 mg ml−1 Promega).
Lysate was then purified using the DNeasy Blood
and Tissue Kit (Qiagen) spin column filters follow-
ing manufacturer protocols. Purified DNA was fluo-
rometrically quantified using a high sensitivity (HS)
double-stranded DNA (dsDNA) assay on a Qubit
2.0 fluorometer following manufacturer protocols
(ThermoFisher Scientific).

Sample as well as extraction control DNA were
 diluted 1:100 in UV-sterilized PCR-grade H2O, and
1 μl was used in a PCR reaction. One PCR negative
control sample was included by adding 1 μl of PCR-
grade H2O to a PCR reaction. Two Human Micro-
biome Project mock communities — (1) Genomic
DNA from Microbial Mock Community B (even, low
concentration), v5.1L, for 16S rRNA Gene Sequen-
cing, HM-782D and (2) Genomic DNA from Microbial
Mock Community B (staggered, low concentration),
v5.2L, for 16S rRNA Gene Sequencing, HM-783D
(BEI Resources, ATCC) — were included as additional
controls. One μl of each mock community was used in
a PCR reaction. Barcoded primers recommended by
the Earth Microbiome Project, 515F (Parada et al.
2016) and 806R (Apprill et al. 2015), were used to am-
plify the V4 region of the small subunit (SSU) rRNA
gene in bacteria and archaea. Triplicate 25 μl reac-
tions contained 1.25 units of GoTaq DNA Polymerase
(Promega), 0.2 μM forward and reverse pri mers,
0.2 mM deoxynucleoside triphosphate (dNTP) mix
(Promega), 2.5 mM MgCl2, 5 μl GoTaq 5X colorless
flexi buffer (Promega), and nuclease-free water. The
reactions were run on a Bio-Rad Thermocycler using
the following criteria: denaturation at 95°C for 2 min;
28 cycles at 95°C for 20 s, 55°C for 15 s, and 72°C for
5 min; and extension at 72°C for 10 min. Successful
amplification was verified by running 5 μl of product
on a 1% agarose-Tris-borate-EDTA (TBE) gel stained
with SYBR Safe gel stain (Invitrogen). Triplicate PCR
products per sample were pooled and purified using
the MinElute PCR purification kit (Qiagen). The con-
centrations of purified products were quantified
using the HS dsDNA assay on the Qubit 2.0 fluorom-
eter (ThermoFisher Scientific). Barcoded PCR prod-
ucts were diluted to equal concentrations and pooled
for sequencing. Samples were shipped to the Georgia
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Genomics and Bioinformatics Core at the University
of Georgia for sequencing on an Illumina MiSeq
using paired-end 250 bp sequencing.

2.4. Data analysis

All sequence processing and data analysis was per-
formed in R Studio (v 1.1.463) running R (v 3.4.0,
2017-04-21). All code and data used for recreating fig-
ures is publicly available on GitHub (https:// github.
com/ CynthiaBecker/USVItide). Sequence reads were
inspected for quality, filtered, trimmed, and derepli-
cated in the DADA2 R package (v.1.10.0) (Callahan et
al. 2016). Specific filtering parameters used included
the following: truncLen = c(240, 200), maxN = 0,
maxEE = c(2,2), rm.phix = TRUE, and compress =
TRUE. The parameter truncLen was used to truncate
forward reads at 240 bp, and reverse reads at 200 bp
where observed quality began to drop significantly, or
below a Q30 of 25. maxN was set to zero and and
maxEE was set to 2 for both forward and reverse
reads, which were not changed from default values
because they did not lead to drastic losses in sequence
read data. The parameters rm.phix = TRUE and com-
press = TRUE were included as default parameters.
DADA2 was also used to remove chimeras and gener-
ate amplicon sequence variants (ASVs), which are of
finer resolution and more tractable than standard op-
erational taxonomic units (Callahan et al. 2017). Each
ASV in the following analyses contains a correspon-
ding DNA sequence that is provided in Table S1 in the
Supplement (available at www. int-res. com/ articles/
suppl/ a085 p101 _ supp .xlsx). ASV generation in DADA2
retained between 75.9 and 87.6% of input sequence
reads in non-control samples, while control samples
(DNA extraction controls and sequenced PCR nega-
tive controls) retained only 5.1−46.0% of input se-
quences (Table S2 in the Supplement). Taxonomy
was assigned in DADA2 using the SILVA SSU rRNA
database down to the species level where applicable
(v.132) (Quast et al. 2013). Two mock community sam-
ples from the Human Microbiome Project (even and
staggered) were used to check accuracy of DADA2.
DADA2 inferred 29 ASVs in the even mock commu-
nity and 21 ASVs in the staggered mock community
and, of those, 22 and 18 ASVs were exact matches to
the reference sequences, respectively. This indicated
that DADA2 accurately recovered ASVs representa-
tive of the input strains.

