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ABSTRACT

Tropical estuaries are hyper-diverse ecosystems, hosting essential habitats for freshwater, euryhaline, and marine life.
Understanding how biological communities are distributed in these systems has long been a challenge because of their inher-
ent dynamic nature and the diversity of interacting natural pressures and anthropogenic stressors they are subjected to. In
addition, most studies focus on a single taxonomic group, hindering a comprehensive understanding of the interactive effects
of natural and human-driven environmental variations on the different components of tropical estuarian biodiversity. In this
study, we used environmental DNA (eDNA) metabarcoding to examine the structure of multi-taxonomic communities, from
diatoms to fish, and their relationships with environmental drivers in three differentially impacted locations facing the Great
Barrier Reef in Central Queensland (Australia). We first demonstrated that eDNA signals from sediment and water matrices
provide complementary information and that both should be monitored for a more holistic understanding of community tra-
jectories in anthropogenically impacted aquatic environments. We also observed that, independently of the taxonomic group
considered, communities were primarily structured by the ecological conditions of the estuary. A within-estuary differentiation
along an upstream-downstream gradient was detected but only for small-bodied organisms, which further adds credence to
eDNA approaches as an ecologically relevant tool for monitoring fine-scale biodiversity patterns even in profoundly dynamic
environments. Finally, the different communities exhibited contrasting response patterns, in terms of diversity, composition, and
uniqueness, to the anthropogenic gradient. Hence, our findings emphasize the need for multi-taxonomic assessments, for which
eDNA is well suited, to better understand the impacts of multiple stressors on biodiversity and thereby assist decision makers in
the protection and management of tropical estuaries.
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1 | Introduction

Because of their unique location along the land-sea continuum
in hyper-diverse regions, tropical estuaries host an extraordi-
nary biodiversity, from freshwater to marine species (Twilley
et al. 1996; Pearson et al. 2021). These highly dynamic sys-
tems provide many essential functions and services to humans,
e.g., water purification, carbon storage, habitats, fish nurs-
eries (Levin et al. 2001; Pearson et al. 2021). Globally, estuar-
ies are facing increasing threats from the cumulative impacts
of climate change and local anthropogenic pressures (O'Brien
et al. 2019) that might have a wide spectrum of intertwined im-
pacts on aquatic biodiversity and ecosystem processes (Johnston
and Roberts 2009; O'Meara et al. 2017).

The naturally dynamic and transitional physico-chemical prop-
erties of estuaries, coupled with a potentially wide range of
anthropogenic stressors, make assessing their biodiversity and
condition particularly challenging. Tropical regions are indeed
characterized by pronounced seasonal differences in precipi-
tation, with variations in freshwater inputs playing a key role
in structuring estuarine communities (Getz and Eckert 2022;
Venarsky et al. 2022). Biological communities in the water
column are typically distributed along an upstream-down-
stream gradient and driven by variations in the physicochem-
ical properties of the water, especially salinity (Mariano and
Barros 2015; Sheaves 2015). Whilst also affected by salinity
and its correlates (e.g., pH), the composition of benthic biota is
also driven by sediment composition (e.g., particle size and car-
bon content) (Chariton et al. 2010), as well as flow, especially
during larval phases (Snelgrove and Butman 1994). Interacting
with these natural pressures, local human activities are sources
of multiple pressures, including vessel traffic, fishing, urban-
ization, and species invasion. However, from agriculture, in-
dustry, and urban development, a large range of contaminants
are input to estuaries by land-based run-offs, and these stress-
ors are frequently considered the most important threat (e.g.,
Halpern et al. 2008). In urban areas, contaminants can include
complex mixtures of metals, nutrients, sewage, and organic
chemicals, while in agricultural regions, pesticides, nutrients,
and suspended sediments often constitute the dominant con-
taminant inputs impacting estuaries (Inglis and Kross 2000;
Brodie et al. 2012). These contaminants affect the abundance,
the diversity, and the distribution of estuarine biota, resulting in
a strong anthropogenic imprint on community composition at
the watershed level (Chariton et al. 2015). The ecotoxicological
effects of metals and organic contaminants (e.g., pesticides) are
numerous and diverse, being expressed from the sub-cellular
to the ecosystem level (Tlili and Mouneyrac 2021). At the indi-
vidual level, direct toxic effects depend on the taxonomic group
and the chemical exposure (Stronkhorst et al. 2004; Campana
etal. 2012). Atalarger scale, they can have repercussions on pop-
ulation dynamics and ecological interactions between species,
leading to long-lasting alteration of community composition and
ecosystem functioning (Iliff et al. 2019; DiBattista et al. 2020;
Lewis et al. 2021). Similarly, eutrophication, related to increased
nutrient concentration, and excessive sediment loads both in-
crease turbidity and modify light availability to photosynthetic
organisms, with bottom-up consequences on the entire food
web (Lunt and Smee 2014). Algae blooms in eutrophic waters
can have further widespread effects by dramatically decreasing

the dissolved oxygen available to heterotrophic organisms and
by producing toxins that can harm other taxa (Paerl et al. 2016;
Wurtsbaugh et al. 2019). Because of the complexity of these in-
teracting processes, their combined impacts on aquatic biodiver-
sity are difficult to predict and hardly generalizable.

In this context, routine biomonitoring is essential for assessing
ecosystem health, understanding how biotic assemblages re-
spond to human-induced stressors, and evaluating the ecolog-
ical implications of on-ground management actions to restore
the quality of estuarine habitats. Yet, biomonitoring in tropical
estuarine ecosystems remains challenging, and a large fraction
of the eukaryotic biodiversity, with the exception of fish, re-
mains poorly described, even in well-studied hotspots (Mugnai
et al. 2021). Hence, biomonitoring has traditionally been re-
stricted to a few easily identifiable taxonomic groups that only
capture a small fraction of the total biodiversity; despite the
fact that different taxa and their associated communities re-
spond differently to the same set of stressors (Kessler et al. 2009;
Heino 2010; Donald et al. 2021). For example, diatoms are in-
creasingly used as indicators of herbicide toxicity in aquatic
ecosystems, but indirect impacts on higher trophic levels are
highly context-dependent (Mensens et al. 2018; Fleeger 2020).
Similarly, using a replicated whole-ecosystem experiment, Edge
et al. (2020) showed that direct negative effects of a glyphosate-
based herbicide on amphibian and invertebrate assemblages
can be offset by indirect effects related to the reduction in the
macrophyte cover caused by the herbicide applications that pos-
itively affect these animal communities. Such knowledge gaps
on direct and indirect effects of stressors at the multi-taxonomic
community level and potential inconsistencies in cross-taxon
responses to environmental variations can lead to discordance
in management decision making. This highlights the need for
more holistic biomonitoring approaches in order to fully un-
derstand the ecological ramifications of multiple stressors on
aquatic biodiversity (Westgate et al. 2014).

