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ARTICLE INFO ABSTRACT

Keywords: Seawater contains a wealth of genetic information, representing the biodiversity of numerous species residing
eDNA ) within a particular marine habitat. Environmental DNA (eDNA) metabarcoding offers a cost effective, non-
Metabarcoding destructive method for large scale monitoring of environments, as diverse taxonomic groups are detected

E?:s])e;’z:non using metabarcoding assays. A large-scale eDNA monitoring program of marine vertebrates was conducted across
Biodiversity three sampling seasons (Spring 2018, Autumn 2019; Spring 2019) in coastal waters of Brazil. The program was

Endangered species designed to investigate eDNA as a testing method for long term monitoring of marine vertebrates following the

Environmental impact Fundao tailings dam failure in November 2015. While no baseline samples were available prior to the dam failure
there is still value in profiling the taxa that use the impacted area and the trajectory of recovery. A total of 40
sites were sampled around the mouths of eight river systems, covering approximately 500 km of coastline.
Metabarcoding assays targeting the mitochondrial genes 16S rRNA and COI were used to detect fish, marine
mammals and elasmobranchs. We detected temporal differences between seasons and spatial differences be-
tween rivers/estuaries sampled. Overall, the largest eDNA survey in Brazil to date revealed 69 families from Class
Actinopterygii (fish), 15 species from Class Chondrichthyes (sharks and rays), 4 species of marine and estuarine
mammals and 23 species of conservation significance including 2 species of endangered dolphin. Our large-scale
study reinforces the value eDNA metabarcoding can bring when monitoring the biodiversity of coastal envi-
ronments and demonstrates the importance of collection of time-stamped environmental samples to better un-
derstand the impacts of anthropogenic activities.

1. Introduction organisms present in the environment (Taberlet, et al., 2012; Thomsen
and Willerslev, 2015). Aquatic organisms usually shed DNA into their

Monitoring of aquatic environments has benefitted from the devel- surrounding environments via the loss of skin, hair or scales and through
opment of molecular tools that reveal the presence of broad taxonomic excretion of mucus, urine and faeces (Taberlet et al., 2012). Thus, much
groups through analysis of environmental DNA (eDNA) (Ruppert et al., of the biodiversity found within an environment can be ascertained by
2019). Additionally, DNA metabarcoding technologies have allowed the the detection and analysis of eDNA from substrates such as water
high throughput processing of environmental samples to reveal (Ficetola et al., 2008; Thomsen and Willerslev 2015), sediment (Taberlet
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et al., 2012; Thomsen and Willerslev 2015) and biofoul (Koziol et al.,
2019). Furthermore, ongoing eDNA biomonitoring can provide useful
information on the health of ecosystems where industries such as fish-
ing, (Stat et al., 2017), and mining (Fernandes et al., 2018) occur. eDNA
biomonitoring also has the ability to track seasonal and climatic changes
within an environment (Berry et al., 2019), to assess anthropogenic
pressures on marine environments (Bernardino et al., 2019; DiBattista
et al., 2020; Coppo et al., 2023), and to provide data on the remediation
and restoration of soil environments following mining activities (van der
Heyde et al., 2020). Molecular methods have the sensitivity to detect
organisms from trace amounts of DNA, and have the ability to identify
cryptic or juvenile species without the need to trap or observe in-
dividuals (Ficetola et al., 2008). The technology has been applied to
monitor rare and endangered marine mammals (Hunter et al., 2018;
Harper et al., 2019), elasmobranchs (Weltz et al., 2017; Lehman et al.,
2020), and the marine turtle Chelonia mydas (Harper et al., 2020).

The Fundao mine tailings dam in Brazil failed in 2015 resulting in
extensive environmental impact downstream on both the Rio Doce and
its human settlements (Carmo et al., 2017; Gomes et al., 2017; Gabriel
et al., 2020). When the dam failed, an estimated 39 million m?® of iron
ore tailings were released into the Rio Gualaxo do Norte in the state of
Minas Gerais (Magris et al., 2019). The tailings plume flowed into the
Rio do Carmo and eventually the Rio Doce, one of the largest rivers in
south-eastern Brazil. After travelling approximately 650 km (km), the
plume reached the Atlantic Ocean on 22 November 2015 (Marta-Al-
meida et al., 2016; Magris et al., 2019; Richard et al., 2020) (see map in
Fig. 1).