To understand the variability in microbial commu-
nities over time at all sites, ASV counts in each sam-
ple were transformed to relative abundance, and

then Bray-Curtis dissimilarity was calculated be -
tween each sample using the R package vegan
(v2.5.4) (Oksanen et al. 2019). The resulting dissimi-
larity values were illustrated using non-metric multi-
dimensional scaling (NMDS) with the R package,
ggplot2 (v3.2.1) (Wickham 2016). Environmental
vectors that significantly associated (cutoff p < 0.01)
with the ordination were produced using the func-
tion envfit in the vegan R package. Pairwise dissimi-
larity was plotted to represent the range of dissimi-
larity in microbial communities over 48 h at each site.
A Kruskal-Wallis test was used to examine if there
was a significant difference in dissimilarity between
sites (significance level p < 0.05). To determine which
pairs of locations had significantly different dissimi-
larities, a pairwise Wilcoxon Rank Sum test was used
with a Benjamini-Hochberg correction for multiple
testing and a cutoff of 0.05.

Differential abundance (DA) of ASVs in relation to
the tide was only evaluated for select samples (Fish
Bay mangrove and Lameshur mangrove subtidal)
using the corncob R package (v 0.1.0) (Martin et al.
2020). All ASV counts per sample were input into the
corncob program, which modeled relative abun-
dances using a logit-link for mean and dispersion.
DA was modeled as a linear function of tide height (a
continuous covariate that is representative of the
tidal level) while controlling for differential variance
and the effect of site and day or night on DA. Con-
trolling for the effect of day or night was imperative
because over the 48 h period low and flood tide
occurred during the day, and high and ebb tide
occurred during night and dawn, respectively. The
parametric Wald test was used to test the hypotheses
that the relative abundance of a given ASV changed
significantly with respect to tide height, and the Ben-
jamini-Hochberg false discovery rate (FDR) correc-
tion was applied to account for multiple comparisons,
with the cutoff at 0.05.

3. RESULTS

3.1. Environmental characteristics

Temperature and salinity of surface seawater fluc-
tuated more at the mangroves (Fish Bay and Lame -
shur mangrove subtidal) compared to the seagrass
and reef habitats (Fig. 2). At all sites, temperature
was generally highest at flood or low tide. This pat-
tern coincided with a daylight warming period (black
and white bar, Fig. 2). While the temperature tracked
with the diel cycle, salinity did not fluctuate more
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than 2.0% (0.69 psu) of the average salinity over the
48 h window at reef and seagrass locations (Fig. 2b).
In contrast, salinity at mangrove sites fluctuated
much more, and in concert with the tidal cycle. Fish
Bay and Lameshur mangrove salinities increased
above the average minimum salinities (35.5 and 34.9,
respectively) by as much as 5.3% (1.88) and 4.8%
(1.70), respectively (Fig. 2b). The lowest mangrove
salinity was observed during high tide at the Lame -
shur mangrove subtidal area, which reached on
average 34.9 and matched average reef water salin-
ity. The highest mangrove site salinity was measured
at Fish Bay mangrove, during low or ebb tide, and
was on average 37.2 (4.8% higher, Fig. 2b). In gen-
eral, Fish Bay mangrove and seagrass habitats were
more saline than those in Lameshur Bay (Fig. 2b).

Nutrient concentrations for phosphate (PO4
3−),

ammonium (NH4
+), silicate, and nitrite + nitrate

(NO2
− + NO3

−) were generally lower and more stable
at all reef and seagrass habitats in comparison to the
mangroves (Fig. 3). Reef and seagrass habitats were
oligotrophic, with all reefs experiencing average
nutrient concentrations of 0.18 μM PO4

3−, 0.16 μM
NH4

+, 2.32 μM silicate, and 0.17 μM NO2
− + NO3

−.
Nutrient concentrations at seagrass locations meas-
ured on average 0.20 μM PO4

3−, 0.23 μM NH4
+, 2.58

μM silicate, and 0.10 μM NO2
− + NO3

−. Mangrove
nutrient concentrations were higher on average com-
pared to reef and seagrass habitats, and measured
0.30 μM PO4

3−, 1.05 μM NH4
+, 4.27 μM silicate, and

0.39 μM NO2
− + NO3

−. Nutrient concentrations were
also more variable at the mangroves. PO4

3−, NH4
+,

and silicate concentrations were lowest in the man-
groves during flood and high tide, when they
approached typical reef and seagrass site concentra-
tions (Fig. 3a−c). In contrast, the highest concentra-
tions of PO4

3−, NH4
+, and silicate at the mangroves

were generally sampled during ebb and low tide
(Fig. 3a−c). One exception was the Lameshur man-
grove inlet, which was located near the top of the
intertidal zone and could only be sampled at high
tide when it was flooded. That site contained gener-
ally high concentrations of PO4

3−, NH4
+, and silicate.

The Fish Bay mangrove had lower average nitrogen
concentrations (0.08 μM NO2

− + NO3
−) compared to

those at both Lameshur mangrove sites (0.68 μM
NO2

− + NO3
−, Fig. 3d). At Lameshur mangrove sub-

tidal, concentrations of NO2
− + NO3

− were lowest
during high tide (Fig. 3d).