To address these limitations, a complementary tool to classical
biomonitoring, metabarcoding based on environmental DNA
(eDNA), emerged in the last decade for the multi-taxonomic
assessment of biodiversity (Taberlet et al. 2012; Stat et al. 2017)
and ecosystem health (Chariton et al. 2010, 2015). eDNA me-
tabarcoding potentially allows the simultaneous characteriza-
tion of all living assemblages, from microbes to fish, with the
capacity to assist large-scale management actions and resto-
ration efforts by increasing sampling efficiency and taxonomic
coverage at a reduced cost (Nagarajan et al. 2022). As a side
benefit, these comprehensive biodiversity eDNA-surveys can
also help to track emerging disease (Thomas et al. 2022) and
detect invasive species at early stages of the invasion process
(Couton et al. 2022; Pearman et al. 2021). However, the dynamic
hydrology of estuaries poses significant challenges for eDNA-
based biomonitoring (Sanches and Schreier 2020). Freshwater
flow and tides can indeed transport eDNA from its source (Kelly
et al. 2018; Schwentner et al. 2021). eDNA retention time and
dissemination also depend on the environmental matrix sam-
pled. As such, several studies conducted in the marine realm
have shown that taxa detections inferred from different ma-
trices (typically sediment and water) are generally distinct and
complement each other (Koziol et al. 2019; Antich et al. 2021;
Brandt et al. 2021). However, such comparisons between water
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and sediment matrices have never been carried out in tropical
estuaries, which are subjected to higher and more variable tur-
bidity than most freshwater and marine environments, leading
to a potentially higher signal congruency between matrices than
previously reported (Nagarajan et al. 2022).

In this study, we used eDNA metabarcoding, derived from
both sediments and water, for conducting a multi-taxonomic
assessment of three tropical estuarine systems of varying eco-
logical integrity adjacent to the Great Barrier Reef Marine Park
(GBRMP) in Central Queensland, Australia. In that region,
inputs of contaminants from land run-off, along with climate
change, are considered to be the main threats for estuarine bio-
diversity and the coral reef conditions (Brodie et al. 2012; Kroon
et al. 2020). We selected three estuaries as locations that receive
low (Gregory River), medium (St Helen/Murray Creek) and high
(Sandy Creek) inputs of anthropogenic runoff. We targeted all
eukaryotes as well as three taxonomic groups that were selected
for their distinct positions along the trophic network (diatoms,
crustacea and fish). This design was used to evaluate three
overarching hypotheses pertaining to the structure of estuarine
communities and their drivers at different scales, the consis-
tency of patterns among taxonomic groups, and the suitability
of eDNA-based approaches for routine biomonitoring of tropical
estuaries:

H1. We assessed the complementarity of sedimentary eDNA
and water eDNA signals for monitoring biodiversity. Water col-
umn communities might indeed respond more quickly to envi-
ronmental changes than benthic ones. However, in these coastal
waters subjected to high tides, mixing at the water/sediment in-
terface is important, so we hypothesized that sampling one of two
matrices might serve as a surrogate for monitoring the biodiversity
of the other.

H2. We investigated the spatial structure of communities
among and within estuaries, and their relationships with natu-
ral and anthropogenic drivers. Tropical estuaries are subjected
to high seasonality with massive contaminant inputs during the
wet season, but legacy effects of contamination can be long-lasting
and shape communities all year long. Therefore, we hypothesized
that, at the scale of the study area, community composition should
be primarily structured by estuaries, mirroring the different lev-
els of anthropogenic pressure these estuaries are subjected to (i.e.,
their ecological conditions).

H3. We evaluated the consistency of eDNA-based biodiversity
metrics across taxonomic groups. We hypothesized that the differ-
ent communities would exhibit similar trends in terms of alpha-,
beta-diversity and uniqueness patterns being members of an inter-
acting biotic network.

2 | Material and Methods

2.1 | Study Sites

This study was conducted in three tropical estuaries in the
Mackay-Whitsunday region of Central eastern Queensland,

Australia, respectively subjected to low, medium, and high lev-
els of human disturbances: Gregory River, St Helens/Murray

Creek, and Sandy Creek (Figure 1, Data S1). In the Mackay-
Whitsunday region, sugarcane production, along with cattle
grazing and urban development, delivers high loads of pesti-
cides, nutrients, and sediments to coastal waters, and this pol-
lution is considered the second main threat to the Great Barrier
Reef (Brodie et al. 2012; GBRMPA 2019). The mean annual
rainfall is ~1540 mm with high seasonal variability. Most of the
precipitation (> 75%) and contaminant runoff from catchment to
coastal waters occur from December to March (summer-spring
period; Australian Bureau of Meteorology 2022). Sample collec-
tion was conducted during the late dry season from November
26 to 30, 2018, and the accumulated rainfall over the 30days
prior to sampling was unseasonably low, ranging between 7 and
16 mm.

The estuaries were located ~50km apart and capture a range of
ecological conditions, reflecting differences in catchment land
uses and associated contaminant run-off profiles (Figure 1). Two
of the estuaries, Gregory River and St Helens/Murray Creek, are
located within the boundaries of the Great Barrier Reef Coast
Marine Park, a State marine park that runs the full length of
the Great Barrier Reef and provides protection for Queensland
tidal lands and tidal waters. Long-term monitoring of estuarine
conditions has shown that the Gregory River (low-impacted site)
has historically had the highest water quality of all the estuar-
ies monitored in the Mackay-Whitsunday region, categorized
as having both good water and habitat quality and limited con-
taminant run-off (Mackay-Whitsunday-Isaac Healthy Rivers
to Reef Partnership 2020). Most of the Gregory River estuary is
bordered by low-intensity grazing, with a former prawn farm
near the mouth. The St. Helens/Murray Creek estuary (medium-
impacted site) is categorized as a moderately healthy ecosystem,
in which nutrient concentrations, especially nitrogen, often
exceed national guidelines, but concentrations of other mon-
itored contaminants are limited (Mackay-Whitsunday-Isaac
Healthy Rivers to Reef Partnership 2020). In contrast, elevated
concentrations of nutrients and pesticides are regularly moni-
tored in the third estuary, considered highly impacted, Sandy
Creek (Mackay-Whitsunday-Isaac Healthy Rivers to Reef
Partnership 2020). This system has consistently the highest con-
centrations of pesticides of any monitored catchment draining
into the Great Barrier Reef (Smith et al. 2012; Wallace et al. 2016;
Warne et al. 2020).

2.2 | eDNA Sample Collection

Withing each estuary, 10 sites, each located ~1km apart, were
sampled from the mouth in an upstream direction (total n
sites=30; Figure 1c). At the time of sampling, during the dry
season, all the sites were classified as having marine conditions,
with salinity ~35 PSU. At each site, water samples were first col-
lected in triplicate for eDNA analyses, and three sediment cores
were sampled afterwards. For water eDNA analyses, three 2-L
water samples were collected in sterile Whirl-Pak bags (Nasco,
America) and immediately placed on ice for transportation.
Sediment samples were collected using a corer or grab sam-
pling device, depending on the sediment granularity (n=90).
The equipment was sterilized (bleached and rinsed) between
sites to avoid cross-contamination (Chariton et al. 2015; Zinger
etal. 2019). The surface layer (~5cm), the most biologically active
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FIGURE1 | Studyareaandsamplinglocations.(a) Location of the Mackay-Whitsunday natural resource management (NRM) region, Queensland,
Australia. (b) River catchments within the Mackay-Whitsunday NRM region, catchments corresponding to estuaries investigated in this study are
colored in green (Gregory River), orange (St Helens/Murray Creek) and red (Sandy Creek). (c—e) Land use in the catchment of each estuary investi-
gated: Gregory River (c), St Helens/Murray Creek (d) and Sandy Creek (e); golden diamonds correspond to sampling points on the waterways (10 sites
per estuary). At each site, three 2 L-samples of surface water and three surface sediment samples (5-10 cm) were collected.

part of the sediment (Simpson and Batley 2016), was scraped
with sterile tools and transferred into a clean 50-mL falcon tube.
All field samples were kept refrigerated until further processing.

