'.) Check for updates

Environmental DNA

Environmental DNA
_
Dedicated to the study and use of environmental DNA for basic and applied sciences

| ORIGINAL ARTICLE EEIEEED

eDNA Collected by Custom-Built Unmanned Surface
Vehicles (USVs) Reveals Spatio-Temporal Shifts in Tropical
Coral Reef Faunal Communities

| Anne-Elise Nieblas!
| Magali Duval?

| Jérémie Chanut! |
| Serge Bernard?® (¥ | Sylvain Bonhommeau?

| Thomas Chevrier!-2
| Victor Illien2

Dominique A. Cowart!
Mervyn Ravitchandirane?

ICompany for Open Ocean Observations and Logging (COOOL), Saint-Leu, France | 2Ifremer, IRD, University of New Caledonia, University of Reunion
Island, UMR 9220 ENTROPIE, Le Port, France | SLIRMM-CNRS, Montpellier, France

Correspondence: Dominique A. Cowart (dominique.cowart@company-coool.io)
Received: 26 November 2025 | Revised: 15 May 2026 | Accepted: 10 July 2026

Keywords: biodiversity | DNA metabarcoding | environmental DNA | environmental monitoring | marine organisms

ABSTRACT

High-frequency environmental DNA (eDNA) sampling offers new opportunities to reveal fine-scale biodiversity patterns and
short-term ecological dynamics, yet its spatial representativity and capacity to capture diel shifts in communities remain poorly
understood. Semi-autonomous sampling devices can aid high frequency and standardized collection for such assessments, par-
ticularly in remote and low-light conditions, as well as dynamic coastal ecosystems such as tropical coral reefs. Coral reefs are
ideal habitats to test such systems, as they support exceptional but rapidly declining biodiversity. We constructed Unmanned
Surface Vehicles (USVs) for high-frequency and cost-efficient geolocalized sample retrieval around the break between two reef
flats (Hermitage Pass) of the La Saline—Hermitage coral complex on Reunion Island. The USVs were deployed to navigate be-
tween eight stations, pumping seawater through filters to capture eDNA. Sampling occurred during nighttime and daytime
(“sampling events”), across four days, to assess potential shifts in metazoan communities. Samples underwent DNA metabarcod-
ing, applying a Cytochrome Oxidase I (COI) gene marker, to target faunal assemblages. Analyses revealed significant differences
between communities surveyed during the nighttime and the daytime on each collection day, and across differing stations.
Although eDNA dispersal was largely confined to each reef flat and limited among some stations, some communities towards
Hermitage Pass were not statistically distinct in composition, suggesting that localized environmental conditions may influence
eDNA distributions in this area. Altogether, these findings reveal a diverse and dynamic seascape within less than 1km?, and
point to key sites for long-term monitoring using low-cost mobile devices for high-frequency eDNA sampling.

1 | Introduction et al. 2010; Emslie et al. 2024), thereby complicating the design

of habitat-specific monitoring frameworks. Detecting mean-

Dynamic coastal marine ecosystems, such as tropical coral
reefs, are ecologically complex, highly biodiverse, and shaped
by strong interactions between physical and biological pro-
cesses (Hatcher 1997; Sala and Knowlton 2006). These sys-
tems often undergo overlapping cycles of disturbance and
recovery, which can obscure the distinction between natu-
ral fluctuations and long-term ecological decline (Hughes

ingful change within such evolving contexts requires fre-
quent, fine-scale observations of biological communities and
localized environmental conditions, across both spatial and
temporal dimensions (Morais et al. 2024; Osland et al. 2025).
This approach can contribute to monitoring frameworks ca-
pable of capturing differing community states, key inflection
points, and fluctuations in seascape heterogeneity tied to
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environmental variation, enabling more accurate interpreta-
tion of ecological trajectories (Hughes et al. 2010; Dornelas
et al. 2013).

A wide range of methods are commonly implemented for spa-
tiotemporal assessments of coastal marine biodiversity; these
include visual (scuba diving and snorkeling inspections, un-
derwater photography, aerial and satellite imagery), retrieval
(nettings, traps) and acoustic (hydrophones and echo-sounding)
techniques (Costello et al. 2017). Comprehensively accounting for
the majority of taxonomic groups within complex systems, how-
ever, necessitates incorporating complementary methods capa-
ble of detecting elusive, hidden and cryptic organisms (Muenzel
et al. 2024). Molecular-based surveys, such as metabarcoding of
environmental DNA (eDNA) samples, have proven effective in
addressing these constraints, and their consolidation with tradi-
tional survey methods can provide additional insights and even
improve biodiversity assessments (Keck et al. 2022).

Multiple studies have demonstrated the sensitivity of eDNA-
based sampling in detecting spatial differences across a vari-
ety of coastal aquatic habitats. For example, Port et al. (2016)
conducted an eDNA survey of vertebrate fauna along a 2.5km
transect within a kelp forest ecosystem, reporting distinct as-
semblages separated by as little as 60m. Further, O'Donnell
et al. (2017) examined a broader spatial area of up to 4km from
shore to identify several distinct communities and concluded
that physical proximity was a strong indicator of their similar-
ity. Previous work has also shown the feasibility of eDNA-based
temporal monitoring across differing time scales. For instance,
Djurhuus et al. (2020) retrieved bimonthly eDNA samples over
a period of 18 months, recording fluctuations in marine biolog-
ical composition with changing seasons and conditions. Over a
shorter timescale, Sevellec et al. (2021) examined samples ob-
tained over 4months to reveal a strong seasonal transition in
Arctic faunal assemblages. Additionally, Jensen et al. (2022) sur-
veyed variations in coastal marine communities through hourly
water collections over 32h, observing shifts in taxonomic rich-
ness. Each study therefore demonstrated that shorter term repli-
cated sampling is also important for uncovering shifts in coastal
biodiversity. Considering spatiotemporal eDNA sampling in a
tropical context, Dowell et al. (2024) sampled surface eukaryotic
communities every 6 h over 3days at two coral reef sites, finding
that sampling time significantly affected richness and revealed
clear diurnal fluctuations among certain planktonic groups.
Despite continued progress, however, a recent review of eDNA
literature found that temporal replication in eDNA studies re-
mains relatively rare and advised that spatiotemporal sampling
should continue to be conducted (Blackman et al. 2024).

The high frequency temporal sampling required to detect rapid
shifts in coastal faunal richness and composition further pres-
ents a significant challenge, particularly when attempting to
pinpoint critical episodes (Dornelas et al. 2013). While eDNA-
based surveys may be generally less laborious compared to other
approaches, many water collection protocols still require man-
ual sampling. These protocols may be more arduous to conduct
at higher frequency, under low light conditions, and in remote
or less accessible locations where obtaining collections might be
hazardous or even impossible. In these contexts, autonomous
eDNA collection devices for “bulk” water sample filtering offer

a means for enhanced biodiversity resolution while ensuring
safety and sample standardization (see Yamahara et al. 2025).