3.2. Microbial cell abundances

While reef sites exhibited predominantly stable
nutrient and physical characteristics, picocyanobac-
terial abundances (Prochlorococcus and Synechococ-
cus) were highly variable and exhibited dynamics
that coincided with both diel and tidal cycles (Fig. 4).
Abundances of Prochlorococcus and Synechococcus
decreased during the day and increased during the
night. At reef sites, excluding Ditliff, the concentra-
tions of Prochlorococcus increased up to a factor of 2
between dusk and later in the evening (between
flood and high tide) on July 22 (Fig. 4a). One excep-
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Fig. 2. Temperature and salinity over 48 h at each site. Line graphs of (a) temperature (°C) and (b) salinity (psu) in the seawater
over the course of the study at each site. Sample time points on the x-axis coincide with low (L), flood (F), high (H), and ebb
(E) tide. Tide height over the sampling period is represented in each panel (light gray line in top half of graph). Night and day 

represented by black and white, respectively, in the bar at the bottom of each graph
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tion to this trend was at the Ditliff reef (yellow line,
Fig. 4a), where Prochlorococcus abundance de crea -
sed by 50% between flood and high tide on July 22.
This changed on July 23, when abundances of Pro -
chlorococcus at Ditliff and all other reefs increased
between dusk (flood tide) and night (high tide). In
general, Prochlorococcus cells were greatest at night
and before dawn during high or ebb tide, and lowest
in abundance during the day at low and flood tide
(Fig. 4a). Abundances of Prochlorococcus were low
at Fish Bay seagrass (average 15 333 cells ml−1) and
nonexistent at Fish Bay mangrove. In contrast to
Prochlorococcus, Synechococcus abundances could
be measured at all sites, where they exhibited cycli-
cal changes. At all sites, a clear change in abundance
was present between dusk and night over both days
(flood to high tide). During that time period on
July 22, Synechococcus abundances increased by a
factor of 1.70−9.30, and on July 23 the cells increased
by a factor of 1.45−17.3 (Fig. 4b). Synechococcus

abundances also tracked closely to the tidal cycle,
with increased cell abundances during flood tide and
decreased abundances during ebb tide. The highest
abundances coincided with high tide on both days.
Synechococcus abundances were low during ebb or
flood tide on both days (Fig. 4b). A sudden increase
in photosynthetic picoeukaryotes between dusk and
night time points was also observed at reef and sea-
grass habitats, which also coordinated with tidal
cycle, where the lowest abundances occurred during
flood tide, followed by a sharp increase until high
tide (Fig. 4d). Picoeukaryotes in the mangroves ex -
hibited higher variability that was not coordinated
with tidal or diel cycles over 48 h. Abundances of het-
erotrophic Bacteria and Archaea were greatest at
both mangroves (Fish Bay and Lameshur mangrove
subtidal) during low tide and at the Lameshur man-
grove inland site that was only sampled at high tide.
Fish Bay seagrass and mangroves contained more
heterotrophic Bacteria and Archaea compared to
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Fig. 3. Inorganic nutrient concentrations over 48 h at each site. Line graphs of (a) phosphate (PO4
3−), (b) ammonium (NH4

+), (c)
silicate, and (d) nitrite + nitrate (NO2

−+NO3
−) in the seawater over the course of the study at each site. Sample time points on

the x-axis represent low (L), flood (F), high (H), and ebb (E) tide. Tide height over the sampling period is represented in each
panel (light gray line in top half of graph). Night and day represented by black and white, respectively, in the bar at the bottom 

of each graph
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Lameshur Bay seagrass and mangrove locations
(Fig. 4c). At the Lameshur mangrove subtidal area
during flood and high tide, the abundance of hetero-
trophic Bacteria and Archaea decreased to 635 646
cells ml−1 on average, similar to abundances at La -
meshur seagrass and all coral reef sites. Coral reef
and seagrass biomes exhibited stable heterotrophic
bacterial and archaeal abundances compared to both
mangrove biomes (Fig. 4c).

3.3. Variability in microbial communities 
with tides

NMDS of Bray-Curtis dissimilarity revealed that
reef and seagrass seawater microbial community
compositions were distinct from those at mangrove
habitats (Fig. 5a). The overlaid environmental vectors
indicated that mangroves featured increased nutrient
concentrations, salinity, heterotrophic bacterial and
archaeal abundances, and picoeukaryote abun dan -
ces compared to reef and seagrass habitats (Fig. 5a).