It is estimated that about 80% of the tailings were deposited along
the 100 km of waterways between the Fundao dam and the Risoleta
Neves (Candonga) Hydroelectric dam (Samarco, 2018). The plume
reached the Rio Doce river mouth and potentially extended into marine
protected areas, but with acute pollution closer to the coast (Richard
et al., 2020). Extensive programs have been put in place to monitor for
any potential impacts of the affected ecosystems (Carmo et al., 2017;
Gabriel et al., 2020; Queiroz et al., 2021; Condini et al., 2022; Vilar
et al., 2022). Here we undertake a study of environmental DNA (eDNA)
extracted from seawater samples taken from the Rio Doce river mouth
ecosystem, the Rio Jequitinhonha river mouth 500 km to the north, and
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along the coastline in between. As the Rio Doce River may continually
release sediment particles to the nearshore ecosystems (S4 et al., 2021),
we hypothesized that the expected plume from the Rio Doce river mouth
would exert an influence in aquatic species composition and diversity in
periods of high river discharge. We aimed to answer this hypothesis by
comparing temporal patterns of aquatic biodiversity between two re-
gions — the Rio Doce shelf and the Jequitinhonha river mouth to the
North, allied with an expanded spatial eDNA assessment over a three
season period (2018-2019) along the Brazilian coastline.

2. Materials & methods
2.1. Sampling sites and seawater collection

This eDNA study spanned approximately 500 km of Brazil’s south-
eastern coastline, ranging from the southern-most site at the Rio
Piraqué-A¢u-Mirim river mouth in the State of Espirito Santo (Lat:
—19.96413, Long: —40.09159), to the northernmost site at the Rio
Jequitinhonha river mouth in the State of Bahia (Lat: —15.6711, Long:
—38.8852) and including the river mouths of the Rio Doce, Rio Riacho,
Rio Sao Mateus, Rio Mucuri, Rio Peixoto, and the Rio Alcobaca in be-
tween. These sites were additionally included to offer an integrated
spatial biodiversity assessment of the coastal region, and are therefore
discussed separately. For the Rio Doce and Rio Jequitinhonha study
areas, sampling sites were distributed along distance gradients radiating
outwards from the river mouth. For the other river sites, field samples
were collected from sites both within estuarine waters and approxi-
mately 5 km offshore (Fig. 2, Table S1).

Field sampling was approved by the Instituto Chico Mendes de
Conservacao da Biodiversidade — ICMBio (sampling license 64238-2).

The initial survey conducted between 24th September and 1%
October 2018 (Spring 2018) comprised twenty-two sites from around
the mouths of the impacted Rio Doce and the Rio Jequitinhonha (Fig. 3,
Table S1), with five 1L field replicates collected at each site. Sample
collection was repeated between 4th May and 2ond May 2019 (Autumn
2019) with the addition of seven sites and thirty-five samples in the Rio
Doce extension area as part of a complimentary survey that extended
along the coastline. The final survey between 23rd September and 10
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Fig. 1. Location of the Fundao dam failure in relation to the input of tailings to the marine environment.
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Fig. 2. Overview of coastal sampling for eDNA undertaken at the Rio Doce, Rio Doce extension area and Rio Jequitinhonha in 2018 and 2019. Inset shows location of
study areas relative to Brazil.
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Fig. 3. Sampling sites at Rio Doce and Rio Jequitinhonha study areas, as used in statistical analyses.

October 2019 (Spring 2019) added an extra ten sites and fifty samples
(Fig. 2, Table S1). In total, 445 field samples were collected from around
eight river mouths across the three surveys. Rio Doce sites D1E and D1S
were sampled interchangeably between 2018 and 2019 due to naviga-
tional limitations at the time of the survey. These sites were located less
than 1 km apart, and have thus been considered as the same site for the
purpose of this study (referred to as D1E in Fig. 3).