Herein, we describe the operation of in-house constructed
Unmanned Surface Vehicles (USVs) capable of semi-autonomous
(as defined by Yamahara et al. 2025), geolocalized eDNA sam-
pling. The USVs were trial tested through pumping and filtering
seawater to capture eDNA at several stations distributed across
the La Saline—Hermitage coral reef complex on Reunion Island
(Western Indian Ocean, Mascarene archipelago). Reunion
Island features short stretches of fringing coral reefs encom-
passed within back-reef depressions (“lagoons”) that cradle its
western coast (Thébaud et al. 2009). The reefs and associated bi-
ological assemblages are a significant component of the island's
natural, economic and cultural landscape and profoundly shape
the surrounding environment by influencing its physical struc-
ture, ecological and chemical processes (Tourrand et al. 2013).
Reef deterioration, however, has led to changes in organismal
abundance and diversity within various lagoons, most notably in
terms of percent coral cover (Fari et al. 2022). As such, frequent,
comprehensive assessments are essential for identifying short
term variations in Reunionese reef communities. Site-based
temporal inspections of reef fauna are performed annually or
semi-annually with permission granted by the Natural Marine
Reserve of Reunion Island (RNMR) that implement traditional
survey approaches (Rungassamy et al. 2024). Further, previ-
ous eDNA-based surveys conducted within multiple lagoons
on the island have shown the applicability of eDNA screen-
ing of these habitats (Cowart et al. 2024). For the La Saline—
Hermitage reef complex, analyses further revealed distinctive
taxonomic profiles nearby the Global Coral Reef Monitoring
Network (GCRMN) sites of Toboggan (northern reef flat) and
Planch'Aliz¢é (southern reef flat), which are approximately 2km
apart (Cowart et al. 2025). Environmental DNA sampling, how-
ever, was limited to single time points, constraining broader as-
sessments of habitat dynamics.

This study therefore focused on the area between the two
GCRMN sites, aiming to track spatial and temporal variation
in reef-associated faunal assemblages and to identify optimal
locations for sustained high-frequency biodiversity monitoring.
We employed the self-constructed USVs as cost-efficient plat-
forms for standardized, reproducible sampling across day and
night. Collected samples were then processed using eDNA me-
tabarcoding to evaluate biological variation between sampled
communities.

2 | Materials and Methods
2.1 | Study Area and Sampling Stations

The reef flats around Hermitage Pass were selected for study
(Figure 1). Hermitage Pass is situated between the two sub-
tidal reef flats that encompass the La Saline—Hermitage
complex, Reunion's largest reef measuring 230ha and ex-
tending 8-9km from north to south. The Hermitage Ravine
(or “gully”) reaches the shoreline, discharging its stream
which flows seaward through Hermitage Pass while interact-
ing with lagoonal currents on their way to the fore reef and
open ocean (Tedetti et al. 2011; Kolasinski et al. 2016). This
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FIGURE1 | Location of the study area. The inset indicates the position of Reunion Island, while the central panel presents the island. The main
panel shows eight stations around Hermitage Pass, which are represented by the circles: Green circles indicate northern stations, and magenta in-
dicates southern stations. The Fixed North and Fixed South stations were each sampled at the beginning (P1) and end (P5) of each sampling event.
Maps were created using QGIS-LTR (QGIS.org, 2025. http://www.qgis.org) with the Google Satellite layer accessed September 2025.

area was chosen for sampling due to the frequent monitoring
of its benthic communities and currents that incorporate the
stream flowing from the gully (Mahabot et al. 2017; Bajjouk
et al. 2019; Fari et al. 2022).

Eight stations were selected for sampling north and south of the
pass (Figure 1; Tables S1 and S2). Two “fixed” stations were se-
lected as potential representations of faunal assemblages resid-
ing on either side of the pass, to determine whether these sites
host biological communities similar to stations on the same flat
and could therefore be selected as potential long-term monitor-
ing sites. Therefore, the stations selected north of the pass were
the fixed station (“Fixed North”), 100 m north of the fixed station
(“100 m North”; the GCRMN site Toboggan is approximately
400m north of this station), and a station at the pass leading out
to the open ocean (“Net”). Five stations were chosen on the reef
flat south of the pass, including the other fixed station (“Fixed
South”), at the edge of a coral bank (“Coral”), 50m south of
the fixed south station (“50 m South”), 100m south of the fixed
south station (“100 m South”) and 400 m south of the fixed south
station (“Planch'Aliz¢”; the GCRMN site Planch'Aliz¢é is approx-
imately 500 m south of this station; Figure 1).

Stations were selected to conduct assessments aimed at (i) ex-
amining spatial relationships between coral-reef associated
metazoan communities on either side of Hermitage Pass, (ii)
determining whether the communities themselves vary over

space and time, and (iii) based on the data, identifying poten-
tial locations for longer term monitoring. We hypothesized that
communities inhabiting the reef flats would be distinct from
one another due to the physical break separating them, and
that communities would differ between sampling stations and
days collected, in accordance with restricted eDNA dispersal
and persistence patterns observed in other coastal marine envi-
ronments (e.g., Jeunen et al. 2019; Kelly et al. 2018; Murakami
et al. 2019).

2.2 | Retrieval of eDNA Using Catamarans as
Unmanned Surface Vehicles (USVs)

Unmanned Surface Vehicles (USVs) were constructed in-
house and deployed around Hermitage Pass to collect and
preserve eDNA through water filtration (Figure 2). Each USV
constructed contained a watertight box that sat atop a floating
Blue Robotics mini-catamaran base (https://bluerobotics.com,
St. Torrance, CA, USA). The box housed a Smith-Root® eDNA
sampler (ANDe, Vancouver, WA, USA) water pump, which
was connected to an array of tubes and solenoid valves con-
trolled by relays to permit or block the flow of water through
tubes. These tubes were connected to housing units con-
taining self-preserving 0.45um pore polyethersulfone (PES)
filter membranes. Housing units have tube extenders which
reach <5cm below the water surface, allowing the filtration
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FIGURE 2 | One of the two in-house built Unmanned Surface
Vehicles (USVs) during deployment. The pump and associated equip-
ment are contained within the metal box sitting atop the catamaran
base, while the yellow capsules below the white plates are the housing
units containing the filter membranes. The housings have tube extend-
ers that reach into the surface of the water to enable filtration. The cata-
maran base possesses two propellers for locomotion (not shown). Photo
credit: Mervyn Ravitchandirane.

of surface water (Figure 2). Only surface sampling was con-
ducted, as a previous eDNA study carried out on Reunion
Island's lagoon systems found no significant differences in
community composition between surface (<5cm) and near-
bottom (<2m) samples (Cowart et al. 2024). Once filtering
was completed, the filter membranes were preserved through
desiccation, whereby the housing units and their tube extend-
ers were removed from the water, yet remained connected to
the pump; the pump was then run for approximately 20s to
air dry the membranes prior to storage, in accordance with
the manufacturer's instructions. The structural configuration
of the USVs prevented water mixing between filter units and
stations, as well as backwash into the filter units. Each USV
was linked to a graphical interface that enabled remote pump
activation and triggering, valve control, video feedback from
the pump screen, data streaming from the pump sensors, and
controlling the movement of the catamarans.

Water sampling occurred in mid-February 2024 over 4 days,
twice in each 24-h period targeting nighttime (dark) and day-
time (light) hours, which were identified as “sampling events”
(Table S1). Meteorological conditions across all 4days were
stable and mild with light cloud cover night and day, and
water and air temperatures varying between 26°C and 32°C.
The USVs were transported to the shore, where the pumps
were sterilized by feeding the tubes into a basin that con-
tained a 2.6% bleach solution to allow its circulation through
the pump. This was followed by a 10-min rinse with distilled
water, in accordance with the manufacturer's cleaning pro-
tocols. After sterilization, negative control samples were col-
lected by connecting one tube to a filter unit whose extender
was placed in a sterile container filled with ultrapure water
dispensed within the previous 24 h. A total of 3L of ultrapure
water was filtered for each USV prior to commencing each
sampling event on each day.

