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We conducted an environmental DNA survey of estuarine mudflats along the French Atlantic coast, using a
metabarcoding approach targeting foraminifera. Our results demonstrate that estuarine environments have only
a few active OTUs dominating the community composition and a large stock of dormant or propagule stages. This
last genetic diversity components constitute an important reservoir, with different species which can potentially
develop in response to the temporal variability of the multiple stressors. In fact, different OTUs were dominant in
the studied estuaries. Our statistical model shows that the physical and chemical characteristics of the sediment
and the climatic conditions explain only 43 % of the community composition variance. This suggests that other,
less easily quantifiable factors, such as the history and use of the estuaries or the ecological drift could play an
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important role as well. Environmental DNA biomonitoring opens new perspectives to better characterize the

genetic diversity in estuaries.

1. Introduction

Estuarine intertidal areas correspond to the ecotone where aquatic
(oceans and rivers) and terrestrial ecosystems merge. They represent
highly productive ecosystems (Day Jr et al, 2012) that provide
numerous ecological (Cave et al., 2003) and economical (Sudhakaran
et al., 2021; Wolanski et al., 2019) services. Due to their unique prop-
erties, estuarine ecosystems are subject to both natural and anthropo-
genic environmental pressures resulting from continental (nutrient
input, pollution, floods...) as well as oceanic (tides, salinity...) drivers.
For example, the tidal cycle will cause high variability of salinity and
moisture contents of different coastal habitats (Jorissen et al., 2022).
River flow (low water levels, floods, etc.) will influence salinity as well,
but may also cause erosion of banks and mudflats (Jorissen et al., 2022).
To integrate these different parameters in a single index, we have
recently developed and tested the “Marine Influence Index” (MII) which
aims to provide an integrated assessment of the natural environmental
conditions of estuarine sites (Fouet et al., 2022; Jorissen et al., 2022).

In view of the ecological and economical value of coastal areas, the
European Commission adopted the Water Framework Directive (WFD,
2000/60/EC) in October 2000. This directive commits the Member
States of the European Union to achieve a good quality status of all water
bodies, including transitional and coastal waters. To achieve the ob-
jectives of the WFD, it is crucial to develop new approaches and methods
to monitor environmental quality. Over the last 50 years many in-
dicators of environmental quality have been developed (Diaz et al.,
2004). Some of these indicators are based on chemical or physical pa-
rameters (Tueros et al., 2008), but these indices concern often only a
single source of pollution or stress. To evaluate the impact of all stressors
together, indicators based on organisms have been elaborated. Among
them we can cite indices based on fishes (Lepage et al., 2016), macro-
fauna (van Loon et al., 2015), phytoplankton (Revilla et al., 2009) or
vegetation composition (Juanes et al., 2008). In this context, the phylum
of Foraminifera (Rhizaria, Eukaryotes) represents excellent model or-
ganisms to evaluate environmental quality. First, they have a short life
cycle of some months up to a year (Murray, 1983). Next, different spe-
cies are sensitive to organic enrichment (Jorissen, 1987; Parent et al.,
2021), heavy metal pollution (Alve, 1991), or ocean acidification
(Haynert et al., 2014; Keul et al., 2013; Kuroyanagi et al., 2021). Finally,
the production of propagules and resting stages is a well-known adaptive
mechanism to temporary adverse conditions (Geisen et al., 2018).
Foraminifera have the ability to form such inactive stages (i.e., dormant
adults or propagules), allowing them to survive prolonged periods of
adverse conditions and rapidly respond when the environment becomes
more favorable (Alve and Goldstein, 2002). For example, propagules of
sensitive species (e.g., porcelaneous taxa) appear to be able to withstand
short periods of low pH conditions and to “bloom” once the conditions
are close to their optimum (Weinmann et al., 2021).

Over the last decades, many studies have put forward foraminiferal
biotic indices for open marine environments, especially for the shelf
area. On the one hand, several indices based on morphological obser-
vations were developed, using different metrics such as alpha diversity
(Bouchet et al., 2012) or indicator species concepts (Barras et al., 2014;
Jorissen et al., 2018). On the other hand, more recently, studies based on
environmental DNA (eDNA) have provided indices based on assign-
ments to a reference database (Cavaliere et al., 2021) or on taxonomy
free and machine learning methods (Cordier et al., 2017). Nevertheless,
these indices have their limits in estuarine environments. There, high
amplitude spatial and temporal variability of natural environmental
parameters (salinity, temperature, moisture, organic matter, oxygen
contents, etc.) as well as superimposed anthropogenic stressors impact

the community composition. Consequently, the alpha diversity found in
estuaries is low in comparison with fully marine environments (Elliott
and McLusky, 2002; McLusky and Elliott, 2004). Even in predominantly
natural settings, species living in estuaries are highly adapted to extreme
and highly variable environmental conditions requiring opportunistic
life strategies. This strongly biases the results of environmental quality
indices created in fully marine habitats, systematically leading to
negative scores in estuaries (Fouet et al., 2022). This apparent contra-
diction (low environmental quality values in apparently natural eco-
systems) is known as the “estuarine quality paradox™ (Dauvin, 2007;
Elliott and Quintino, 2007). Consequently, assessing the environmental
quality of estuarine ecosystems remains a major challenge (Elliott and
Quintino, 2007; Tweedley et al., 2015).