In the first survey, seawater samples were collected at a depth of
approximately 30 cm from eleven sites around the mouth of the Rio
Doce and eleven sites around the mouth of the Rio Jequitinhonha, with
the sites placed along radial transects located at increasing distances
from the river mouth: 1 km, 5 km, 10 km and 20 km in Northerly (N),
Northwesterly (NW) Southeasterly (SE), Southwesterly (SW) directions
(Fig. 3). Physical water quality parameters including turbidity (Tu;
NTU), temperature (Tm; °C), dissolved oxygen (DO; mg/L), chlorophyll-
a fluorescence (Ch; pg/L, salinity (S; PSU), conductivity (Co; mS/cm)
and photosynthetically active radiation (PAR; pMol/m?/s) were
measured near the surface using a physical water quality profiler
configured to sample at a rate of 6 Hz (XR Data Logger, RBR XRX-620).
This instrument (also referred to as a CTD profiler) was deployed over
the non-shaded side of the boat, lowered to approximately 1 m below the
surface and left for a period of at least 30 s to allow the sensor readings to
stabilise before lowering through the water column to collect a profile.
The data were later checked for quality, and a surface value for each
parameter was calculated by using the mean (average) value of the
measurements captured between 1 and 2 m below the surface (i.e. a
blanking distance was applied to the top 1 m). These surface values were
calculated for each of the eleven coastal sampling sites at the Rio Doce
and Rio Jequitinhonha study areas.

Five 1L field replicates of seawater were collected at each of the 22
sites and filtered onto individual 0.8 pm polyethersulfone membranes
(Pall Life Sciences, NY, USA) using a peristaltic Sentino microbiology
pump (Pall Life Sciences). Filter cups and forceps used to handle the
membranes were sterilized using a 10% bleach solution for a minimum
of 15 min in between processing each water sample, before rinsing in
Milli-Q laboratory water. A sample of the rinse water was filtered at the

conclusion of each filtering day to control for any incomplete steriliza-
tion of filtration equipment. Membranes were frozen and shipped to
Curtin University, Australia for DNA extraction, metabarcoding,
sequencing and analysis.

In the second survey, the sites were repeated with the exception of
Site D1S which was replaced with site D1E due to difficulty in navigating
shallow waters during the Autumn 2019 sampling season. An additional
seven sites in the Rio Doce extension region, which occurred around and
north of the Rio Doce were added to the second survey (Fig. 2, Table S1).
These sites included freshwater samples from inside river mouths,
estuarine, and marine samples. Filtration membrane and water volume
was the same as used previously, with a modification of the filtration
method to include the eDNA Sampler Backpack (SmithRoot, Vancouver,
WA, USA) for some samples. Sampling was standardised by utilising the
same membrane type as previously and measuring a 1L volume of water
through the backpack.

In the third survey, all previous sites were repeated, and an addi-
tional fifty samples from ten sites were included from the Abrolhos re-
gion and around four additional river mouths (Fig. 2). Sample volumes
and membrane types were as used previously.

2.1.1. DNA extraction

Half of each filter membrane (n = 445) was processed to extract
DNA, with the remaining half preserved at —20 °C. Membranes were cut
into strips and incubated overnight at 56 °C with 60 uL Proteinase K and
540 pL Qiagen ATL Buffer. DNA was extracted using a DNeasy Blood and
Tissue kit (Qiagen, Venlo, Netherlands) on a QIACube extraction system
(Qiagen) and eluted into 100 pL. Extraction controls were included and
treated as samples through to sequencing and analysis.

2.1.2. PCR amplification

Two PCR assays were chosen for this study, that broadly target fish,
marine mammals and elasmobranchs; the 16S rRNA primer set Fish_-
Sygnathid_Short (Nester et al., 2020) to detect fish and marine mammals
and the COI Elasmobranch multiplex (West et al., 2020) to detect sharks
and rays.
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To optimise input DNA and detect the co-purification of PCR-
inhibitory compounds (Murray et al., 2015) an initial quantification
PCR (Neat and 1:10) was performed in duplicate on 2 pL of each DNA
extraction using qPCR. The DNA dilution that showed optimal amplifi-
cation was used in the subsequent single step MID-tag PCR reactions.

All PCR mastermix reactions were set up in an ultraclean laboratory
separate from DNA extracts and post PCR workflows to prevent
contamination. Each PCR mastermix (25 pL) comprised: 2.5 mM MgCl,
(Applied Biosystems, USA), 10x PCR Gold buffer (Applied Biosystems),
0.25 mM dNTPs (Astral Scientific, Australia), 0.4 mg/ml bovine serum
albumin (Fisher Biotec, Australia), 0.4 pmol/L forward and reverse
primers, 0.6 pl of a 1:10,000 solution of SYBR Green dye (Life Tech-
nologies, USA) and 1 U AmpliTaq Gold DNA polymerase (Applied Bio-
systems) and 2 pL template DNA. PCR cycling (StepOne: Applied
Biosystems) conditions consisted of denaturation at 95 °C for 5 min,
followed by 50 cycles of: 95 °C for 30s, 52 °C (COI) or 55 °C (16S) for
30s, 72 °C for 45s, and a final extension stage at 72 °C for 10 min.