The two USVs were transported to the water and launched
simultaneously to sample northern and southern stations
concurrently. USVs first transited to the “fixed” stations for
sampling before the other stations. Once all other stations
had been sampled, the fixed stations were re-sampled before
terminating the sampling event. At each station, the USVs
remained stationary to pump triplicate filters (samples), tar-
geting a total volume of 18 L. Once sampling was completed,
the filters were carefully removed from the catamarans, dried
as described above, then placed into individual resealable
sacs and transported to the lab. All filters remained in dark
conditions at 23°C until DNA extraction within 6 months of
sampling. Throughout the process, several steps were taken
to avoid sample cross-contamination, including careful han-
dling of filters using gloves, thorough cleaning of the catama-
rans and sterilizing reusable supplies with 10% bleach and/or
UV irradiation (Cowart et al. 2022).

Sampling occurred at high-tide depths of <1m at every station,
as the collection period coincided with neap tides and anticy-
clonic conditions that resulted in lower-than-usual water levels.
As a minimum of 20cm of water is needed for the USVs to op-
erate, sample timing was also linked to high tide. Due to these
tidal timing constraints, sampling times occasionally extended
beyond strict light and dark hours (Table S1), however, “sam-
pling events” were defined to capture broad diel conditions.
Environmental measurements (temperature, dissolved oxygen
concentration [O, mg/L], and oxygen saturation [0,%]) were
recorded manually by team members at each sampling station
at the start of pumping, using an OxyGuard® Polaris C meter
(Farum, Denmark) deployed alongside the USV.

2.3 | Sample Processing

Samples were shipped to ADNid (Montferrier sur Lez, France)
for processing. The extraction of DNA from every filter was done
using the DNeasy Blood and Tissue Kit (Qiagen, Germany),
as described in Goldberg et al. (2011) and Pope et al. (2020).
Following extraction, samples underwent PCR assaying, tar-
geting a 313-bp fragment of the Cytochrome ¢ Oxidase subunit
1 gene (COI) using forward primer mlCOIintF 5-GGWACW
GGWTGAACWGTWTAYCCYCC-3, and reverse primer
jgHCO02198 5'-TAIACYTCIGGRTGICCRAARAAYC-3’ (Leray
et al. 2013; Geller et al. 2013). This COI region was chosen for
its broad coverage of metazoan taxa, as well as the availability of
publicly-accessible databases for sequence identification (Porter
and Hajibabaei 2018; Van Der Loos and Nijland 2021). PCR as-
says were performed in a total volume of 15uL containing 1X
Type-it Microsatellite PCR master mix (Qiagen), 0.13uM of
each primer and 2L of DNA. All assay samples were run on an
Eppendorf Mastercycler (Germany) under the following slightly
adapted conditions: initial denaturation at 95°C for 10 min, 16 cy-
cles of 95°C for 10s, 62°C (—1°C per cycle) for 30s and 68°C for
1min, followed by 25cycles of 95°C for 105, 46°C for 30s, 68°C
for 1 min, and 68°C for 7min. The primers were modified to in-
clude adapters compatible with the Illumina Nextera XT Index
Kit v2, using KAPA HiFi HotStart ReadyMix enzyme (Roche,
Switzerland) for amplification, enabling samples to be indexed
during a second PCR. PCR amplified products were then pooled
and purified on AMPure XP magnetic beads (Beckman Coulter,
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USA). Sequencing library quality was assessed using Fragment
Analyzer (Agilent Technologies) for PCR product profile valida-
tion, and qPCR for accurate quantification. All libraries were se-
quenced 2 X 250-bp paired end reads using Illumina MiSeq V2.

2.4 | Data Processing and Taxonomic Assignments

Raw sequence data obtained from ADNid was processed through
the Standardized and Automated MetaBarcoding Analysis pipe-
line (SAMBA v3.0.1, Cormier et al. 2021). SAMBA performed
sample demultiplexing, followed by primer trimming using cut-
adapt (Martin 2011), as well as read quality visualization and
filtering using DADA2 v. 1.26 (Callahan et al. 2016). Reads were
then de-replicated and merged, followed by chimera removal
prior to generating a table of amplicon sequence variants (ASVs).
The QIIME 2 classifier (Bolyen et al. 2019; v. 2020.2) was im-
plemented for assigning taxonomy to the ASV table, first done
using the MIDORI2 reference database (Leray et al. 2022). The
entire raw dataset was then re-processed through SAMBA using
the same parameters, except taxonomic assignment was in-
stead done against the Barcode of Life Data Systems (BOLD v4,
Ratnasingham et al. 2024). Thus, from the raw data, two phy-
loseq objects (McMurdie and Holmes 2013) were generated from
two separate SAMBA runs. Taxonomic assignments from both
databases were merged by selecting the most resolved classifica-
tion at each taxonomic rank. When both databases provided as-
signments, MIDORI classifications were preferentially selected
as this database is adapted for eDNA metabarcoding data. Next,
a separate workflow was implemented to improve the taxonomic
resolution for ASVs that remained unassigned (Figure S1). ASVs
that remained unassigned at the family level were subsequently
queried against the NCBI mitochondrial (“mito”) database,
followed by the nt database (release 269, December 2025) for
those remaining unassigned, using blastn. Hits were filtered
to remove those of lower quality (<60% qcovs and <200 len).
Although a minimum query coverage threshold of 60% was ap-
plied, retained assignments generally exceeded this threshold
(median query coverage=87%), indicating that most accepted
matches were based on longer alignments. Next, the best hit for
each ASV was selected based on the highest bitscore. Taxonomic
assignments were subsequently evaluated using identity thresh-
olds (pident >85% for family, > 92% for genus, > 97% for species).
Assignments falling below these thresholds were considered
unreliable and were therefore classified as “Unassigned” at the
corresponding rank. ASVs remaining unassigned at these ranks
were included in community-level analyses; however, ecological
interpretations based on taxonomy were restricted to assigned
ASVs, and not below the level of “Family.”

2.5 | Data Analyses

The finalized phyloseq object was further processed and ana-
lyzed in R (R Core Team 2025), which included examining the
sequencing depth and taxonomic composition of all samples
(Figure S2). Due to variation in sequencing depths across sam-
ples and the dataset’s inherent complexity associated with the
hyperdiverse habitat, three normalization methods were ap-
plied independently to improve sample comparability and en-
hance the power of the downstream analyses (see Figure S2).

Following the assessment and removal of negative controls
(samples <5000 reads) and experimental samples with fewer
than 20,000 reads, the first method, rarefaction without replace-
ment, was used to equalize sequencing depth across all samples
for alpha diversity analyses (McMurdie and Holmes 2013; Weiss
et al. 2017). To assess sensitivity to sequencing depth thresholds
on taxonomic richness calculations, we initially compared data-
sets for rarefaction at 20,000 and at 30,000 reads; both produced
similar quantitative patterns and therefore, the 30,000-read
dataset was retained for downstream analyses as it preserved a
similar number of samples.