Fish Bay sites (mangrove and seagrass), located out-
side of the National Park, clustered separately from
all other reef, mangrove, and seagrass sites, which
corresponded with increased temperature at those
sites (Fig. 5a, black and light blue dots). Conversely,
dissimilarity of Fish Bay seagrass microbial communi-
ties was significantly different than all other sites
(Fig. 5c, Table A1 in the Appendix). Reef sites gener-
ally clustered together with Lameshur seagrass sites
in the NMDS plot (Fig. 5a), and a bar chart represen-
tation of the within-site Bray-Curtis dissimilarity at
each site (beta diversity) revealed similar trends be-
tween reef and Lameshur seagrass sites (Fig. 5c,
Table A1). Vectors associated with increased depth
and Prochlorococcus cell abundances pointed in the
direction of the reef and Lame shur Bay seagrass sites,
which verified cell abundance trends captured earlier
(Fig. 4a & 5a). Fish Bay seagrass, Lameshur seagrass,
Yawzi reef, and Tektite reef samples clustered tightly
within site, which suggested little change in commu-
nity composition over 48 h (Fig. 5a). Ditliff and Co-
coloba reef microbial community compositions did
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Fig. 4. Cell abundances from flow cytometry over 48 h at each site. Line graphs of (a) Prochlorococcus, (b) Synechococcus, (c)
heterotrophic (unpigmented) bacteria and archaea, and (d) picoeukaryotes over the course of the study at each site. Sample
time points on the x-axis represent low (L), flood (F), high (H), and ebb (E) tide. Tide height over the sampling period is rep-
resented in each panel (light gray line in top half of graph). Night and day represented by black and white, respectively, in 

the bar at the bottom of each graph
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not cluster as tightly, which indicated greater vari-
ability over 48 h (Fig. 5a).

Microbial community composition at the Fish Bay
and Lameshur mangrove sites exhibited a pattern of
organization that represents a tidally influenced shift
(Fig. 5b). The spread of points in the NMDS was
organized with high tide samples (squares) farthest
from low tide samples (crosses), and flood and ebb
samples in between. Overlaid vectors revealed that
tide height and silicate were significantly associated
with the ordination of mangrove microbial commu-
nity composition (Fig. 5a,b). In the mangrove micro-
bial communities, high tide microbial composition
(squares) were oriented in the direction of highest
tide height and lowest silicate concentrations, while
low tide community composition (crosses) were in
the direction of the lowest tide height and highest sil-
icate concentrations (Fig. 5b). In the NMDS, the
Lame shur mangrove inland microbial communities
sampled at high tide only were positioned closest to

the low tide Lameshur mangrove subtidal communi-
ties. The overlaid vectors also revealed that the Fish
Bay mangrove site had increased salinity and hetero-
trophic bacteria and archaea, especially at low tide
(Fig. 5b). The Lameshur mangrove subtidal site, on
the other hand, was deeper and contained high
abundances of Synechococcus at high tide, had more
Prochlorococcus, and featured higher nitrogen con-
centrations (Fig. 5b). Furthermore, tidal changes in
Fish Bay mangrove featured cycles in the relative
abundances of Bacteroidetes, Epsilonbacteraeota,
and Proteobacteria while Lameshur mangrove sub-
tidal exhibited cycles in the relative abundances of
Bacteroidetes, Cyanobacteria, and Proteobacteria
(Fig. A1 in the Appendix).

To further investigate the variability in microbial
community structure at each site over 48 h, we exam-
ined pairwise Bray-Curtis dissimilarity of communi-
ties within each site (Fig. 5c). Higher pairwise dis-
similarity overall indicated a more variable microbial
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Fig. 5. Non-metric multidimensional scaling (NMDS) and boxplots representing Bray-Curtis dissimilarity between microbial
communities, obtained from SSU rRNA gene sequencing. Bray-Curtis dissimilarity between samples represented by NMDS
with vectors of environmental variables overlaid either (a) all samples or (b) mangrove samples collected over 48 h. Vectors
point in the direction of the greatest change in the variable or gradient they represent; length of the vector is proportional to
the strength of the gradient. Only vectors with a p < 0.01 are represented. (c) Boxplots represent pairwise Bray-Curtis dissim-
ilarity for samples within each site. Boxplots represent the interquartile range (IQR), or the area between the 25 and 75%
quantiles with the median as the line in the center. Lines extend beyond the box to 1.5 × IQR. Points beyond the lines are out-
liers. Pro: Prochlorococcus; Syn: Synechococcus; peuk: picoeukaryotes; h. bact: heterotrophic bacteria and archaea; temp = 

temperature
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community composition while a lower and less vari-
able within-site dissimilarity indicated greater stabil-
ity in the microbial community composition. Within-
site dissimilarity was significantly different across
sites (Kruskal-Wallis test, p < 0.05). Pairwise Wil -
coxon rank sum tests revealed that within-site dis-
similarity was significantly lower at all sites com-
pared to mangrove sites (p < 0.05, Table A1) but not
significantly different between mangrove sites (p =
0.9805, Table A1). All pairwise comparisons are sum-
marized in Table A1.