DNA samples derived from all 445 field replicates were assigned
unique combinations of 6-8bp multiplex identifier tagged (MID-tag)
primers in a single-step fusion tagging PCR reaction as described (see
Koziol et al., 2019; van der Heyde et al., 2020) using 2 pL of template
DNA at the dilution determined by the previous PCR. Duplicate PCR
reactions were amplified using the same MID-tag combination. MID-tag
combinations assigned to samples are only used once, and are never
reassigned in the laboratory workflow to reduce cross-contamination
(Murray et al., 2015, Bohmann et al., 2021). MID-tag PCR reactions
were prepared in duplicate using a Qiagility instrument (Qiagen) in a
designated ultra-clean laboratory to reduce the potential for MID-tag
cross contamination, using the same master mix and PCR conditions
as described. Following the MID-tagging PCR reaction, duplicate PCR
reactions were pooled to reduced PCR stochasticity. Negative, extraction
and PCR positive controls were included and treated as samples through
to sequencing and anlaysis.

2.1.3. Preparation of sequencing libraries

To minimise primer index bias (O’Donnell et al., 2016) the libraries
were blended in accordance with the sample PCR results. For each li-
brary, fusion tagged amplicons were mini-pooled with samples that had
similar PCR amplification (delta Rn) results. These mini-pools were then
quantified (QIAxcel; Qiagen) and proportionally blended together to
form approximately equimolar sequencing libraries. Libraries were size
selected using a Pippin instrument (Sage Sciences, USA), quantified on a
Qubit (Thermofisher) and diluted to 2 nM. Libraries were sequenced on
an [llumina MiSeq instrument using unidirectional 300 cycle V2 kits and
custom sequencing primers.

2.1.4. Bioinformatics and taxonomic assignments

Bioinformatic analysis was performed in accordance with Mousa-
vi-Derazmahalleh et al. (2021), as follows. First, multiple sequencing
libraries from the 16S and COI assays were quality filtered (phred
scores<20), then OBITools (Boyer et al., 2016) was applied to demul-
tiplex samples and remove sequences smaller than 50 base pairs (bp)
from the 16S sequence data and 100 bp from the COI sequence data.
Subsequently, all sequence files from the same assay were concatenated
together and changed to a format suitable for USEARCH (Edgar, 2016).
Creation of zero-radius operational taxonomic unit (ZOTU) sequences
and their relative abundance table was achieved by applying the unoise3
algorithm of USEARCH using -minsize of two, followed by
post-clustering curation with LULU (Frgslev et al., 2017). The ZOTU
sequences were aligned to the nucleotide database of Genbank using
BLASTN (Altschul et al., 1990). ZOTUs were then assigned to their
lowest common ancestor using the LCA script (Mousavi-Derazmahalleh
et al., 2021), using qCov 100, percentage identity 97 and Diff 1. Further
curation of the data was undertaken to collate duplicate taxa assigned to
different ZOTUs, and verify the distribution of the taxa to ensure it
occurred in the Southern Atlantic region (GBIF.org, 2020; WoRMS).
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Where a species was detected by both assays it was included only once in
the analysis. Presence of taxa in each of the five field replicates was
collated and reported at the site level.

2.1.5. Statistical analysis

Multivariate analyses and regression analyses were performed in
PRIMER-e (6.1.1.13) with the PERMANOVA add-on (v1.03; Clarke and
Gorley, 2006). ZOTU data was transformed to a presence absence matrix
and a Jaccard similarity matrix (+1 dummy variable) was generated.
Permutational analysis of variance (PERMANOVA) was used to assess if
taxon assemblage was significantly different within and between the
Doce and Jequitinhonha study areas. The pseudo-F value, and the
probability value (P(perm)) were computed by the PERMANOVA
routine with a maximum of 9,999 permutations under a reduced model
and sum of squares is Type III (partial) for all tests.