Next, two additional normalization methods were applied to
the full dataset: the Hellinger transformation, appropriate
for ordination and beta diversity analyses (see Legendre and
Gallagher 2001; Laporte et al. 2021), and the trimmed mean of
M-values (TMM) normalization, implemented in edgeR (Chen
et al. 2025), to standardize count distributions across samples
for differential sequence abundance testing. A DGEList object
was created from the ASV table, followed by filtering ASVs by
a mean count per million (CPM) > 0.1, prior to TMM normal-
ization. Each normalized dataset underwent taxonomic filter-
ing in which ASVs assigned to non-metazoans and metazoans
endemic to non-marine habitats, were progressively removed
(Figure S2). Filtering included the removal of the fully unas-
signed ASVs, as well as 35 non-metazoans by Kingdom and
Phylum (e.g., Bacteria, Fungi, and Viruses). From the resulting
metazoan-only datasets, ASVs assigned to taxa that had only
terrestrial or freshwater members in the datasets were discarded
(e.g., birds, frogs, and earthworms). Prior to removal, taxonomic
verification of these groups was aided by the NCBI taxonomy
browser and the World Register of Marine Species (WoRMs,
Ahyong 2024). Finally, the seven ASVs that were present in the
experimental samples, yet also found in the negative controls
after filtering of non-target taxa, were further examined.

2.5.1 | Taxonomic Richness Analyses

Observed and expected ASVs were calculated using the data-
set rarefied at 30,000 reads, to test for the assumption of nor-
mality for each factor (e.g., Station, Day, and Sampling Event),
conducted using the Shapiro-Wilk test. Significant results (p-
value <0.05) led to non-parametric Scheirer-Ray-Hare testing
implementing BH corrections (Benjamini and Hochberg 1995),
followed by post hoc pairwise Dunn's testing across signifi-
cant factors. ASV richness and sample coverage, based on in-
cidence data, were calculated using the iNEXT (iNterpolation
and EXTrapolation, Hsieh et al. 2016) package, whereby accu-
mulation curves were generated to explore sampling efforts and
trends. As ASV-richness reflects differences at the sequence-
level, these calculations were followed by estimating the num-
bers of assigned families, genera and species, by excluding
unassigned ASVs.

2.5.2 | Comparisons of Community Compositions
Community comparisons were initially conducted using both

the Hellinger and TMM datasets, which yielded similar results.
Ultimately, the Hellinger dataset was selected for ordination of
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spatiotemporal metabarcoding data (see Laporte et al. 2021). An
upset plot was generated to visualize and compare the number
of ASVs for the top 35 intersections among stations with the aid
of the dplyr (Wickham et al. 2025) and ggplot2 (Wickham 2016)
packages. Intersection sizes were calculated using presence-
absence data; relative abundance of sequence reads (unnor-
malized) for the top most represented metazoan phyla was
calculated within each intersection to characterize taxonomic
composition. Mantel testing was also conducted (Spearman'’s
rank, 999 permutations) using the vegan package (Oksanen
et al. 2025) to assess the association between Bray-Curtis com-
munity dissimilarities and geographic distances among stations
after removing fixed station samples collected at the end of each
sampling event.

Canonical Correspondence Analysis (CCA) ordinations were
used to explore community dissimilarities, modeling spatial and
temporal factors alongside temperature and oxygen measure-
ments, projected through “envfit” arrows. Permutation Analysis
of Variance (PERMANOVA) analysis, also based on Bray-Curtis
dissimilarities, was conducted using “adonis2” (vegan), and
“pairwise.adonis2” (Martinez Arbizu 2020) applied with 999
permutations and BH correction. Marginal tests were first car-
ried out to assess the effect of each main factor and interactions,
followed by post hoc pairwise comparisons between significant
factors (p-value<0.05). Subsequent examinations of within
group variation between main factors and interactions were per-
formed with the aid of betadisper in vegan. Finally, distributions
of temperature, O2 concentration, and O2 saturation values were
assessed for normality, before evaluating differences among sig-
nificant factors through Kruskal-Wallis rank sum testing.

2.5.3 | Examining Patterns of Relative
Sequence Abundance

Differential abundance testing was conducted using the TMM
dataset to identify taxonomic families contributing to differ-
ences between factors, based on the edgeR pipelines for compar-
isons between groups (Chen et al. 2025). First, a DGEList object
was regenerated from the TMM-normalized phyloseq object,
followed by conducting dispersion estimations. Next, design ma-
trices were constructed to model relationships between relative
sequence abundance and factors, followed by the generation of
contrasts. Negative binomial GLM and quasi-likelihood F-test
were subsequently implemented for the contrasts. p-values were
adjusted for multiple comparisons using the BH method to con-
trol the false discovery rate (FDR). The resulting dataset was
filtered to retain ASVs with FDR <0.001. Venn and chord plots
were then generated to visualize patterns among ASVs with
confident family-level assignments.

3 | Results

3.1 | Dataset Overview

A total of 256 samples were planned for collection across four
sampling days. Due to occasional equipment and filtration is-

sues, such as mechanical obstruction or reduced flow as a re-
sult of sediment and algal material accumulated on filters, the

number of samples collected was 207, of which 205 were suc-
cessfully sequenced. Sample recovery was lower during the first
two sampling days, reflecting operational constraints associated
with field mobilization and filtration limitations. The metabar-
coded dataset consisted of 12,086,990 sequences and 30,852
ASVs, 11% of which were assigned to the level of “Family” using
the MIDORI2/BOLD reference databases. The downstream
assignment against two additional databases allowed a total of
16.75% of ASVs to be assigned to the family level.

The taxonomic composition of the experimental samples
(n=191) included 30,816 ASVs assigned to 35 higher taxo-
nomic groups within algae, bacteria, fungi, protists/strameno-
piles and viruses, as well as 21 metazoan phyla (Table S3).
Metazoans accounted for 32.85% of all ASVs and 62.00% of all
sequences. The most prominent metazoans were assigned to
Phylum Arthropoda, followed by Mollusca and Cnidaria, in
terms of both the number of ASVs and sequences (Figure S3).
Lesser represented phyla (“Others”) comprised 0.38% and 0.10%
of all metazoan ASVs and sequences, respectively (Figure S3).
Fourteen negative control samples produced sequences and
contained a total of 104 ASVs consisting of 13,213 sequences,
representing 0.33% and 0.11% of all ASVs and sequences, respec-
tively. The ASVs in these controls were assigned to nine known
families, most of which were non-target taxa such as fungi and
non-marine metazoans (Figure S4). Following non-target taxa
filtering, seven ASVs detected in the negative controls also oc-
curred in the experimental samples. A contamination ratio was
calculated for each ASV (reads in the controls relative to total
reads across the dataset). Only one ASV, matching to an unas-
signed family, exceeded the contamination threshold of >5%
and was removed from the dataset, while the other ASVs were
retained.

Twenty-four samples, including the negative control samples,
exhibited low sequencing depth and were removed from the
main dataset prior to normalization. This resulted in a dataset
consisting of 30,683 ASVs and 181 samples. After normaliza-
tion through rarefaction at 30,000 sequences, 168 samples and
28,750 ASVs were retained, while the Hellinger normalized
dataset consisted of 181 samples and 30,683 ASVs (Table 1).
Finally, the TMM normalized dataset consisted of 181 samples
and 30,626 ASVs.