3.4. Differential abundance of ASVs 
at mangrove sites with tide height

To investigate which taxa were changing with re -
spect to tide height in the mangroves, we tested for
significantly differentially abundant (DA) ASVs in
relation to tide height and found 87 DA ASVs (Fig. 6).
DA ASVs were classified into 24 taxonomic orders
(ASV68 was unclassified at the order level). The
majority of DA ASVs (82.8%; 72 ASVs) had a positive
coefficient and 17.2% (15 ASVs) had a negative coef-
ficient. This indicated that most DA ASVs were en -
riched with a 1 unit increase in tide height and were
therefore enriched during high tide. Some of these
significantly en riched high tide ASVs were classi-
fied to Proteobacteria, including SAR11, SAR86, and
AEGEAN-169 marine group, ‘Candidatus Actinoma-
rina’ (phylum Actinobacteria), and NS5 marine group
(phylum Bac teroidetes) (Fig. 6). Many ASVs of Fla vo -
bacteriales (phylum Bacteroidetes), SAR116 (phylum
Proteobacteria), and ‘Cyanobacteria’ (Pro chloro coc -
cus and Synechococcus) were also significantly asso-
ciated to a high tide height in mangrove environ-
ments (Fig. 6).

The ASVs with a negative coefficient decreased in
relative abundance with a 1 unit increase in tide
height and therefore were enriched during low tide
heights in the mangrove environment. Significant
low tide associated ASVs were classified to phyla that
changed dramatically in mangroves as visualized in
the stacked bar chart, and included Epsilonbacter-
aeota (Arcobacter), Proteobacteria (OM27 clade of
Bdellovibrionaceae, Marinobacterium, Micro pepsis
and Rhodobacteraceae), and Bactero idetes (Draconi-
bacterium) (Figs. A1 & 6). The bacteria significantly
enriched during low tide were distinct from the bac-
teria that were significantly enriched during high
tide, and included unique orders such as Bacteroidales
(genus Draconibacterium) and Micropepsales (genus
Micropepsis) (Fig. 6). Differentially abundant ASVs

revealed a shifting microbial community with tidal
cycle, specifically as it pertained to changes in tide
height, which confirmed trends seen in the NMDS
analysis (Figs. 5b & 6).

4. DISCUSSION

We used a combination of genomic and environ-
mental measurements to determine the extent of
tidally influenced microbial dynamics in 3 important
and spatially related tropical biomes: mangroves,
seagrass meadows, and coral reefs. Not all bays and
areas offered the same biome structure, but Lame -
shur and Fish bays offered comparable biome pat-
terns of mangroves, seagrasses, and coral reefs as we
moved southward, allowing for biome replication.
We found a significant tide-mediated change in envi-
ronmental and microbial parameters in mangrove
environments. Furthermore, differential abundance
analysis identified microbial taxa that were signifi-
cantly associated with changing tidal elevation. In
contrast, seawater overlying reefs and seagrass
meadows exhibited strong cyclic changes in pico-
cyanobacterial abundances, despite muted changes
in physicochemical variables, nutrient concentra-
tions and microbial community composition. Overall,
our findings underpin how short-term tidal and likely
also diel cycles influence the microbial dynamics of
coastal tropical ecosystems.

Mangrove regions sampled in this study (Fish Bay
mangrove and Lameshur mangrove subtidal) were
surrounded by red mangroves. Red mangroves are
characterized by prop roots that extend into the sea-
water and sediment and are constantly immersed in
seawater. The Lameshur mangrove inland site at the
upper intertidal zone was surrounded by black and
white mangroves and only flooded during high tide.
Over the course of our study, these biomes were
characterized by variable salinity, nutrient concen-
trations, and heterotrophic bacteria and archaea that
coincided with different parts of the tidal cycle, a
common finding that has previously been reported
(Dittmar & Lara 2001, Sánchez-Carrillo et al. 2009).
While seawater flux was not measured here, the data
suggest that the tidal flow of seawater from the oligo-
trophic reef and seagrass biomes into the more
eutrophic mangrove ecosystem during flood and
high tide promoted depression of salinity, nutrient,
and heterotrophic microbial regimes. During ebb
and low tide, higher nutrients and heterotrophic bac-
teria and archaea in the mangroves may have been
caused by the seawater flushing out from the upper
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Fig. 6. Differentially abundant
(DA) amplicon sequence variants
(ASVs) as a function of tide
height at Fish Bay and Lame shur
Bay subtidal mangrove sites. The
relative abundance of each ASV
was modeled as a linear function
of tide height, a measure of tidal
level, and significantly DA ASVs
at a cutoff of p < 0.05 are shown
(see Section 2). Coefficient is
represen ted on the x-axis and in-
dicates the change in ASV rela-
tive abundance with a 1 unit in-
crease in tide height. ASVs are
grouped within positive or nega-
tive coefficients on the y-axis by
their taxonomic association, ‘Or-
der_ Family_ Genus’. If classifica-
tion was not fine enough, only
the ‘Order’ or ‘Order_Family’ is
shown. ASV68 was not classified
to order level, so it is labeled to 

the phylum level
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intertidal black and white mangrove forest that was
enriched in heterotrophic Bacteria and Archaea as
well as some nutrients to the fringing and subtidal
red mangrove forest. In contrast, the higher salinity
was likely more due to evaporation of seawater dur-
ing the day than due to tidal mixing.