On the same day as sampling, upon return to the field labora-
tory, each sediment sample to be used for eDNA analyses was
homogenized, sub-sampled into 5-mL tubes, and kept frozen
until DNA extraction. One liter of each water sample (i.e., a
total of 3L per site) was filtered on two 0.45um pore-size cellu-
lose nitrate membranes (Djurhuus et al. 2017; Hinlo et al. 2017;
Kumar et al. 2022) using a peristaltic pump (Sentino microbiol-
ogy pump, Pall Life Sciences, MI, USA) within 24 h of collection
(Stat et al. 2017). All materials were bleached (0.5% solution)

and rinsed with deionized water prior to filtering and between
samples from each site to avoid cross-contamination (Zinger
et al. 2019). A minimum of two blanks per estuary was included
to serve as controls for monitoring potential contaminations
during this procedure by filtering DNA-free molecular-grade
water. Membranes were then placed into sterilized 2-mL tubes
and frozen until DNA extraction.

Additional samples and measurements were collected for deter-
mining physico-chemical characteristics of water and sediment
(hereafter called “environmental parameters”) and for conduct-
ing contaminant analyses (“anthropogenic stressors,” i.e., nutri-
ents, pesticides and metals; see below).
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2.3 | Physico-Chemical Measurements
and Contaminant Analyses

Environmental parameters of the water column (including
salinity, pH, dissolved oxygen, turbidity, chlorophyll-a and
temperature) were measured using a calibrated EXO2 YSI mul-
tiparameter sonde (YSI, Yellow Springs, OH, USA). The sonde
(probe) was drowned slowly in the water column until reaching
the bottom; values were recorded every 5s and then averaged
per site. After collecting water samples for eDNA analyses, stan-
dard sampling protocols (Queensland Government Department
of Environment and Science [DES]) were followed for deter-
mining contaminant (nutrient and pesticide) concentrations in
the water column (DES 2018): (i) a 250-mL HDPE bottle was
filled with water after three successive rinses with the sample
water for total nutrient analysis; (ii) a 60-mL portion of water
taken from this bottle was filtered through a sterilized 0.45-um
Minisart cellulose acetate syringe filter (Sartorius, Germany)
into a 125-mL HDPE bottle for dissolved nutrient analysis; (iii)
a 200-mL hexane-washed amber bottle was filled with surface
water for pesticide analyses. Water samples for nutrient and pes-
ticide analyses were placed on ice in the field and immediately
refrigerated (pesticide) or frozen (nutrients) upon returning to
the field laboratory until analysis.

At each site, a composite sediment sample was prepared from
sub-samples of the three cores used for eDNA analyses (see
above), and this composite sample was transported on ice to
the laboratory for sediment physico-chemical and contaminant
analyses. The sediment composite samples were then split into
three portions for further analyses: (i) one was kept refrigerated
for determining total organic carbon content and particle size
distribution (granulometry), (ii) a second one was placed into an
amber jar and frozen at —20°C for pesticide analysis, and (ii) a
third one was placed into a polycarbonate jar and kept refriger-
ated for metal analyses.

Total organic carbon analyses were performed using a high
temperature total organic carbon analyzer (Dohrmann DC-
190, Teledyne Tekmar, Mason, OH, USA; Chariton et al. 2010)
and particle size analysis was conducted by successive sieving
through 500-, 180-, and 63-um meshes and gravimetry. Four
fraction sizes were defined to characterize sediment grain size:
<63um, 63-180 um, 180-500 um and > 500 um.

Metal concentrations in sediments were determined at CSIRO
using a dilute-acid (1M HCI) extractable metals method
(Chariton et al. 2010). Pesticide analyses in both water and sedi-
ment samples were performed by the Queensland Government,
Forensic and Scientific Services laboratory. Pesticides in water
samples were analyzed by direct injection via liquid chroma-
tography with tandem mass spectrometry (LC-MS-MS) while
pesticides in sediment samples underwent a solvent extraction
followed by QUEChERS solid phase cleanup prior to the LC-
MS-MS analysis. Analysis of nutrients in water was carried out
by the DES Chemistry Centre laboratory. Total and dissolved
organic carbon were measured using a non-dispersive infrared
sensor (NDIS). Total Kjeldahl values for nitrogen and phospho-
rus were measured through low-level atomic absorption (AA)
analyses. All analyses were accompanied by quality assurance
measures that included regular analyses of sample blanks,

duplicates, surrogate spike recoveries, and certified reference
material where available (Chariton et al. 2010).

Metal concentrations in sediments were either below the detec-
tion limit or at least one order of magnitude below the guideline
values (ANZG 2018) and therefore not included in subsequent
analyses (Data S1). Similarly, pesticide concentrations in sed-
iments and surface waters were excluded because they were
all under the limit of detection threshold, except in a few sites-
mostly in Sandy Creek-where traces of atrazine, diuron, and
hexazinone were detected in the water but at concentrations
considered not to be harmful for aquatic wildlife (ANZG 2018).
Mean + SEM (standard error to the mean) values of environmen-
tal parameters and anthropogenic stressors per estuary are pro-
vided in Table S1.

2.4 | DNA Extraction, PCR Amplification
and Sequencing

Environmental DNA analyses were performed in a dedi-
cated facility (Environmental DNA and Biomonitoring Lab) at
Macquarie University, Sydney. Water eDNA was extracted from
filter papers using PowerWater kits (Qiagen, Hilden, Germany;
Djurhuus et al. 2017; Lear et al. 2018; Kumar et al. 2022). Before
starting, filter papers were cut into small pieces using sterile
tools; the extraction was then carried out following the manufac-
turer's instructions with the following exception: samples were
initially vortexed into the PowerWater DNA Bead Tube with
Solution PW1 for 10 min instead of 5min, and the tubes were ro-
tated every 2.5min to ensure adequate mixing. Sediment DNA
was extracted from ~0.5g of sediment using DNeasy PowerSoil
kits (Qiagen; Lear et al. 2018; Pearman et al. 2020), following
the manufacturer's instructions. Multiple extraction controls
were included (one per batch of ~15 extractions) using DNA-free
water. DNA extracts were then stored at —20°C.