3.2 | Taxonomic Richness Was High With
Moderate Sample Coverage

Scheirer-Ray-Hare testing identified significant differences
among stations for both observed (H=17.97; p=0.035) and ex-
pected richness (H=18.192; p=0.033), while no other factors
were significant. Pairwise post-hoc testing for stations found no
significant differences in richness between stations (Figure S5).
Accumulation curves displaying ASV richness and sample cov-
erage across the main factors are shown in Figure 3. Steep curves
revealed elevated ASV richness, with coverage ranging between
72.70% —76.60% for each sampling event, 58.56%-68.39% for
each day, and 44.03%-65.77% for each station. Observed curves
continued to rise, indicating that total richness was not yet fully
captured, with extrapolated estimates suggesting that plateau
could be reached with additional sampling (Figure 3).
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TABLE1 | Normalized dataset variants, including numbers of ASVs and samples retained during each filtering step.

Normalized dataset variants

Rarefaction at 30k Hellinger TMM
Filtering criteria # ASVs # samples # ASVs # samples # ASVs # samples
Prior to normalization 30,683 181 30,683 181 30,683 181
After normalization 28,750 168 30,683 181 30,626 181
Non-target kingdoms (i.e., bacteria, viruses) 25,708 168 27,350 181 27,303 181
Non-target phyla (e.g., fungal phyla) 9,404 168 9,917 181 9,902 181
Non-target taxa (e.g., non-marine) 6,358 168 6,677 181 6,668 181
Contamination removal 6,357 168 6,676 181 6,667 181

Among metazoan ASVs, only 34.42% were assigned to a known
family, 28.00% to a known genus, and 25.15% to a known species
(Table S4). The number of assigned families and genera detected
was greater during the nighttime sampling event (n =256), while
both sampling events had an equal number of assigned species
detected (n=377). With regard to collection day, the highest
numbers of assigned families (n=220), genera (n=273) and
species (n=321) were detected on Day 3. Finally, station 50m
South had the highest number of assigned families (n =167) and
genera (n=200) detected, while the highest number of assigned
species was detected at station Coral (n =223, Table S4).

3.3 | Unique ASVs Detected Within Each Sampled
Station

The upset plot identified station Fixed North—P1 as having the
most ASVs detected of the northern stations (n=1,641), while
50m South had the most ASVs detected at any single station,
north or south (n=1,689, Figure 4). For the intersection among
northern stations, 44 ASVs were shared, and the relative abun-
dance of reads associated with these shared ASVs was domi-
nated by cnidarians and mollusks (Figure 4, blue dots). Further,
the intersection among southern stations consisted of 54 shared
ASVs, whose relative read abundance was also dominated by
cnidarians and mollusks (Figure 4, orange dots).

3.4 | Community Structure Varied Across Spatial
and Temporal Gradients

Visualization of community composition in relation to spatial
and temporal factors revealed broad groupings by Sampling
Event (“nighttime” and “daytime”), Direction (north or south of
Hermitage Pass) and Station, with the first two CCA ordination
axes explaining 18.69% of the constrained variation, while addi-
tional axes each explained <8% (Figure 5). The observed sepa-
ration between sampling events remained when samples were
examined both north and south of the pass (Figure S6), and on
each collection day (Figure S7). Additionally, samples collected
from the southern reef flat (Fixed South, 50m South, 100m
South, “Planch’Aliz¢”) formed a tight grouping with station Net,
while samples collected from the northern flat (Fixed North and
100m North) clustered with station Coral (Figure 5), although

clustering of samples within stations was distinct when exam-
ined by separating directions (Figure S6).

Marginal PERMANOVA testing indicated that community com-
position varied significantly by Station (F=1.118; p=0.001) and
by the interaction between Day and Sampling Event (F=1.452;
p=0.001), with station explaining a greater proportion of
variation in community composition (R?=0.095, Table S5).
Subsequent analyses showed that community composition dif-
fered significantly between nighttime and daytime samples
within each day (F=2.591-3146; p=0.004). Pairwise compar-
isons among stations further indicated significant differences
for most station pairs (F=1.349-3.680; p <0.05, Figure S8), in-
cluding a fixed station sampled at both the beginning and end
of sampling events. In contrast, several stations located closer
to the separation between the flats were not significantly dif-
ferent (F=0.985-1.266; p>0.05, Figure S8). When examined
separately, communities also differed between northern and
southern reef flats (F=3.212; p=0.001), consistent with the
broad spatial clustering observed in the ordination (Figure 5;
Table S5). Further, Mantel testing did not detect a significant
relationship between geographical distance and community
dissimilarity among stations (Mantel r=0.115; p=0.270), sug-
gesting limited evidence for distance-based structuring. Tests
for homogeneity of multivariate dispersion were significant for
both Station and the Day x Sampling Event interaction (permu-
tation tests, p <0.05, Table S6), indicating differences in within-
group variability. Pairwise comparisons showed few significant
differences among stations; however, examination within indi-
vidual days showed that dispersion differences between sample
events were inconsistent (Table S6). These results suggest that
differences in community composition are not primarily driven
by differences in dispersion among groups.

Environmental measurements represented by “envfit” arrows
supported increasing temperatures and O, concentrations to-
wards the daytime and southern sampling events (Figure 5), in
alignment with higher measurements recorded during these col-
lections (Figure S9). Temperature and O, concentration were also
significantly associated with variation in community composi-
tion (F=3.831-4.980; p=0.001, Table S7), indicating that these
conditions contributed to community structure. Differences in
environmental conditions were also observed across sampling
factors. Kruskal-Wallis testing indicated significant variation
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FIGURE 3
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FIGURE3 | Accumulation curves for the number of filters (samples) by ASV richness (q=0, left) and sample coverage (right) for Sampling event
(top), Collection day (middle) and Station (bottom). Solid curves ending at colored shapes indicate the ASV richness and sample coverage achieved
by the number of filters collected, while the dashed curves show the predicted richness and coverage to be potentially obtained through additional
filtering (extrapolated). The bottom plots for “Station” denote colored squares for northern stations and circles for southern stations. In every plot,

95% confidence intervals are denoted by shading.
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FIGURE4 | Upset plot for all stations. The bottom panel shows the dot matrix representing the top 35 intersections among stations, defined as the
highest number of ASVs. The connected dots indicate shared occurrences. Blue dots denote the intersection among northern stations, while orange
dots denote the intersection among southern stations. The middle panel displays the number of ASVs associated with each interaction. The top panel
shows the relative abundance of sequence reads (based on unnormalized read counts) assigned to the 10 most represented metazoan phyla for each

intersection indicated by the dot matrix.

in temperature among stations and the Day x Sampling Event
interaction (p<0.05), while O, concentration and saturation
did not differ significantly among stations (p>0.05) but varied
when temporal factors were considered (p <0.05, Table S8).

3.5 | Differences in Sampling Event Communities
Reflected Shifts in Assigned Taxonomic Groups

The separation between nighttime and daytime samples in ordina-
tion space (Figure 5) prompted further examination into the tax-
onomic differences between these sampling events. Differential
sequence abundance analysis identified numerous ASVsassociated
with daytime and nighttime sampling events. When aggregated at

the assigned family level, these ASVs corresponded to 270 families,
many of which were represented in both sampling events. Of these
families, a subset (n=149) was exclusively associated with either
sampling event. To refine understanding of the most represented
families detected exclusively during each sampling event, the most
relatively abundant were further selected from the 149 families,
using a threshold of sequence abundance values expressed as log-
CPM >7. Of these 49 families remaining, 29 were identified during
the nighttime sampling events, matching to assigned families such
as Belonidae (Needlefish), Chanida (e.g., milkfish), Tetraliidae
(crabs), Pseudocerotidae (flatworms), Euphylliidae and Fungiidae
(corals), as well as Thorectidae (sponges) (Figure 6). Further, 20
families were identified as highly relatively abundant across day-
time collections, such as Hipponicidae (snails), Calappidae (crabs),
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Alpheidae (shrimp), Actinocyclidae (sea slugs), and Oceaniidae
(hydrozoans) (Figure 6).