Compared to mangroves, reef and seagrass mead-
ows were characterized by consistent physicochemical
parameters and heterotrophic bacterial and archaeal
cell abundances. Despite this, picocyano bacterial
(Prochlorococcus and Synechococcus) abun dances
were variable over the 48 h sampling window, which
appeared to be related to both tidal and diurnal
cycles. Blanchot et al. (1997) noted a similar pattern
in Prochlorococcus and picoeukaryotes in the equa-
torial Pacific, where cell abundances in creased from
dusk to 02:00 h, then began to decrease until dusk
the following day over 5 consecutive days. This study
was not coastal, and therefore unrelated to tides.
Additionally, diel-influenced abundances of pico-
cyanobacteria were recently identified on a coral
reef just east of the reefs sampled in this study, with
Prochlorococcus doubling and Synechococcus in -
creasing each night, and not in relation to the tides
(Weber & Apprill 2020). These daily cycles were a
result of cell growth, where cells divided in late after-
noon or evening, resulting in a doubling of the com-
munity for well-synchronized populations (Vaulot &
Marie 1999, Binder & DuRand 2002). Given the pho-
tosynthetic capability of these cells, the changes we
note in our study were most likely due to growth
resulting from changes in light or diel rhythms rather
than changes in tide. However, because low and
flood tide coincided with daytime and high and ebb
tide coincided with night, we were unable to fully
disentangle the effects of tide compared to light in
our study. We noted the complete absence of Pro -
chlorococcus cells at the Fish Bay mangrove, but not
at Lameshur mangrove subtidal. This may have been
due to the higher temperature, salinity and phosphate
concentrations in Fish Bay compared to Lameshur
Bay, which may collectively make this environment
inhospitable for Prochlorococcus (Par tensky et al.
1999).

The tidal variability in seawater microbial commu-
nities within the mangrove biomes mirrored trends
seen in the physicochemical environment. Lu et al.
(2015) found that over diurnal periods in a coastal
estuarine to reef transition zone, the changes in
microbial communities were more likely due to tidal
mixing of the seawater rather than growth due to
altered environmental conditions. While Lu et al.
(2015) did not find tidal changes in environmental

variables to correlate well with microbial community
composition in estuarine environments, other studies
did find that environmental variables such as salinity
and inorganic nutrients can impact the structure of
microbial communities (Bouvier & del Giorgio 2002,
Campbell & Kirchman 2013). Our study showed both
biological and physical processes to be related to
observed changes in microbial communities over
short, tidal time scales within the mangroves. In our
study, tidal mixing likely exerted the greatest impact
on microbial communities within mangrove environ-
ments, and was additionally responsible for the
changes in the environmental parameters. However,
it was challenging to disentangle whether altered
microbial communities were a growth response to
changing environmental conditions or due to tidally
advected communities reflective of the environment
of origin.

Regardless, the observed short-term changes (sev-
eral hours and over the course of day) highlight the
limitation of snapshot (e.g. once daily) sampling. All
sites showed some daily or tidal-based variation.
Thus, long-term sampling schemes aimed at charac-
terizing the nutrient and microbial diversity of a loca-
tion should consider the importance of short tempo-
ral variation and at least sample over a few diel
cycles to account for this variability and evaluate its
consistency (or lack thereof) over time. Sampling
schemes designed to characterize microbial commu-
nities and biogeochemistry may be particularly im -
portant for monitoring the health and stability of the
region within marine reserves, a concept that has
had success in coral reef environments (Glasl et al.
2017, 2018). To alleviate misleading results that may
stem from sampling design, we suggest that account-
ing for tidal or diurnal forces is important in these
coastal areas. In our study of coral reef and seagrass
meadow seawater, the striking changes in pico-
cyanobacteria over 2 d underpin the importance of
sampling at the same time each day, when possible.
In contrast, the dramatic tidally induced changes in
the coastal mangrove seawater complicate monitor-
ing efforts. In this case, efforts to sample mangrove
environments during a consistent part of the tide
cycle (especially ebb or low tide) would allow for a
more controlled study of the mangrove seawater. In
this way, the temporal microbial community dynam-
ics of the seawater ecosystem would be both con-
trolled for and well characterized.