Different primer pairs were employed to PCR-amplify taxo-
nomically informative DNA markers. One primer pair was
used to get a broad picture over uni- and multi-cellular eu-
karyotes (18S nuclear rRNA V7; Hardy et al. 2010), and three
to specifically target diatoms (18S nuclear rDNA V4; this
study, see also Taberlet et al. 2018), crustaceans (16S rRNA;
Berry et al. 2017) and fish (12S mitochondrial rDNA; Valentini
et al. 2016). Primer sequences and characteristics of these
markers are provided in Table 1. Eight base pair (bp) tags, each
differing by at least 5 nucleotides, were added to the 5" end of
each primer to enable the multiplexing of multiple PCR prod-
ucts into the same library before high-throughput sequencing
(Binladen et al. 2007; Valentini et al. 2009). PCR amplifica-
tions were performed in triplicate to monitor reproducibility
of results and stochasticity of the PCR and sequencing pro-
cesses (Ficetola et al. 2015; Zinger et al. 2019). PCR reactions
were carried out in a 15-uL reaction volume containing 1x
of AmpliTaq Gold 360 MasterMix (Thermo Fisher Scientific,
Waltham, MA, USA), 0.4uM of each primer, and 2 uL of tem-
plate DNA. Thermocycling conditions were adjusted for each
primer pair as described in Table 1. Along with field and ex-
traction blanks, numerous PCR controls (using DNA-free
water instead of DNA) and positive controls were amplified
and later sequenced. The positive controls comprised mock
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Primer pairs employed in this study and their characteristics.

TABLE 1

Thermocycling conditions

Cycling

Mean

ampllicon
length (bp) References

Final
elongation

nb. of

denaturation cycles

Initial

Marker
name

Taxonomic
group

Elongation

Denaturation Hybridation

Primers sequence

Gene region

72°C for 72°C for 10min
1min 30s

50°C for 30s

~161 Hardy 95°C for 10min x40 94°C for 1 min
et al. (2010)

F: 5-TGGTGCATGGCCGTTCTTAGT-3’
R: 5-CATCTAAGGGCATCACAGACC-3’

18S rDNA (V7)

Euka01

Eukaryota

Thisstudy® 95°Cfor 10min x40 95°C for 30s 58°Cfor30s 72°Cfor1min  72°C for 7min

~150

F: 5“-TCCAGCTCCAATAGCGTA-3'
R: 5-AACACTCTAATTTTTTCACAGTA-3’

18S nuclear

rDNA (V4)

Baci01

Bacilliariophyta

mod

51°C for 30s 72°C for45s  72°C for 10min

95°C for 10min x40 95°C for 30s

Berry
et al. (2017)

F: 5-GGGACGATAAGACCCTATA-3’ ~170

16 rRNA

Crust16S

Crustacea

R: 5-ATTACGCTGTTATCCCTAAAG-3’

55°C for 30s 72°C for 45s 72°C for 10min

95°C for 30s

x50

95°C for 10 min

Valentini
et al. (2016)

~64

F: 5-ACACCGCCCGTCACTCT-3'
R:5-CTTCCGGTACACTTACCATG-3'

12S
mitochondrial

Tele01

Teleostei

rDNA

aThese primers overlap the BaciOl primers in Taberlet et al. (2018).

communities made from various concentrations of the same
set of 12 species spanning a wide range of taxonomic groups,
except diatoms (Table S2). These mock communities have
been later used to control for PCR amplification success and
validate the bioinformatic filtering process (Table S2).

The concentration of eukaryotes amplicons was determined
using Quant-iT PicoGreen dsDNA Reagent assays (Thermo
Fisher Scientific) on a PHER Astar FSX plate reader before pool-
ing PCR products in equimolarity (Harris et al. 2010); for low
concentrated samples and blanks, a volume of 10 uL was added.
For other markers, PCR products were pooled by mixing an
equal volume for all samples and blanks. Pooled amplicons were
purified with AMPure XP beads (Beckman-Coulter, Brea, CA,
USA). One library per marker was constructed using a TruSeq
DNA PCR-free protocol. Library preparation and paired-
end sequencing were performed at the Ramaciotti Centre for
Genomics (University of New South Wales, Sydney, Australia).
The eukaryote library was sequenced separately on an Illumina
MiSeq platform (2x250bp paired-end) while those for other
groups were sequenced collectively on an Illumina NextSeq 100
(2x150bp paired-end).

2.5 | Data Processing

Raw sequencing data were first curated using OBITools v.1.2
(Boyer et al. 2016). Paired-end reads were merged using the
illuminapairedend command, and sequences with a low
alignment-quality score (<40, the value corresponding to per-
fect alignment between the last 10 bases of each read) were
discarded. Consensus sequences were then assigned to their
original samples from the 8-bp tags attached to the primers
using the ngsfilter command (with default parameters allow-
ing zero errors on tags and a maximum of two errors on prim-
ers). We then discarded sequences with ambiguous nucleotides
and those with a size outside the expected length range (i.e.,
40-440bp for eukaryotes, 100-240 bp for diatoms, 100-600 bp
for crustaceans, 40-100bp for fish) using obigrep. Identical
sequences were merged with the obiuniq command, which
retains information about their occurrence in each sample,
and sequences with <10 reads over the entire dataset were
removed. Taxonomic assignment was performed using the
ecotag command against in silico reference databases specific
to each marker, generated with the ecoPCR program (Ficetola
et al. 2010) from the ENA (European Nucleotide Archive) da-
tabase (release r140), hosted at EMBL-EBI. Sequences not as-
signed to the correct taxonomic group to which they should
belong (i.e., either eukaryote, bacilliarophyta, crustacea or te-
leost depending on the marker) were discarded using obigrep.
Molecular Operational Taxonomic Units (mOTUs) were cre-
ated using the Sumaclust program (Mercier et al. 2013) with
a 97% similarity threshold (and the -R parameter set to 0.25).
Fasta files were then converted into a sequence-by-sample ma-
trix using the obitab command.

Additional filtering steps were performed in R version 4.0.3
using custom-made scripts (R Core Team 2022). We first dis-
carded PCR products with low numbers of reads. For this,
we compared the density distribution of the log-transformed
number of reads in negative controls and in true samples
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within each library, using the intersection of the two distri-
butions as a threshold (Pansu et al. 2022). Because of differ-
ences in sequencing depths among libraries, this procedure
led to the removal of samples with less than 13,324, 32,220,
741, and 3354 reads for eukaryote, diatom, crustacea, and fish,
respectively. We also removed putative contaminants by dis-
carding any sequence that had its maximal average relative
read abundance (RRA) over the whole dataset in negative con-
trols rather than in true samples (Zinger et al. 2021); so were
those with a taxonomic assignment score <70% which were
considered likely to be chimaeras and/or highly degraded se-
quences. We then merged sequences into mOTUs based on
Sumaclust results and assigned to each mOTU the taxonomic
assignment of the most common sequence composing it. Next,
we discarded PCR replicates with non-reproducible results
(i.e., with a too divergent composition in terms of mOTUs).
For each library, we iteratively determined the density distri-
butions of within- and between-sample Bray-Curtis distances
(based on their reads composition) and discarded replicates
that fell within the distribution of between-sample distances,
the threshold being defined as the intersection of the two den-
sity distributions (Pansu et al. 2022). This process was iterated
until no further replicate was removed. Then, we averaged the
number of reads among replicates from the same sample and
retained only sequences that represented at least 0.1% in at
least one sample. Last, to reduce the impact of low-abundance
false positives that can arise from tag-jumps during Illumina
sequencing, we removed sequences representing <0.1% of
reads in each sample.

2.6 | Statistical Analyses

Prior to analysis, abundance data (i.e., reads counts) were
converted into presence/absence because eDNA-based rela-
tive abundance data is heavily biased by differences in body
size and biomass turnover among taxa as well as amplifica-
tion biases (Chariton 2012); a pattern otherwise observed in
our mock communities. However, for comparison purposes,
analyses were also run using Hellinger-transformed data
for groups hosting mostly micro-organisms (diatoms and
eukaryotes) and provided qualitatively similar results (see
Figures S5-S7).