The relationship between marine species data and environmental
variables was analysed using distance-based analysis on a linear model
(distLM) with marginal tests used to assess the importance of each
variable separately. In the sequential tests, a stepwise test was used to
find the optimal based on AICc (proportion of explained variation for the
model) by sequentially adding environmental variables. The pseudo-F
statistic was used to the general hypothesis of no relationship, in
which the P-value provides the significance level and the percentage of
the variance explained is shown per environmental variable. The data
were visualised with distance based redundancy analyses plots (lbRDA),
which are generally used to perform an ordination of fitted values from a
given model. In a dbRDA plot the first two axes are shown which
represent the highest percentage of explained variation out of the fitted
model and the total variation. Percentage of fitted variation specifies the
variability in the original data explained by the fitted model and per-
centage of total variation specifies the variation in the fitted matrix.
Vector overlays using the environmental data and marine vertebrate
species data separately as predictor variables (drawn as multiple partial
correlations) were applied to visualize the effect, strength, and direction
of the different variables in the ordination plots. To show seasonal and
site-based changes, we used nonMetric MultiDimensional Scaling
(nMDS) in the R (R Core Team, 2020) package vegan (Oksanen et al.,
2020).

3. Results

All seawater samples yielded metabarcoding data. The PCR assay
Fish_Sygnathid_Short detects a broad range of vertebrates. Accordingly,
in addition to fish, terrestrial vertebrates native to Brazil including
Hydrochoerus hydrochaeris (Capybara), Callithrix sp. (Marmosets), and
the parrot Amazona aestiva that live along the river systems were
detected. Sequences detected opportunistically from terrestrial verte-
brates were not included in the analyses as the focus of this study was on
marine vertebrate taxa.

3.1. Temporal monitoring of the Rio Doce and Rio Jequitinhonha study
areas

Metabarcoding analysis of samples collected at the Rio Doce and Rio
Jequitinhonha study areas in Spring 2018, Autumn 2019; Spring 2019,
resulted in a total of 39,731,262 and 8,470,876 sequencing reads in 16S
and COI assays respectively, of which 1,510,979 and 835,259 were
unique. After denoising, and removal of 238 and 196 chimeras a total of
6,196 and 10,392 ZOTUs were generated for the 16S and COI assays
respectively, out of which 5,728 and 9,329 remained after curation with
LULU. Of the total number of non-curated ZOTUs 9.31% of 16S and
4.68% of COI had at least one match to the nucleotide database of
GenBank, which enabled assignment of 386 (16S) and 238 (COI) curated
ZOTUs to their lowest common ancestor, of which 57.7% and 32.7%
were assigned to fish in 16S and COI assignments respectively.
Following data curation to collapse duplicate taxa and verify taxa
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distribution, we detected 58 families assigned to Class Actinopterygii,
three families assigned to Class Chondrichthyes and three families to
Class Mammalia from the Rio Doce and Rio Jequitinhonha study areas
(Table S2). No taxa were detected in DNA extraction controls or PCR
negative controls. Low level DNA contamination (determined by qPCR)
of the Rio Doce rinse water in the Spring 2018 occurred, with eight
ZOTUs detected that represented five families of fish taxa (Family Car-
angidae: Seriola sp.; Family Engraulidae: Anchoa spinifer; Family Lutja-
nidae: Lutjanus purpureus; Family Sciaenidae: Macrodon sp., Stellifer
brasiliensis, Stellifer rastrifer, Epinephelus morio; Family Cynoglossidae:
Symphurus tessellatus). For precaution, these species were subsequently
removed from all samples in the Spring 2018 Rio Doce data set despite
the fact that the taxa were not found in all samples.

Analysis of sequence data obtained from water samples collected at
the Rio Doce and Rio Jequitinhonha study areas over the three sampling
periods, revealed that the species richness was higher in Spring 2018
compared with Autumn 2019; Spring 2019 (Fig. 4).

A seasonal trend was observed with higher species richness during
Spring followed by a decline in Autumn and a slight increase in the
following Spring; with this pattern observed in both the Rio Jequi-
tinhonha and Rio Doce study areas (Fig. 4). Non-metric multidimen-
sional scaling analysis of spatial patterns in the species assemblages
between sampling seasons and both rivers’ study areas were statistically
significant (stress = 0.12, k = 3 & p < 0.001) (Fig. 5).

PERMANOVA analysis of (i) Season, (ii) River, (iii) Site (River), (iv)
Season*River and (v) Season*Site(River) showed that there was a highly
significant difference (p = 0.0001) in the species composition for each
factor, with strongest seasonal effects and its interaction with river ba-
sins (Fy,2 = 14.7, p < 0.0005; Table 1).