To assess patterns across collection days, analyses were also con-
ducted separately for each day using all significant features (FDR
<0.001), without additional filtering by relative sequence abun-
dance. Across the nighttime events, the number of assigned fami-
lies represented among differentially abundant ASVs was highest
on Day 3 (n=46) and Day 4 (n=31), with 36 families shared across
Day 2, Day 3, and Day 4 (Figure S10). Across daytime events, the
number of assigned families was highest on Day 3 (n=26) and
Day 4 (n=29), followed by Day 2 (n=19). Overlap in differentially
abundant families across days showed that relatively few assigned
families were consistently associated with either nighttime or day-
time sampling events. Two families (Acanthuridae, Trochidae)
were significantly more relatively abundant, in terms of sequence
representation, in nighttime samples across all 4days, while 13
families were significantly more relatively abundant in daytime
samples across the collection period (Figure S10).

4 | Discussion
We followed the spatiotemporal evolution of faunal communities

inhabiting the La Saline—Hermitage coral reef complex distrib-
uted across a geographic area of approximately 600 m?, through

the collection of eDNA samples obtained by self-constructed and
user-friendly USVs. The resulting DNA metabarcoding data un-
derwent rigorous processing and taxonomic assignment, using
bioinformatic workflows applied to leverage multiple reference
databases for more improved assignments, and to maximize
the analytical potential of the dataset. Several patterns emerged
from the study data, with one of the most prominent being the
differentiation between sampling events on each collection
day, suggesting diel shifts in community composition around
Hermitage Pass.

4.1 | Broad Spatiotemporal Flux Around
Hermitage Pass as Revealed by eDNA Sampling

The La Saline—Hermitage complex has been the subject of
numerous surveys, identifying site differences in coral reef
community composition and distinct physico-chemical charac-
teristics that shape this ecosystem (Tourrand et al. 2013; Bajjouk
et al. 2019; Tedetti et al. 2020). In particular, recent eDNA-based
analyses identified distinct communities near the GCRMN
sites of Toboggan and Planch'Alizé, separated by 2km (Cowart
et al. 2025). We focused on the area between the two sites to
assess the spatial scale at which assemblages begin to diverge
(Figure 1). At the finer spatial scale, community composition
varied between the stations on the two reef flats, supporting
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the hypothesis that the physical break between flats contrib-
utes to structuring metazoan assemblages (Figure 5; Table S5).
However, substantial variation was also observed among the sta-
tions within each reef flat, indicating that community composi-
tion was not homogeneous at this scale. Notably, the two “fixed”
stations, initially selected as representatives of each flat despite
being separated by only 35.6m across Hermitage pass, did not
fully capture the range of communities observed across stations
on the same flat (Figure S8). In addition to spatial variation,
differences in community composition were observed between
sampling events within collection days (Table S5). Together,
these results indicate that both spatial structure and short-term
temporal variability contribute to patterns in eDNA-detected
assemblages within the study area, while also highlighting the
value of localized, high frequency eDNA sampling to capture
these dynamics.

While most samples broadly grouped according to their posi-
tioning either north or south of the pass, exceptions were ob-
served. In particular, station Net and station Coral did not
consistently cluster with other stations from their respective
reef flats; Net samples largely grouped with southern stations,

while Coral samples were most closely associated with northern
stations in ordination space (Figure 5). Pairwise statistical com-
parisons supported similar community compositions between
Net and some southern stations (Fixed South and 50m South),
and between Coral and one northern station (Fixed North—
P1), although these relationships were not consistent across
all comparisons (Figure S8). Notably, Net and Coral remained
compositionally distinct from one another, despite their similar
benthic composition and close geographic proximity (51.5m,
Table S2). These patterns coincided with differences in envi-
ronmental conditions at the reef flats, with southern stations
and Net exhibiting more distinct separation in temperature,
O, concentration and O, saturation between sampling events,
whereas northern stations and Coral showed substantial overlap
in these measurements between sampling events (Figure S9).
This suggests that environmental conditions were more consis-
tent across sampling events on the northern reef flat and Coral.
Overall, the alignment between environmental similarity and
ordination patterns indicates that communities at Net and Coral
may be influenced by conditions more similar to those on the
opposite reef flat. This emphasizes the role of localized environ-
mental conditions combined with habitat heterogeneity near the
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boundary between flats, resulting in mixed community signals
in this area.

With respect to taxonomic composition, relative sequence read
abundances of phyla were broadly consistent among stations
(Figure 4, top), suggesting that higher-level taxonomic struc-
ture was relatively stable across the study area. In contrast, ASV
richness did not differ significantly among stations (Figure S5).
Further, samples recovered approximately 44%-65% of the
present ASVs across stations, indicating that increasing sam-
pling effort would likely identify additional ASVs and taxa. The
moderate coverage may also reflect methodological constraints.
First, some samples were not retained due to low sequencing
depth, while dataset normalization using a rarefaction thresh-
old further excluded samples (Table 1), suggesting that improved
sequencing depth and increasing samples may aid in continued
taxonomic characterization at these stations.

4.2 | Diel Variation in Community Composition

One key finding was the difference between communities sur-
veyed between sampling events, a pattern which persisted when
examining each day (Figure 5, Table S5). Differences between
sampling events are unlikely to be strictly attributable to light
versus dark conditions, as sampling events spanned 4h on av-
erage and sometimes overlapped with crepuscular periods
(Table S1). On Day 1, for instance, sampling began within the
03h00h and finished within the 08 h00h, with sunrise occur-
ring at 06h07. Additionally, the time difference between when
one sampling event ended and the next event began (i.e., the
period in which no sampling occurred) ranged from 5 to 8h.
This is in accordance with a previous study recording rapid
diel changes in tropical eukaryotic communities of the Chagos
Archipelago (western Indo-Pacific), over a period as short as 6h
(Dowell et al. 2024). Although samples were grouped into night-
time and daytime sampling events based on study design, some
collections occurred near transitions in light conditions and as
such, “nighttime” and “daytime” groupings reflect broad diel pe-
riods rather than strict light-defined categories. Therefore, ob-
served differences between sampling events likely capture both
light-related and short-term temporal variation in eDNA signals.
Additionally, there was no identified consistent relationship be-
tween sampling time and community similarity. Samples col-
lected within the same hourly window did not necessarily cluster
together in ordination space (Figure 5). For instance, samples
collected within the same hour on Day 3 were compositionally
distinct, while samples collected near transitions in light condi-
tions did not consistently cluster together (Figure 5, Table S1).
Altogether, this suggests that timing and light transitions alone
did not drive the patterns in community composition.