Except for fish, taxonomic assignment provided reliable infor-
mation only at a high taxonomic level. Since species identifica-
tion was not the objective of this study, we performed all analyses
at the mOTU level, unless otherwise specified. To assess the
complementarity between water eDNA and sediment eDNA,
for each taxonomic group (except fish, which were examined
only through water eDNA analyses), we calculated the Serensen
compositional dissimilarity index, based on presence/absence
data, between each pair of samples. Dissimilarity matrices were
then ordinated using a principal coordinate analysis (PCoA). We
further used perMANOVA in vegan (Oksanen et al. 2022) to test
for significant differences among estuaries and sample matrices
(i.e., sediment vs. water). mOTU sharing among matrices and
estuaries was visualized using the upset tool in the UpSetR pack-
age, allowing us to represent intersections between more than
4 sets (i.e., an alternative to Venn diagram for 4+ sets; Conway
et al. 2017). Finally, we used rarefaction curves implemented

in vegan to estimate the mOTU richness observed within each
matrix per estuary according to the sampling effort (here, the
number of collected samples).

At the regional scale, encompassing all three estuaries, we used
distance-based RDA (db-RDA) for determining natural and an-
thropogenic drivers of community composition for water col-
umn and sediment communities, independently. Prior to this
analysis, we calculated Serensen distance matrices between
pairs of samples for each group, separately. Values were then av-
eraged by site for db-RDA analyses in vegan. Highly collinear
variables (Variance Inflation Factor > 10) were identified using
the vif.cca function implemented in vegan, leading us to discard
total N, dissolved inorganic nitrogen (DIN) and chlorophyll con-
centrations from db-RDA analyses. For each taxonomic group
and matrix, the best model was selected using a forward variable
selection procedure, implemented in vegan, with 10,000 permu-
tations. We then used nested perM ANOVA analyses to estimate
the proportion of variance explained by the variation between
estuaries (inter-estuary variation) and the variation between
sites within an estuary (intra-estuary variation), respectively.
At the estuary scale, we further assessed if communities were
structured along an upstream-downstream gradient that could
reflect either within-estuary variation in environmental param-
eters and/or differentiation by distance. This analysis was also
used to test for the ability of eDNA-based methods to capture
small-scale variations even in highly dynamic environments.
For this, we ran a distance-decay analysis per habitat for each
community; Mantel tests were employed to assess the correla-
tion between distances in community composition and geo-
graphical distances.

To characterize more precisely the differential responses of
communities to environmental parameters and anthropogenic
stressors, we calculated the contribution of each site to the
beta-diversity (‘LCBD’ for ‘local contribution to beta-diversity’;
Legendre and De Caceres 2013) for identifying sites in which
communities exhibited high compositional uniqueness. LCBD
values and their significance were calculated at the estuary-
scale for each group and each habitat (sediment or water col-
umn) independently using the beta.div function in the adespatial
R package (Dray et al. 2023) with 10,000 permutations. We then
investigated to what extent local conditions could lead to con-
gruent patterns of community uniqueness between taxonomic
groups (i.e., if sites that host a community of high uniqueness for
a given taxonomic group tend to also host unique communities
for other groups). For this we assessed the correlation between
LCBD values obtained for each taxonomic group in each habitat
using Spearman rank correlation tests.

3 | Results

Filtered datasets contained 2052 mOTUs for eukaryotes, 792
for diatoms, 200 for fish, and 109 for crustaceans (Table S3;
Figure S1). More than 95% of original samples passed the filter-
ing procedure for eukaryotes and diatoms, but the percentage
was much lower for crustaceans (43%) and fish (60%, only water
samples; Table S3). For these two latter groups, most samples
were discarded, as PCR replicates did not produce highly repro-
ducible results according to our filtering procedure; note that
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this filtering did not result in any specific bias towards a specific
location of matrix types (except for fish, for which up to twice as
many water samples were retained in St Helens/Murray than in
other estuaries).

3.1 | Complementarity of Water and Sediment
Matrices for eDNA-Based Assessment
of Community Composition

The taxonomic composition of communities in both compart-
ments is described in detail in Results and Discussion S1. We here
focus on the comparison of these communities between the two
matrices used (i.e., water vs. sediment). Interestingly, the study
samples were primarily discriminated by the type of matrix
from which the DNA was extracted (i.e., water or sediment) for
both eukaryotes (perMANOVA, pseudo-Fl’169 =72.65, r*=0.30,
p<0.001) and diatoms (perMANOVA, pseudo-F, ,.,=104.31,
r?=0.38, p<0.001), and secondarily by the estuary of origin
(perMANOVA, pseudo-F,,,,=11.88, r*=0.12, p<0.001 for
eukaryotes and pseudo-F, ,,=21.94, r?=0.21, p<0.001 for di-
atoms; Figure 2a,b), invalidating our hypothesis H1. For both
taxonomic groups, this strong differentiation in community
composition between water and sediment samples is further il-
lustrated by the low number of mOTUs they have in common
(Figure S2a,b).
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In contrast, crustacean communities were less differentiated
according to the estuary of origin or the type of matrix, the lat-
ter playing a negligible role (perMANOVA, pseudo-F, ;,=4.78,
r>=0.06, p<0.001; Figure 2c). A relatively high number of
mOTUs were actually unique to a given “estuary-matrix” com-
bination, pointing towards sample specificities that cannot be
explained by only one of these two factors (Figure S2c) and
might reflect the fact that our sampling effort did not allow us
to retrieve the whole diversity of crustacea in either of the two

matrices (Figure S3c).

In terms of diversity, the number of eukaryotic mOTUs re-
trieved in sediments was twice that found in the water samples
(Table S3 and Figures S2-S4). Similarly, diatom richness was
four to five times greater in sediments than in water. In contrast,
crustacean richness was marginally but consistently higher in
water samples (see also Results and Discussion S1).

3.2 | Community Structure Among and Within
Estuaries, and Their Relationships With Natural
and Anthropogenic Drivers

When water column and sediment samples were analyzed
independently, each taxonomic group was primarily dis-
criminated by its estuary of origin in both compartments
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FIGURE2 | (Dis-)similarity in mOTU composition between samples according to the sample type (water and sediment) and the estuary of origin

for (a) eukaryotes, (b) diatoms and (c) crustaceans. Each ordination represents a principal coordinate analysis (PCoA) for a given taxonomic group,

based on the Sorensen distance (presence/absence data) between samples. The shape of points corresponds to the type of sample (triangle for the

water column, rectangle for sediment). Colors reflect the estuary of origin (green for Gregory River, yellow for St Helens/Murray Creek and brown

for Sandy Creek). For both eukaryote and diatoms, the first axis of each PCoA discriminates water and sediment samples.
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FIGURE 3
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FIGURE3 | Communities within each habitat are structured per estuary, independently of the taxonomic group. Ordinations represent distance-
based redundancy analysis (db-RDA) per habitat for each taxonomic group. db-RDA were computed from the average Bray-Curtis distance (based
on presence-absence data) between sites for eukaryote (a, b), diatom (c, d), crustacean (e, f) and fish (g). Fish communities were determined from
water samples only. Only significant environmental variables (p <0.05) are represented: DO (dissolved oxygen, % saturation), pH, phosphate phos-
phorus, salinity, temperature, total P (total phosphorus), TOC water (total organic carbon in the water column), TOC sediment (total organic carbon
in sediments), % silt/clay (percent of silt and clay in sediment, i.e., a proxy for the granulometry), CaCO, (calcium carbonate in sediment). For each
taxonomic group and matrix, the best model was selected using a forward variable selection procedure.