DistLM on Jaccard similarities of the marine vertebrate presence/

Marine Environmental Research 192 (2023) 106239

absence data, including the environmental factors only explained 11.1%
of the total variation in the fitted model (Fig. 6). The marginal and
sequential tests were significant for all 8 variables (Table 2).

Analysis at the taxonomic level showed that Class Actinopterygii had
the highest representation in Spring 2018 for both study areas, followed
by a decline in Autumn 2019 (Table 3). Fish taxa increased in Spring
2019 although not to previous levels (Table 3). Taxa in Class Chon-
drichthyes and Class Mammalia followed the same pattern with the
highest number of taxa in these classes detected in the Spring 2018
season (Table 3).

3.2. Extended coastline survey results

Additional sites sampled during the complimentary survey that
extended from south of the Rio Doce river mouth northwards to the
Abrolhos region, detected 151 Species from 54 Families in Class Acti-
nopterygii, 12 species from six families in Class Chondrichthyes, and
three species of marine mammals (Table S2). These sites were along the
coast and inside river mouths and so included freshwater and estuarine
environments, resulting in the detection of freshwater species as well as
marine species (Table S2).

3.3. Species with conservation significance

Twenty-three species of the marine vertebrates identified by eDNA
metabarcoding in this study, are classified from Near Threatened to
Critically Endangered on the IUCN red list (IUCN 2021) (Fig. 7). Addi-
tional reference for these species was made against the National Red List
for Brazil (ICMBio, 2022). These species were detected during the three
sampling seasons across all study areas: Rio Doce, Rio Jequitinhonha,
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Fig. 4. The species richness distribution of marine vertebrates identified by eDNA metabarcoding in both Rio Doce and Rio Jequitinhonha during Spring 2018,

Autumn 2019; Spring 2019 sampling seasons.
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Table 1

PERMANOVA analysis on Jaccard to test for the fixed effect of Season (Spring
2018, Autumn 2019, Spring 2019) at Rio Doce and Rio Jequitinhonha sites on
marine vertebrate species.

Source df SS R2 Pseudo- P Unique
F (perm) perms
Season 2 28577 0.87 14.656 0.0001 9929
River 1 7143.1 097 6.0306 0.0001 9899
Site(River) 21 18107 0.92  2.3455 0.0001 9518
SeasonxRiver 2 10271 0.95 4.7578 0.0001 9904
SeasonxSite 39 34289 0.85 1.9596 0.0001 9421
(River)

and the Rio Doce extension study area. In Spring 2018, all sites in the Rio
Doce study area and the Rio Jequitinhonha study area had a species of
conservation significance present (Table S2). In Autumn 2019 only one
site each at the Rio Doce and Rio Jequitinhonha had a species of con-
servation significance. There were ten species from five families in Class
Actinopterygii, eleven species from four families in Class Chon-
drichthyes and two species from two families in Class Mammalia
(Fig. 7).

4. Discussion
4.1. eDNA data

Here we report an extensive eDNA dataset obtained from seawater
samples along the coastline of Brazil over a three-season period.
Multivariate and regression analyses applied to marine vertebrate spe-
cies assemblages (presence/absence) determined the effects of both
environmental factors (season, rainfall, water depth, salinity, tempera-
ture etc.) and survey (year, study area, site), demonstrating that analysis
of eDNA from seawater samples can be used to detect differences in
ecosystems. Our hypothesis of a significant influence of river discharge
on coastal marine biodiversity near the Rio Doce and Jequitinhonha

rivers was then supported by the significant interactions between rain-
fall and species richness detected within both basins. In addition to the
riverine influence, the combined effect of water mass properties
including salinity, temperature, and chlorophyll to the seasonal biodi-
versity dynamics at both Rio Doce and Jequitinhonha basins suggest that
the presence of large-scale water masses have a major influence on
species occurrence in the region. The seasonal variability in water
masses at this marine ecoregion, which vary from a dominance of
tropical to subtropical water masses across seasons, have been shown to
exert a major influence on coastal marine biodiversity (Mazzuco and
Bernardino, 2022). Our survey then likely captured this seasonal vari-
ability in coastal biodiversity in periods of lower riverine discharge at
both the Rio Doce and Jequitinhonha river basins.