4.3 | Taxonomic Drivers of Diel Differences

Several assigned metazoan families were found to have rela-
tively higher sequence read abundances either during nighttime
or daytime sampling events (Figure 6). Although these analy-
ses highlight taxa contributing most strongly to differences ob-
served between these samples, these results are to be interpreted
with caution. Taxonomic assignment remains challenging due

to limitations in genetic reference databases for the island's
coral reef-associated species, and therefore, we examined taxo-
nomic patterns at the family level (see Kelly et al. 2018; Dowell
et al. 2024), despite ecological interpretations being constrained
at this resolution (Bevilacqua et al. 2012). Furthermore, the
detection of an assigned family during nighttime or daytime
sampling does not necessarily indicate that they are strictly noc-
turnal, diurnal or crepuscular in activity or lifestyle, but reflects
that their eDNA had been released and persisted at the time
sampling (Barnes et al. 2014).

Nocturnal communities are of specific interest as organismal
activity is more difficult to observe due to low light, resulting
in fewer data on nocturnal marine organisms compared to
those active during the light hours (Hammerschlag et al. 2017).
Among the hundreds of families shared across multiple days
in both nighttime and daytime collections, only two families,
Acanthuridae and Trochidae, were consistently detected across
all four collection days (Figure S10). Although the fish family
Acanthuridae (surgeonfishes, tangs and unicornfishes) is pri-
marily composed of tropical coral reef species that are broadly
diurnal, some species, such as Naso unicornis, sometimes exhibit
nocturnal activity, namely commuting and foraging (Meyer
and Holland 2005; Collins et al. 2022), which may explain why
eDNA assigned to this family was detected during the nighttime
sampling events. Further, algal grazing has been observed in
at least one species of the family Trochidae (top snails) during
dark periods (Evans et al. 2011), though behavioral data for this
family and related taxon remain scarce, particularly for those
inhabiting the island's lagoons.

Several families such as Calappidae box crabs, Hipponicidae
and Tornidae snails, Actinocyclidae sea slugs (nudibranchs),
and Alpheidae snapping shrimp had relatively more abundant
sequence reads in samples collected during the daytime sam-
pling events (Figure 6). Calappidae box crabs, such as the spe-
cies Calappa hepatica, have been observed actively foraging,
burrowing, and re-emerging during the daytime (Betti and
Hoeksema 2024). Further, some members of the Alpheidae
shrimp exhibit diel variation in snapping activity, which is as-
sociated with behaviors such as burrowing, foraging, and com-
petitive interactions, and is influenced by light conditions (Song
et al. 2023). The detection of these taxa within daytime samples
may therefore partly reflect daytime biological activity, although
detection is also likely influenced by other environmental pro-
cesses (discussed below).

eDNA matching to sessile or functionally sessile animals, such
as sponges (e.g., Thorectidae, Tedaniidae, Phloeodictyidae),
were more highly represented in nighttime collections, though
barnacles (e.g., Tetraclitidae) were also detected during daytime
sampling events (Figure 6). Signals from these sessile organisms
suggest that eDNA detection could be due to their presence as
well as diel activities influencing DNA release. For instance,
certain sponges filter algae during light and dark periods, with
clearance efficiency varying according to the algae and the
time of day (Varamogianni-Mamatsi et al. 2021), while others
can increase pumping and oxygen uptake at night (Moskovich
et al. 2023), all of which could account for eDNA being released
into the surrounding environment. Similarly, some barnacle
species exhibit context-dependent feeding activity, with feeding
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rates varying across diel cycles in response to changes in food
availability and predation risk (Pasternak and Achituv 2007).
Notably, several families assigned to sequences detected in the
samples are not currently reported from Reunion Island (e.g.,
Alatinidae box jellies, Boloceroididae anemones, Pisionidae
worms; Global Biodiversity Information Facility [GBIF] 2025,
https://www.gbif.org/). Reference sequence coverage remains
limited for many of the island's taxa (Coué&del et al. 2024), con-
sistent with the wider underrepresentation of tropical species
in genetic databases (Huerlimann et al. 2020). As a result, se-
quences may be assigned to the closest available match (Keck
et al. 2023; Mugnai et al. 2023), and some detections may reflect
cryptic or misidentified species whose sequences cluster more
closely with taxa described elsewhere. Altogether, this high-
lights the need for customized regional reference databases to
enhance the accuracy of eDNA-based biodiversity assessments
for the island's coral reef assemblages.

4.4 | Environmental Influences on eDNA
Distribution

In the study system, currents move parallel to shore on the
northern and southern reef flats, converging at the break be-
tween the two flats, where they join the stream flowing from
the gully before being funneled through Hermitage Pass to-
wards the fore reef and open ocean (Tedetti et al. 2011; Lagoutte
et al. 2024). These hydrodynamic and geomorphological fea-
tures may influence the movement of eDNA within this reef
system. Communities from multiple stations closest to the fore
reef and Hermitage pass (e.g., Net and adjacent stations such as
Fixed South, 50m South) were not consistently distinct when
compared (Figure S8), suggesting localized similarity in com-
munities across shorter spatial scales. In contrast, stations lo-
cated farther from this boundary (e.g., 100 m North, 100 m South
and “Planch'Alizé”) showed more distinct community compo-
sitions, with fewer to no non-significant pairwise comparisons
(Figure S8). Taken together, these patterns suggest that commu-
nity similarity may decrease with distance from the reef break
and among more isolated stations (i.e., “Planch'Alizé¢”). While
localized water movement may contribute to these patterns, the
observed similarity could also reflect relatively homogenous
habitat conditions among nearby sites. Overall, the limited spa-
tial dispersal of eDNA signals seen at some stations is consis-
tent with observations in other marine systems (Port et al. 2016;
O'Donnell et al. 2017; Jeunen et al. 2019; Kelly et al. 2018;
Murakami et al. 2019; Baetscher et al. 2024).

Altogether, these patterns support our initial hypothesis that
the physical break at Hermitage Pass contributes to structuring
community composition, while also suggesting a potential influ-
ence of localized hydrodynamics and environmental variation.
For example, features such as the gully stream may help to act
as a partial boundary that influences water movement between
the flats. In addition, clear diel variability of environmental
conditions was observed, with temperatures fluctuating by as
much as 5°C within 24-h periods. Southern stations experienced
consistently higher daytime temperatures and elevated O, con-
centration and O, saturation, likely reflecting greater solar ex-
posure and higher photosynthetic activity at Hermitage (Clavier
et al. 2008; Lagoutte et al. 2024). Such patterns typically result

from photosynthetic oxygen production and respiration, water
mixing, and elevated metabolic activity under tropical condi-
tions (Nelson and Altieri 2019). Despite the spatial structure
observed, Mantel testing did not detect a relationship between
geographic distance and community similarity, as has been
reported elsewhere (O'Donnell et al. 2017; Dugal et al. 2023).
This suggests that community patterns are influenced more by
spatial organization and environmental variation than by dis-
tance alone.

The distribution of eDNA reflects an interaction between its
release, degradation time and transport that is influenced by
environmental conditions and water movement (Barnes and
Turner 2016). Elevated temperatures and solar exposure are
known to accelerate eDNA decay and detectability (Huerlimann
et al. 2020; Lamb et al. 2022), particularly in tropical systems,
while hydrodynamic conditions can influence its redistribution
(Xiong et al. 2025), complicating the interpretation of spatial
patterns. In this tropical coral reef system, elevated tempera-
tures, particularly during the daytime sampling events on the
southern reef, along with hydrodynamic conditions, may con-
tribute to faster eDNA degradation and reduced dispersal be-
tween stations, potentially resulting in largely station-specific
signals observed. Observed diel differences further suggest that
biological activity likely contributes to temporal variation in
eDNA signals, possibly reflecting shifts in organismal presence
or behavior between sampling events. More refined experimen-
tation, as well as environmental sampling that includes rigorous
measurements of local currents will be essential for resolving
the mechanisms shaping eDNA transport and distribution in
this area.