TABLE 2 | Percentage of variance in community composition explained by the estuary and by sites within estuaries, respectively, determined by
nested perMANOVA analyses on presence-absence data.

df Sum of squares F P Variation explained (%)
Eukaryote
Water column
Estuary 2 0.059 10.624 0.001 38.5
Site 27 0.075 7.842 0.001 49.0
Residuals 54 0.019 12.5
Sediment
Estuary 2 0.050 6.216 0.001 19.8
Site 27 0.108 2.453 0.001 43.1
Residuals 57 0.093 371
Diatom
Water column
Estuary 2 0.048 18.545 0.001 51.3
Site 27 0.035 6.465 0.001 37.4
Residuals 53 0.011 11.3
Sediment
Estuary 2 0.073 13.998 0.001 39.0
Site 27 0.071 3.334 0.001 37.6
Residuals 56 0.044 23.4
Crustacea
Water column
Estuary 2 0.106 5.057 0.001 29.6
Site 18 0.188 2.463 0.001 52.6
Residuals 15 0.064 17.8
Sediment
Estuary 2 0.064 3.859 0.001 21.5
Site 17 0.141 1.784 0.001 47.3
Residuals 20 0.093 31.2
Fish
Water column
Estuary 2 0.040 4.533 0.001 19.4
Site 23 0.101 1.846 0.001 49.3
Residuals 27 0.064 31.3
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FIGURE 4 | Distance-decay in community composition similarity within estuaries. Community similarity decreased with geographic distance

for (a) eukaryotes and (b) diatoms but not for (c) crustaceans and (d) fish. Community similarity was measured as 1-Bray-Curtis distance (presence-

absence data) between pairs of sampling points within a single estuary. For St Helens/Murray Creek, only points belonging to the same river flow

were plotted. The shape of points and line color shade corresponds to the habitat sampled (light-colored triangle for the water column and dark-

colored rectangles for sediment) while colors reflect the estuary of origin as in previous figure. Plain and dotted lines represent significant (p <0.05,

Mantel test) and non-significant correlation between community composition dissimilarity and geographic distance matrices, respectively.

(Figure 3 and Figure S5), as expected in H2. The estuary of
origin explained 39% and 51% of the variation in community
composition for eukaryotes and diatoms in the water samples,
respectively (vs. 49% and 37% for the location within estuary;
nested perMANOVA p<0.001; Table 2 and Table S5). This
proportion was lower for sediment communities, ranging be-
tween 20% for eukaryotes and 39% for diatoms (vs. 43% and
38% for the location within estuary; nested perMANOVA
p<0.001). For crustaceans and fish communities, 19%-30%
of the variation was explained by the estuary of origin (vs.
47%-53% for the location within estuary; nested perMANOVA
p<0.001; Table 2).

Although communities were primarily structured by estuar-
ies, we observed a significant distance-decay for eukaryote
and diatom communities within most estuaries (Mantel test
r=0.33-0.69, p<0.05; Figure 4 and Figure S6), indicating an
upstream-downstream gradient in community composition.
The only exceptions were eukaryote and diatom communities
in sediments of St Helens/Murray (p>0.05, Mantel test r=0.27
and 0.03 for eukaryotes and diatoms). In general, water samples
were more similar within estuaries than sediment samples for
eukaryotes and diatoms. Conversely to small-bodied organisms,
no significant distance-decay was observed for larger organisms
(fish and crustaceans, Mantel test p>0.05).

Community composition among and within estuaries was
associated with a set of environmental characteristics, some
being specific to the taxonomic group and/or matrix (Figure 3
and Figure S5). Water acidity (pH) and dissolved oxygen (DO)
were correlated with the composition of all groups, in both
the water column and sediments (p <0.05 in db-RDA analy-
ses), except for crustaceans in sediments. Similarly, the best
models, determined individually for each group and matrix,
showed that all communities (except crustacean ones) were
associated with phosphate phosphorus (PP) concentration
(Figure 3a-g). These three parameters, plus phosphate con-
centration, were the main determinants of fish assemblages
(Figure 3g). Eukaryote and diatom communities in the sedi-
ments were associated with the almost same set of water pa-
rameters (pH, PP, DO and salinity, in addition to total P for
eukaryote) and sediment characteristics (total organic carbon
(TOC); Figure 3b,d). The same pattern was observed in the
water column where a similar set of water characteristics (pH,
PP, DO, TOC and salinity, in addition to turbidity for diatoms)
influenced the composition of these two groups (Figure 3a,c).
Finally, crustacean assemblages in the water column and sed-
iment were influenced by a totally different set of environmen-
tal parameters (water pH, DO and TOC for crustacean living
in the water column vs sediment granulometry and phosphate
concentration for sedimentary ones; Figure 3e,f).
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3.3 | Consistency of Alpha-, Beta-Diversity,
and LCBD Patterns Among Taxonomic Groups

All communities showed consistent beta-diversity patterns at
the regional scale, characterized by strong levels of inter-estuary
variation (Figure 3); but they differ at the intra-estuary scale
(Figure 4). These changes were, in general, mostly due to the
turnover in community composition among locations rather
than differences in mOTU richness (especially for small-bodied
organisms, see Results and Discussion S1; Table S4) and were as-
sociated with different sets of environmental drivers (Figure 3).

When differences in richness among estuaries existed, they
were neither uniform nor directional (Figure S3), contrary
to the expectations from H3. For instance, the richness of di-
atoms in sediments was significantly higher in Gregory River,
but that pattern was not observed in other taxonomic groups.
Similarly, richness in the water column was higher in St Helens/
Murray for most groups, except for Crustacea. At the estuary
level, we observed a trend towards a higher eukaryotic richness
in the water column in downstream sites, but not in sediments
(Figure S4). This trend was also observed for pelagic diatoms
in Saint Helens/Murray and to a lower extent in Sandy Creek.
No noticeable difference was detected for fish and crustaceans.
Finally, we used LCBD (local contribution to beta-diversity) to
assess the uniqueness of each site. LCBD values measured at
the estuary level showed a low congruence between taxonomic
groups and matrices (Figure 5 and Figure S7), further invalidat-
ing H3. None of the sites exhibited significant LCBD values for
all taxonomic groups simultaneously, and only three significant
positive correlations in LCBD values among all “group-matrix”
combinations were observed (Figure 5g). Among them, the two
strongest correlations were between diatoms and eukaryotes in
the water column on one side, and in the sediments on the other,
which can partly be explained by the fact that diatoms represent
between 17% and 19% of the eukaryote community (Figure S1).
However, for both groups, LCBD values observed in sediment
and water were negatively correlated.