In our study, eDNA metabarcoding determined seasonal patterns in
species assemblages at both the Rio Doce and at the Rio Jequitinhonha,
500 km to the north. Strong seasonal weather effects, in particular
rainfall (National Institute of Meteorology) (Table S3), may have influ-
enced the observed reduction in marine vertebrate diversity when in
Autumn 2019 when rainfall was low. Rainfall in Spring 2019 was also
lower than in the previous year, which we suggest could have an effect
on the species richness at both the Rio Doce and Rio Jequitinhonha study
areas. Higher rainfall leads to increased discharge from the rivers into
the surrounding ocean which are expected to influence both the input of
DNA and of tailings to the coastal zone (Magris et al., 2019). The Rio
Doce has one of the largest riverine discharges in Brazil (approx. 800 m®
5*1; Lana and Bernardino, 2018), which can explain the detection of
numerous freshwater species in seawater samples, for example Lepomis
sp. was detected at Site D10N, which is 10 km from the Rio Doce river
mouth.

Seasonal effects on species composition have been reported previ-
ously in eDNA studies (de Souza et al., 2016; Berry et al., 2019; Postaire
et al., 2020, Sales et al., 2021). Bonecker et al. (2019) also found that
larval fish assemblages collected at the Rio Doce varied significantly due
to seasonal effects, and Sales et al. (2021) used freshwater eDNA met-
abarcoding in Rio Jequitinhonha to report significant short-term vari-
ability in fish assemblages due to a large rainfall event.
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Fig. 6. DistLM analysis (PRIMER-e, v1.03; Clarke and Gorley, 2006) of marine vertebrate species matrix (using Jaccard) and environmental data shows the spatial
distribution and variation (11.1%) in the fitted for sampling sites in both Rio Doce and Rio Jequitinhonha during the three sampling seasons: Spring 2018, Autumn
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Table 2

DistLM analysis on the marine vertebrate species matrix (Jaccard) and sequentially adding the environmental variables using a stepwise test based on AICc. Marine
vertebrate species were Presence/Absence transformed. The level of significance was set at 0.05, AICc was 2616.5 and R? was 0.1518.

Variable AlCc SS(trace) Pseudo-F P Prop. Cumul. res.df
+Total_Rainfall mm 2628.2 83464 29.198 0.001 0.082 0.082 328
+DO2 surface_mg_1 2625.4 13509 4.7803 0.001 0.013 0.095 327
+Water_depth_m 2622.6 13624 4.8781 0.001 0.013 0.108 326
+Salinity_surface 2620.4 11707 4.2335 0.001 0.011 0.120 325
+Temp_surface_C 2618.4 11012 4.0188 0.001 0.011 0.131 324
+Turbidity_surface NTU 2616.7 10159 3.7392 0.001 0.010 0.141 323
+Chlorophyll_surface 2616.7 5604.8 2.0697 0.013 0.005 0.146 322
+Distance_from_rivermouth_km 2616.5 5947.1 2.2043 0.003 0.006 0.152 321

Table 3

The number of taxa in Class Actinopterygii, Class Chondrichthyes and Class Mammalia detected at the Rio Doce and Rio Jequitinhonha study areas for the three

sampling seasons.

SPRING 2018 AUTUMN 2019 SPRING 2019

Rio Doce Rio Jequitinhonha Rio Doce Rio Jequitinhonha Rio Doce Rio Jequitinhonha
Actinopterygii 78 95 32 14 48 33
Chondrichthyes 8 4 1 1 2 0
Mammalia 4 3 2 0 2 1

The families of fish identified in Bonecker et al. (2019), from their
collection of fish larvae using neustonic and bongo plankton nets, are
similar to the families identified by eDNA results of this study and our
results are also in accordance with the results presented from other field
studies that use bottom trawling (Bevitorio et al. (2022), Condini et al.
(2022), Vilar et al. (2022) (Table S4). Despite these assurances, further
work is needed to validate eDNA sampling of surface waters against, for
example, demersal trawling to ascertain the distance at which signals in
species assemblage can be detected. Ideally this work could be accom-
plished using a targeted, depth integrated eDNA survey run concurrently
with scientific trawl surveys.