Beyond tide-related changes in mangrove seawater
microbial communities, there were site-specific
changes that may be explained by differences in the
environmental variables at each mangrove environ-
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ment. A study of soil microbiomes at a protected and
unprotected mangrove area also noted distinct site-
specific changes that were explained by strikingly
different environmental factors (Yun et al. 2017).
That study was similar to ours because it sampled a
protected and unprotected mangrove area. The La -
meshur mangrove in our study was within the Virgin
Islands National Park, with minimal coastal develop-
ment. In contrast, the Fish Bay coast and watershed
area is considered impacted by human development
and has been a target of management due to erosion
and sedimentation from such development and bay
contamination from septic systems, household pollu-
tants, and pesticides (Hodge et al. 2001). Both Yun et
al. (2017) and the present study included only one
protected and unprotected site, so it remains to be
seen if the environmental and microbial changes be -
tween regions were explained by pro tective status.
However, the reproducibility across studies suggests
there may be some actual differences in microbial
communities between human-influenced and more
pristine mangrove habitats that could be a target for
future studies of mangrove ecosystems. These changes
across bays may also illustrate the natural hetero-
geneity of mangrove habitats (Leung 2015). For
instance, Fish Bay mangrove contains a habitat of red
mangroves that surround the sandy shoreline, while
Lameshur Bay mangrove extends from a rocky outlet
to an inland mangrove swamp with multiple species
of mangrove in muddy sediment. How human influ-
ence and natural heterogeneity together influence
the structure of microbial communities or how
microbes play a role in mangrove habitat health and
potential recovery are outstanding questions for tar-
get in future studies.

Our analysis of DA ASVs at mangroves indicated
that tidal mixing may be bringing in microbial cells
from the reef and seagrass environments, causing
significant changes in community composition espe-
cially during flood and high tide. SAR11, SAR86,
‘Candidatus Actinomarina’, NS5 marine group,
AEGEAN-169 marine group, and Rhodobacteraceae
were enriched at higher tides within coastal man-
grove seawater. These taxa were also shown to be
significantly associated with reef seawater by a study
that compared seawater microbiomes near and far
from corals on Caribbean reefs (Weber et al. 2019). In
the mangroves during high tide, we also identified
other microbes that were typical of reef seawater or
open ocean microbial communities, including Pro -
chlo ro coccus and Synechcococcus, several Proteo -
bacteria, including OM60 clade, SAR116 clade,
Oceanospirillales, and Rickettsiales, many Bacter oi -

detes including Cryomorphaceae, NS9 marine group,
Flavobacteriaceae (NS4 marine group and NS2b
marine group), NS11-12 marine group, and the
Archaea Marine Group II (Euryarchaeota) (Nelson et
al. 2011, Kelly et al. 2014, Apprill et al. 2015, Choi et
al. 2015, Lindh et al. 2015, Polónia et al. 2016, Becker
et al. 2017, Kim et al. 2018, Glasl et al. 2019).

Tidal elevation appeared to exert a mixed effect on
Bdellovibrionaceae, a family of Proteobacteria that
was significantly enriched at both low and high tides.
Bdellovibrionaceae are bacterial predators and have
been previously found at increased abundance in
mangrove ecosystems compared to coral reef envi-
ronments, which was likely due to the heightened
prey available in the mangrove environment (Sutton
& Besant 1994). In our study, the increased heterotro-
phic bacteria and archaea during ebb and low tide
may have provided an environment with abundant
prey that fostered growth of Bdellovibrionaceae. In
contrast, the presence of a high tide-associated
Bdello vibrionaceae ASV (ASV522) may have indi-
cated the influx of a coral reef or seagrass-associated
strain with different environmental growth toler-
ances and prey preferences (Sutton & Besant 1994).
While confirming the exact specific Bdellovibri-
onaceae strains within the OM27 clade was not pos-
sible here, the presence of differentially abundant
Bdellovibrionaceae cells within the mangrove habi-
tat underlines a potentially important role of Bdello -
vibrionaceae within mangrove ecosystems that war-
rants further investigation.

While tidal mixing exerted varied influences on
Bdellovibrionaceae taxa, during low tide height,
enrichment of microbial cells likely derived from
mangrove seawater and sediment was apparent. For
example, 3 DA ASVs classified as Marinobacterium,
a gammaproteobacterial genus that has previously
been associated with estuarine or mangrove ecosys-
tems (Chen et al. 2010, Alfaro-Espinoza & Ullrich
2014, Park et al. 2016). Two low tide-associated ASVs
were classified as Arcobacter (ASV6, ASV454), a
genus of the order Campylobacteria that has been
found enriched in intertidal sediment (Wang et al.
2012). While most Arcobacter species have been iso-
lated using aerobic or microaerobic conditions (Col-
lado & Figueras 2011), some, such as a species iso-
lated from estuarine sediment, grew anaerobically
(Sasi Jyothsna et al. 2013). Micropepsis (ASV2079) is
a recently identified genus of Alphaproteobacteria,
with one obligatory anaerobic isolate originating
from an oligotrophic bog-like environment (Harbison
et al. 2017). The anaerobic lifestyles of Micropepsis
and potentially Arcobacter suggest they may have
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been derived from anoxic mangrove sediment. Dra-
conibacterium (phylum Bacteroidetes) is another
genus that contains marine sediment-derived bacte-
ria, providing merit to the detection of this bacterium
when water was shallowest (Du et al. 2014, Gwak et
al. 2015). The Rhodobacteraceae (Alphaproteobacte-
ria) are some of the most widely spread bacteria in
the ocean and a study analyzing distribution and
classification of Rhodobacteraceae found that one-
third of the detected Rhodobacteraceae correlated to
sediment parameters, indicating there are specific
sediment-associated Rhodobacteraceae (Pohlner et
al. 2019). Rhodobacteraceae strains have been iso-
lated from mangrove sediments (Yu et al. 2018, Ren
et al. 2019). Overall, these data suggest that during
low tide, the mangrove seawater becomes enriched
in microbial cells likely derived from the mangrove
sediment within the inland tidal flat and mangrove
forest.