4 | Discussion

4.1 | Sampled Matrices Provide Complementary
Pictures of Community Composition

By conducting eDNA-based multi-taxon surveys (including all
eukaryotes and three taxonomic groups at different trophic lev-
els), we first demonstrated that eDNA from the water and sed-
iment matrices each captured unique, but also complementary,
perspectives of the biological communities within the region's
estuaries. A vast majority of mOTUs were either unique to the
water column or sediments (independently of the location), with
few being shared among matrices (Figure S2). Contrary to our
hypothesis H1, these results emphasize that in these shallow
and highly dynamic systems which are subjected to high tide
cycles and frequent particle resuspension, sampling of eDNA
from the water column cannot be used as a surrogate for char-
acterizing the sediment communities, and vice-versa. In that
regard, our findings mirror observations from other marine
ecosystems such as tropical reefs (Koziol et al. 2019), coastal
hard substrate (Antich et al. 2021) and deep-sea environments

(Brandt et al. 2021). Nevertheless, because eDNA transport in
aquatic systems includes both horizontal and vertical transport
through particle resuspension (Harrison et al. 2019), we expect
the observed strong differentiation between matrices to be less
marked in the wet season when velocities and flows are exten-
sively greater, increasing the mixing between the water and sed-
iment matrices; a hypothesis to be tested in future studies.

The effect of the type of matrix sampled on community com-
position was particularly pronounced for diatoms and eukary-
otes (Figure 2). The animal eukaryotic community in sediments
was dominated by nematodes (roundworms) and, to a lesser
extent, by annelids (segmented worms; Figure S1 and Results
and Discussion S1), which generally reside in soft sediments and
represented a negligible fraction of the eDNA in the water body
(DiBattista et al. 2020). Conversely, most crustaceans are free
living and highly mobile, and although some of them are sed-
iment dwelling, the absence of strong differentiation according
to the matrices (Figure 2) suggests that both compartments per-
form equally well in characterizing crustacean communities.
However, Crustacea detection was relatively stochastic, which
might be explained technically by primer biases and an incom-
plete sampling effort, and/or biologically by the molting cycle of
crustaceans that largely influences DNA release in the environ-
ment (Chandler et al. 2024). In both water and sediment sam-
ples, crustaceans were dominated by decapods (order Decapoda)
and copepods (order Calanoida; Figure S1 and Results and
Discussion S1). Some taxa with a bentho-pelagic life cycle were,
however, better detected in the water column (e.g., sessile crus-
tacea from the order Sessilia), likely reflecting the larval disper-
sion of these species (Ip et al. 2021). Consequently, even when
water eDNA fails to properly mirror soft-sediment communi-
ties, it may still have potential as a biomonitoring tool for hard-
substrate species with a larval stage (Couton et al. 2022).

4.2 | All Communities Are Primarily Structured
by Estuary, Reflecting Their Ecological State, but
Small-Scale Within-Estuary Structure Emerges
for Small-Bodied Organisms

All examined communities, from diatoms to fish, exhibited
similar beta-diversity patterns at the regional scale and were
primarily structured by estuary, supporting our hypothesis H2.
This is especially remarkable in the sense that the markers used
in this study have contrasted taxonomic resolutions; those with
a large taxonomic coverage (e.g., eukaryotes or diatoms) tend
to have a much lower taxonomic resolution than those focus-
ing on a more restricted taxonomic group (e.g., teleosts) where
resolution can go down to the species level. Nevertheless, we ob-
served that inter-estuary variation was particularly important
for smaller-bodied organisms (e.g., diatoms) and eukaryotes in
general, suggesting that community variations not only occur at
the species level but also at higher taxonomic levels and empha-
sizing the importance of sampling a wide breadth of taxonomic
groups and life strategies.

From our data, it is not possible to decipher whether observed
patterns were due to contaminants and/or fluctuations in nat-
ural abiotic variables (e.g., salinity and pH), which are sea-
sonal and characteristic of tropical estuaries (Abrantes and
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FIGURES5 | LCBD (Local Contribution to Beta-Diversity) values at the estuary scale, reflecting the ‘uniqueness’ of diatom, eukaryote, crustacean
and fish communities at each sampling point. LCBD values in the pelagic environment (i.e., water matrix) are represented in (a-c) while those mea-
sured in sediments are in (d-f). The size of points is proportional to the LCBD values, their colors correspond to the taxonomic group and their shade
to the significance level (dark-colored points showing significant LCBD values at p <0.05). Panel (g) shows correlations in LCBD values observed
between pairs of taxonomic groups and according to the sampled matrix.

Sheaves 2010). At this broad scale, several abiotic characteris-
tics of estuaries including pH, DO, salinity, sediment charac-
teristics, and anthropogenically driven nutrient concentrations
were associated with their community composition (Figure 3).
This can reflect natural variation in environmental parameters
among study sites. However, land use differences in catchments,

which result in strong disparities in nutrient concentrations
reaching these estuaries (GBRMPA 2019), are also likely to have
contributed to the observed biological variation. In addition, al-
though only traces of pesticides have been detected at the time
of sampling, inter-estuary variations in pesticide run-offs may
also have played a role in this pattern. Contaminant run-offs
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(including pesticide and nutrients) have been identified as one
of the main drivers of spatio-temporal estuarine fish commu-
nity composition along with salinity in the study area (Parikh
et al. 2024). In these systems, frequent pulses of agricultural
runoff occur over a period of up to 6months (i.e., during the
wet season) producing acute peaks in concentrations that tend
to pass rapidly, but residuals of contaminated water may per-
sist throughout the year, as observed in Sandy Creek (Warne
et al. 2020; Pearson et al. 2021). These inputs of contaminants
during the wet seasons may also induce year-long legacy ef-
fects. For example, reproduction of crustaceans and fish may
be strongly influenced by contaminated freshwater flows (Yang
et al. 2021). Similarly, herbicide or nutrient enrichment impacts
on primary producers can reverberate through the entire food
web, affecting the survival, biomass, and diversity of higher tro-
phic levels (e.g., Breitburg et al. 2009; Warry et al. 2016; Starr
et al. 2017). These changes can have long-lasting effects on
community reassembly following oceanic inputs and the tran-
sition towards saltwater conditions typically observed in the dry
season (Borja et al. 2010). Finally, although all three estuaries
were located within the same biogeographical zone (Northeast
Australian Shelf; Spalding et al. 2007) and shared the same
oceanic input, we could not rule out that isolation by distance
played a role in the observed community structure. This mecha-
nism is hard to evaluate in this study, and the literature on con-
nectivity between estuaries is heavily biased towards fish, but
we expect it to be rather marginal in the observed pattern. For
example, Sandy Creek and St Helens/Murray estuaries are much
closer geographically to each other than to Gregory River estu-
ary (Figure 1); yet, there is no evidence for a systematic stronger
similarity in community composition between these two first
locations (with the exception of fish; Figure 3), and in many in-
stances, assemblages were more differentiated in Sandy Creek
estuary.