These relationships between stations and their positioning
suggest three prospective stations for longer term monitoring:
one location on the northern flat (e.g., 100 m North), one on the
southern flat (e.g., 100m South), and another at station Net. On
the northern reef flat, Fixed North and 100m North exhibited
similar community composition, suggesting that they capture
eDNA signals representative of that area. Station 100m North,
however, was more compositionally distinct from southern sta-
tions and station Net, indicating that it may better represent the
northern assemblages with less influence from the pass and
the fore reef. On the southern reef flat, Fixed South and 100m
South shared similar community composition, but 100m South
showed greater dissimilarity from other stations overall, sug-
gesting that it may capture a broader component of southern
assemblages farther from the pass. Station Net, located near the
fore reef, exhibited similarities with several southern stations,
indicating that it may represent a transitional zone where eDNA-
based community signals may converge. Altogether, these three
stations span separate and transitional zones of the study region,
and their combined use for longer term monitoring could pro-
vide effective coverage of spatial variability, while aiding the
detection of rapid temporal changes in metazoan communities.

4.5 | Insights and Areas for Advancement
eDNA-based surveys, paired with low-cost, easily constructed

surface vehicles, offer a valuable approach for monitoring
changes in biodiversity at dynamic coastal habitats, particularly
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https://www.gbif.org/

under rapidly changing conditions. Events such as the pas-
sage of Cyclone Garance in February 2025 highlight the need
for high-frequency sampling approaches that can capture both
short-term ecological dynamics and recovery trajectories fol-
lowing extreme weather events, improving our understanding
of ecosystem resilience.

The self-constructed USVs proved effective for repeated eDNA
sampling across multiple days, operating through the collection
period. Nonetheless, all biodiversity survey approaches have
inherent limitations in resolution, labor and taxonomic scope.
Some constraints were encountered, particularly due to low
water levels during February 2024. This required that sampling
events were planned around high tides where at least 20cm of
water was available for operation, sometimes shifting timing
across dawn and dusk periods. Additionally, shifts in local la-
goonal conditions, such as increased sedimentation and algal
presence, clogged filters, leading to inability to collect some sam-
ples. Filter clogging may be somewhat alleviated by using filters
with larger pore sizes (e.g., 1.2um), depending on the biological
targets of interest. Ultimately, the USVs enabled safe sampling,
particularly at night when visibility was low, as well as at station
Net, where swimming and boating access is prohibited due to
hazardous currents. Moving forward, the USV prototype will
likely require more robust mechanical parts for longer-term use,
and integrating environmental sensors on these devices would
allow automated, precise and consistent measurements of local
environmental conditions during sampling. Mounted cameras
would additionally pair eDNA surveys with visual surveys, to
provide complementary validation of detected fauna.

In the context of continued research questions, a key prior-
ity will be to gain a deeper understanding of eDNA transport
dynamics, which requires additional study of DNA degrada-
tion under tropical environmental conditions, as proposed by
Huerlimann et al. (2020). This will help to more accurately link
hydrodynamics with eDNA persistence and dispersal around
Hermitage Pass. Concurrently, additional steps should focus on
identifying specific species driving diel and spatial differences
in community composition, to be addressed with simultaneous
visual censuses and eDNA surveys, the application of multiple
genetic markers, and continued contribution to regional genetic
databases.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Taxonomic assignment
workflow for Amplicon Sequence Variants (ASVs) following DADA2
processing in the SAMBA workflow. Green boxes denote the num-
ber of ASVs assigned using reference databases (yellow boxes), while
number of ASVs in the red boxes denote the number remaining unas-
signed. Figure S2: Post SAMBA workflow for data processing and sta-
tistical analyses. Figure S3: Proportion of ASVs (left) and sequences
(right) assigned to the 15 most prominent metazoan phyla. “Others” in-
cluded Chaetognatha, Ctenophora, Entoprocta, Nematoda, Priapulida,
Tardigrada, and Xenacoelomorpha. Figure S4: Relative abundance of
sequences assigned to 104 ASVs detected across 14 negative field con-
trols. Taxonomic labels are reported at the family level for ASVs with
>85% sequence identity, while those not meeting this threshold are
classified as “Unassigned”. Figure S5: Observed (top) and expected
(Chaol, bottom) ASV richness by Station. Results from Scheirer-Ray-
Hare testing were significant (p <0.05) for Station, while post-hoc Dunn

comparisons were not (p >0.05). Figure S6: CCA plot by Direction
(North and South) modeled as a function of spatial (Station), temporal
(Day and Sampling event) and abiotic (Temperature and O, concen-
tration) factors, for the Hellinger transformed dataset. O, saturation
showed high colinearity with O, concentration and was therefore not
included. Each point represents a sample, which are color and shape
coded. Figure S7: CCA plot by Day modeled as a function of spatial
(Station), temporal (Day and Sampling event) and abiotic (Temperature
and O,concentration) factors, for the Hellinger transformed dataset.
0, saturation showed high colinearity with O, concentration and was
therefore not included. Each point represents a sample, which are color
and shape coded. Figure S8: Grid of pairwise PERMANOVA results
between each Station. Blue cells indicate BH corrected p-values below
the significance threshold of <0.05, while light grey cells indicate non-
significant p-values. F-values are shown in each cell. Figure S9: Plots of
(A) temperature (°C), (B) O,concentration (mg/L) and (C) O,saturation
(%) by Station, for each Sampling event. Station names on the x-axis
were organized by their broad groupings north or south of Hermitage
Pass based on CCA ordination analyses. Figure S10: Diagrams illus-
trating numbers and percentages of families assigned to the ASVs iden-
tified as significantly abundant during the nighttime (top) and daytime
(bottom) sampling events, on each collection day. The color gradient in-
tensity illustrates the count of families across sampling days. Families
not meeting the >85% sequence identity threshold are classified as
“Unassigned” and were not included in the counts. Table S1: Metadata
for all samples collected. Stations are organized by their location north
or south of Hermitage Pass. Latitude and longitude are reported in
decimal degrees, and times are in hh:mm format. The “Time” column
reports sampling time in hourly bins. Table S2: Pairwise distance ma-
trix for sampled stations, in meters, and observed benthic composition.
Table S3: List of broad taxonomic groups and associated number of
ASVs and number of sequences. Grouping refers to whether the taxa is
metazoan or non-metazoan. Table S4: Numbers of assigned metazoan
families, genera and species by station, collection day and sampling
event. “Percent ASVs assigned” refers to the percentage of total ASVs
assigned at each respective taxonomic level. Table S5: Multivariate test-
ing strategy and results. PERMANOVA tests were conducted to iden-
tify whether community composition differed among spatial (station)
and temporal (day, sampling event) factors. Table S6: Permutation test
results (at 999 permutations) for differences between groups (Station
and Day x Sampling_event interaction), based on multivariate homo-
geneity of groups dispersions assessed using betadisper on Bray-Curtis
dissimilarity distances. Table S7: Multivariate testing strategy and
results. PERMANOVA tests were conducted to assess whether varia-
tion in community composition was associated with abiotic variables
(temperature, oxygen concentration). Table S8: Kruskal-Wallis Rank
Sum test results for examining temperature and oxygen measurement
differences in the distributions among factors.
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