This work is the first to characterize tide-influ-
enced seawater microbial community variability at 3
distinct coastal biomes simultaneously and provides
new insights into coastal microbial community dyna -
mics over short temporal scales. Mangrove seawater
microbial communities exhibited surprising variabil-
ity over 48 h, which was associated with tidal eleva-
tion. This was contrasted by the relative consistency
in coral reef and seagrass meadow microbial commu-
nities sampled over the same time period. All biomes
characterized in this study did show some level of
short temporal changes associated with tidal or diur-
nal effects. While we incorporated and repeatedly
sampled 8 sites, this was only conducted for 48 h,
preventing our analysis from fully disentangling the
tidal and diurnal effects. Addressing this variability
over longer timescales, such as several days, would
help elucidate the consistency of these patterns
among mangrove versus seagrass and reef seawater
microbial communities. Additionally, this study lacks
inclusion of organic carbon and nitrogen concentra-
tions and dynamics. These measurements should be
included in future studies, and could provide addi-
tional important insights into heterotrophic microbial
population dynamics. Another future area of investi-
gation that is relevant to monitoring practices is how
the benthic microbial communities (associated with
the sediments, seagrass, reef life, and surrounding
reef-depth waters) may change during tidal cycles.
To this end, some studies have shown evidence for
short-term changes in near-coral and reef seawater
microbial communities (Kelly et al. 2019, Weber &
Apprill 2020) and in seagrass and mangrove sedi-
ment microbial parameters (Moriarty & Pollard 1982,

Lee & Joye 2006). The investigation of microbial com -
munity changes over short-term scales in these coastal
environments is still rare, and a coordinated study
including multiple sample types (seawater, sediment,
flora, and fauna) over such timescales would be an
important target for future work. Regard less, this
study provides a basis for future studies, which could
investigate how shifting microbial regimes in man-
grove environments impact microbial productivity
and habitat processes over short temporal scales in
these dynamic and critically important coastal eco-
systems. Additionally, this work reinforces the impor-
tance of accounting for tidal and diurnal scales
within the context of long-term investigations, espe-
cially in dynamic and protected coas tal biomes.

Data accessibility. All raw sequence files used in this study
were uploaded to the NCBI Sequence Read Archive under
accession number PRJNA578400, and data are also avail-
able at BCO-DMO under dataset 783679 (https://www.bco-
dmo.org/dataset/783679). R scripts for recreating all figures
included in this paper are available on GitHub (https://
github.com/ CynthiaBecker/USVItide). Supplement tables
are also provided on the GitHub page for reference.
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Sites Fish Bay Lameshur Fish Bay Lameshur Cocoloba Ditliff Yawzi 
Mangrove Mangrovea Seagrass Seagrass Reef Reef Reef

Lameshur Mangrovea 0.9805 − − − − − −
Fish Bay Seagrass 8.60 × 10−12 1.90 × 10−12 − − − − −
Lameshur Seagrass 3.20 × 10−10 4.80 × 10−9 4.90 × 10−6 − − − −
Cocoloba Reef 6.70 × 10−8 6.60 × 10−7 2.70 × 10−7 0.0626 − − −
Ditliff Reef 0.0149 0.0134 1.00 × 10−12 2.20 × 10−8 6.40 × 10−5 − −
Yawzi Reef 3.50 × 10−6 1.90 × 10−5 6.70 × 10−8 0.0024 0.1819 0.0068 −
Tektite Reef 7.80 × 10−10 1.60 × 10−8 2.80 × 10−7 0.3706 0.2842 1.20 × 10−6 0.0141

aLameshur mangrove subtidal site only

Table A1. Pairwise Wilcoxon Rank Sum test for difference in Bray-Curtis dissimilarity values between sites. Benjamini-
Hochberg adjusted p-values are reported in the table; significance below the 0.05 cutoff indicated in bold

Appendix.

Fig. A1. Bar chart of relative abundance of amplicon sequence variants (ASVs) classified to the phylum level. Each site is rep-
resented by an individual chart. Bars are organized by sampling time point and tidal level on the x-axis. Colored bars each
indicate a different phylum, with the dominant phyla numbered as followed: 1 = Bacteroidetes, 2 = Cyanobacteria, 3 = Epsilon

bacteraeota, 4 = Proteobacteria, 5 = Verrumicrobia
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