At the estuary scale, an upstream-downstream community
composition pattern was observed, albeit marginally, for dia-
toms and eukaryotes but not for fish and crustaceans (Figure 4).
Such an upstream-downstream compositional gradient is typ-
ical of estuarine ecosystems and commonly associated with
salinity (Sheaves 2015); yet, here, at the time of sampling (dry-
season), even the most upstream sites were under hypersaline
conditions (> 35 PSU; Ito 1958). Perennial freshwater flows lead
to a salinity gradient that is typically maintained throughout
the year (Godfrey et al. 2020), but in the absence of dry-season
freshwater inputs, estuarine salinity may match normal sea-
water (Pearson et al. 2021). Fine-scale habitat variations and/
or differentiation by distance might rather be a better explana-
tion for the within-estuary distribution of diatom and eukary-
ote communities that encompass many passive dispersers (Ma
et al. 2023). Although both groups, in both the water column
and sediments, exhibited a distance-decay pattern in terms of
composition at the estuary level, communities depicted from
water eDNA were globally much more similar between them
than sediment ones (Figure 4a). This may reflect the fact that
small-bodied sedimentary communities inhabit a structurally
more complex compartment with high habitat heterogeneity
over a small spatial scale while organisms living in the water
column can be more passively disseminated across the estuary
with water flow and tides. In contrast, the absence of a strong
within-estuary macro-faunal community structure reflects the

ability of these nekton species to move by themselves along the
estuary during the dry season when the influence of the marine
environment is predominant, as opposed to the wet season when
these systems are mainly freshwater driven (Parikh et al. 2024).

Despite the rising popularity of eDNA for simultaneously de-
scribing a broad spectrum of taxonomic groups in a standard-
ized way, several technical biases may induce variability in the
detection probability among taxa (e.g., extraction and amplifica-
tion biases), but also within taxa from different locations (e.g.,
due to a differential presence of PCR inhibitors), and thus af-
fect the reliability of observed beta-diversity patterns (Zinger
et al. 2019). In that regard, PCR biases are often considered the
most important sources of variation, and the choice of highly
conserved primers within the targeted taxonomic group is crit-
ical (Taberlet et al. 2018). In addition, the origin and fluxes of
eDNA in coastal environments subjected to tides are still poorly
understood (Harrison et al. 2019). This raises questions about ef-
fective sampling strategies to deploy for routine biomonitoring.
Nevertheless, several empirical studies of marine communities
have suggested a high site fidelity of eDNA to the source com-
munities, with the ability to discriminate assemblages as close as
60m apart (Port et al. 2016; Jeunen et al. 2019; Rey et al. 2023). In
our study, sampling was conducted around high tide (i.e., at both
rising and receding tide) to facilitate navigation and make it ap-
plicable to future biomonitoring programs; however, the eDNA
signal was relatively insensitive to these water movements, as
reflected by the distance-decay patterns observed along each es-
tuary for planktonic groups, mirroring findings previously ob-
served in the nearshore environment (Kelly et al. 2018). These
estuaries receive only seasonal freshwater inputs, resulting in
high water residence times and periodic hypersaline conditions
during the dry season that limit eDNA dispersion. This property
and our results suggest that eDNA-based investigations can pro-
vide relevant biological indications about the health state of the
estuary, even outside periods of runoff.

4.3 | Inconsistent eDNA-Based Biodiversity
Metrics Among Taxonomic Groups and Implications
for Biomonitoring of Tropical Estuaries

One of the most salient observations of the study was the similar
structuring of all communities according to their estuary of ori-
gin, reflecting the ecological status of these estuaries. This con-
sistency of beta-diversity patterns at the regional scale among
taxonomic groups expands on previous works suggesting that
eDNA signal, from both water and sediments, reflects the eco-
logical conditions of coastal environments and could be used as
a barometer of human impacts (Chariton et al. 2015; DiBattista
et al. 2020). However, in contradiction with hypothesis H3, our
study highlighted the lack of consistency in both alpha-diversity
and LCBD patterns among groups (Figure S3 and Figure 5).
Although the pelagic and sedimentary communities were tightly
linked to each other by biotic interactions, differences in phys-
iology, evolutionary history, size, generation time, and habitat
lead to variations in their sensitivity to the same stressors; con-
sequently, communities may respond differently and at various
scales (Heino 2010; Donald et al. 2021). We also showed that the
community composition was not associated with the exact same
set of environmental variables (Figure 3). Collectively, these
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results emphasize the need for multi-taxonomic assessments in
estuary biomonitoring to properly assess anthropogenic impacts
along the land-to-sea continuum (Polidoro et al. 2021).

Alpha-diversity metrics are often used as indicators of environ-
mental conditions, for instance for assessing marine sediment
quality (Simpson and Batley 2016), with the assumption that
local community diversity will decline with increasing lev-
els of human impacts (Johnston and Roberts 2009). However,
for at least some taxonomic groups, our findings were in-
congruent with this assumption. For example, Sandy Creek
estuary-historically the most anthropogenically impacted
location-exhibited as high, or even higher, alpha-diversity levels
(i.e., mOTU richness) as other less impacted estuaries. This re-
sult is in line with previous studies that reported various trends
in alpha-diversity metrics when comparing degraded streams
with more pristine conditions, questioning the use of community
richness/diversity estimates from eDNA samples as an indicator
of ecological integrity (Mathers et al. 2024; Sinclair et al. 2024).
This question is especially relevant in a multi-stressor context,
where interactions among stressors may have antagonistic,
rather than additive effects on local diversity (Bao et al. 2024).
In contrast, indices based on community composition provide
a good measure of how communities respond to environmen-
tal degradation (Hosokawa et al. 2021) and several eDNA-based
ecological assessments of human impacts have demonstrated
the robustness of these indices (e.g., Chariton et al. 2015; Tang
et al. 2019; Gillmore et al. 2021). This point is supported by the
fact that community changes, especially for small-bodied or-
ganisms, were more driven by turnover in composition rather
than by species loss (Results and Discussion S1; Table S4), which
further adds credence to the idea that biodiversity change at a
broad scale can be uncoupled from trends in local species rich-
ness (Medeiros et al. 2016; Hillebrand et al. 2018).

5 | Conclusion

This study draws several conclusions pertaining to multi-group
biodiversity patterns in tropical estuaries, with implications for
eDNA biomonitoring of these systems. First, water and sediment
matrices depicted complementary pictures of estuarine biodi-
versity. They thus should both be monitored simultaneously.
Second, all taxonomic groups, independently of the sampled ma-
trix, were primarily structured by estuary, reflecting their eco-
logical status, even in the absence of recent runoff, making these
‘omics’ approaches relevant for routine biomonitoring in highly
dynamic systems, such as tropical estuaries. Third, importantly,
site-specific biodiversity metrics (such as alpha-diversity or
LCBD) were highly variable from one taxonomic group to an-
other, preventing the use of one taxonomic group as a surrogate
for others. Rather, multi-taxonomic assessment at the landscape
scale is required to improve modeling of coastal biodiversity
trajectories in anthropogenic areas. Finally, it is emphasized
that this study only provides ‘snapshots’ of the local diversity
and may not reflect the long-term state of communities, espe-
cially in these areas with strong seasonality. The use of passive
eDNA samplers in the water column might provide improved
estimates of biodiversity over a longer time period. Such an ap-
proach could be coupled with field loggers and passive samplers
for environmental contaminants to simultaneously monitor

ambient environmental conditions at study sites. Overall, this
work illustrates how multi-taxon eDNA biomonitoring can as-
sist the development of more integrated approaches to under-
stand the response and resilience of biological communities in
multi-stressor contexts, typical of estuarine systems.
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