Accurate reporting of species detected in bulk environmental sam-
ples using metabarcoding relies on both a robust bioinformatic pipeline

and a comprehensive reference database to assign taxa to sequences
detected. eDNAFlow (Mousavi-Derazmahalleh et al., 2021), removes
chimeras, low quality reads and reads below a user set length threshold.
Of the 6,196 and 10,392 number of ZOTUs generated from 16S and COI,
only 9.31% of 16S and 4.68% COI had at least one match to the
nucleotide database of GenBank, and therefore were able to be assigned
to the lowest common ancestor. Absence of many species in the refer-
ence database GenBank can result in underreporting of true species di-
versity. The use of eDNA metabarcoding for monitoring biota is mostly
limited to presence/absence, with recent studies exploring comparison
of DNA reads with biomass (Di Muri et al., 2020; Stoeckle et al., 2021).
However, the high throughput capacity of the technology allows hun-
dreds of water samples to be processed in a few days. Moreover the
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ability of eDNA metabarcoding to detect cryptic species and species in
the larval stage makes the technology attractive for use as a monitoring
tool as a repeated, seasonal monitoring program extending over several
years should detect any obvious signs of stress in the system based on
systemic changes in marine vertebrate species assemblages.

4.2. Extended coastline survey

eDNA metabarcoding detected marine coastal, marine neritic, ma-
rine oceanic and marine deep benthic species in the three estuarine sites;
Rio Sao Mateus, Rio Mucuri, and the Rio Alcobaga, and included species
of conservation significance. Due to the presence of local fishing ports
and villages it is possible that the presence of these species may be due to
processing of fish catches.

Site AOW had the highest diversity of species in the extended
coastline survey. This site is situated in the river at the town of Alcobaga,
where local fishing and fish processing is present. The town lies to the
North of the Reserva Extrativista Marinha do Corumbau, which was
created in the year 2000 to help protect the local fishing economy
(ICMBio, 2016). This region includes coral reefs and rich marine
biodiversity. Local fisherman, permitted to catch fish along the coast-
line, process fish catches in the town. Water samples for eDNA analysis
were collected in the river adjacent to these activities. In the Autumn
2019 extended coastline survey, site MP02 had the highest species
richness of all sites in the survey with forty-nine taxa detected at this
site. Site MP0O2 was in close proximity to the local port of Rio Riacho
where local fisherman unload and clean marine fish. It is therefore
possible that detection of these taxa is as a result of the presence of DNA
from species cleaned at the site.

4.3. Species of conservation significance

The detection of species of conservation significance at all sites in
Spring 2018 reflected the high number of species detected in all sites.
These species were detected at only one site each at the Rio Doce and Rio
Jequitinhonha study area in Autumn 2019, which aligned with the

overall reduction in species diversity during this season. The seasonal
dynamics in the presence/absence of species of conservation signifi-
cance on the coastal zone of the Rio Doce and Jequitinhonha suggests
that both areas exhibit similar temporal patterns in the use of habitat by
fishes and mammals. In all, this study detected 23 species of conserva-
tion significance, including Hippocampus reidi (Longsnout seahorse),
which was also reported north of the Rio Doce based on direct sampling
by Bonecker et al. (2019). Vulnerable mammal species detected by our
survey are also observed in the study region by direct sampling or
monitoring, including the dolphins Pontopora blainvillei and Sotalia
guianensis (Pinheiro et al., 2019). This is the first report of this many
species of conservation significance in this region using eDNA analysis
and our results demonstrate the potential of eDNA metabarcoding of
marine environments to monitor rare or endangered species.

5. Conclusions

eDNA analysis has become a viable and valuable source of infor-
mation for monitoring programs, and is increasingly being used as a
source of baseline information for many companies in the resources
sector to assess environments prior to any development being under-
taken. This study, representing one of the larger eDNA studies in the
region, has demonstrated the value of the eDNA toolkit for character-
ising temporal and spatial patterns in marine biota, and provides a rich
source of data for future comparative studies. To draw conclusions about
the fluctuations seen in marine vertebrate diversity along the coastline
of Brazil, will require long term studies to account for seasonal variation
as a confounding factor. The call for environmental archiving (or bio-
banking see Berry et al., 2019) is supported in cases such as these,
where the collection of water samples prior to the impact event, would
have enabled a far more rigorous evaluation of marine impacts in the
year following the discharge of tailings into the Rio Doce.

Continuation of monitoring at these sites will provide key informa-
tion on recovery trajectories of the local environment following an
impact such as occurred in Rio Doce, and will provide valuable data to
inform management decisions. Moreover, extracted DNA can be tested
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with other metabarcoding assays to further explore biodiversity patterns
with other taxonomic groups from phytoplankton to bacteria.
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