Here, we present a survey of foraminiferal genetic diversity (di-
versity obtained through eDNA approaches) in estuarine mudflats based
on high throughput sequencing (Illumina, MiSeq). To assess the patterns
and drivers of genetic diversity, we used a metabarcoding approach
using specific foraminiferal primers, targeting the V9 region of the SSU
rRNA gene. Our dataset consists of 25 sites on various mudflats in six
estuaries of the French Atlantic coast. At each site we measured the
major environmental parameters (sediment grain size, trace metals and
organic matter) and retrieved climatic data (temperature and precipi-
tation). With our HTS eDNA strategy, we address several fundamental
questions, which are essential in a context of environmental bio-
monitoring: (1) What are the advantage and issues of eDNA approaches
to capture foraminifera genetic diversity in comparison with the species
diversity obtained through morphological approaches? (2) What are the
patterns of genetic diversity along the French Atlantic coast estuaries?
And, finally, does eDNA genetic diversity show the same response to the
combination of natural and anthropogenic environmental gradients as
traditional inventories?

2. Materials and methods
2.1. Studied estuaries, sampling sites and environmental parameters

Samples were collected in six estuaries located along the north
French Atlantic coast: Elorn, Aulnes, Odet, Laita, Crach and Auray
(Fig. 1, Table 1, Table A.1). These estuaries are subjected to a meso- to
low macrotidal regime with a tidal range of about 4 to 5.5 m at the inlet.
The sampling was done during the low tide. To obtain a maximum of
genetic diversity, 3 to 7 sites were sampled per estuary, on intertidal
mudflats along the riverbanks. A total of 25 sites were sampled between
September and October 2020. On the largest mudflats, at some sites, up
to three stations (n = 35) were sampled at different elevations (A to C
from upper to lower mudflat). To cover a maximum of genetic diversity
at each station, two replicate samples of 5 g of the first centimeter of the
sediment were collected and stored rapidly at —20 °C prior to DNA
extraction. Furthermore, samples were collected at each site for sedi-
ment grain size analysis, organic matter and heavy metal measurements.

2.2. Morphological dataset

Morphological dataset was based on the methods and results
described in detail in Fouet, 2022. Briefly, sediment samples were
collected using a 96 mm corer, and the top centimeter of sediment was
preserved in 96 % ethanol with Rose Bengal staining (2 g/L). The
samples were then washed on 125 pm sieves. While the >125 pm frac-
tion does not capture the entire foraminiferal community, it is a time-
efficient compromise for biomonitoring studies (Schonfeld et al.,
2012). Foraminifera specimens were observed under a Leica MZ16
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stereomicroscope, and living individuals were identified by the presence
of bright pink Rose Bengal staining in most chambers (Table B.1).

The physical properties of each site were further characterized using
the Marine Influence Index (Jorissen et al., 2022). The index includes
the normalized measurements of the distance to the sea, the emergence
time at low tide and the river discharge (Table A.1). The detailed pro-
tocol and the rationale behind this index is explained in Jorissen et al.
(2022). Climatic data were obtained by using the coordinates of each
site to extract the value of the 19 variables extrapolated from monthly
measurements of temperature and precipitation (Table A.1). For this
purpose, we used the finest 30 arc second resolution grids of the
WorldClim database (Fick and Hijmans, 2017).

Sediment grain size, trace metal concentrations and organic matter
content were assessed to obtain sediment properties. Protocols for these
methods are detailed in Fouet et al. (2022). In brief, the sediment grain
size was analyzed (non-decarbonated) with a Mastersizer 3000 laser
diffraction particle size analyser (Malvern Panalytical Ltd., Malvern, UK).
In this study three different fractions are considered: clay (<4 pm), silt
(4-63 pm) and sand (>63 pm) (Table A.1). Three samples (LAI_1A,
ELO_1A and CRA_1A) are considered as outliers because of their high
sand percentage (>80 %). These sites cannot be defined as mudflat
environments and will not be included in the ecological models. Trace
metal concentrations were analyzed with an Inductively Coupled
Plasma Mass Spectrometer (Thermo Scientific® X-Series 2 ICP-MS) on
freeze-dried sediment, after total acid digestion (HCl, HNO3 and HF)
(Coynel et al., 2016). Seventeen chemical elements (V, Cr, Co, Ni, Cu,
Zn, As, Sr, Mo, Ag, Cd, Sn, Sb, Ba, Pb, Th and U) were measured.
Enrichment Factors (EF) were calculated by comparison with an un-
polluted reference sample (Fouet et al., 2022; Larrose et al., 2010)
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(Table A.1). Elemental carbon (%Corg) and nitrogen (%N) contents
were measured on decarbonated freeze-dried sediment with a CHONS
Elemental Analyser (EA Vario PYRO cube; Elementar®, Langenselbold,
Germany) (Table A.1).

2.3. DNA extraction, amplification, sequencing

Total DNA was extracted from the sediment with the FastDNA Spin
Kit for Soil (MP Biomedicals) according to the manufacturer's in-
structions. The choice of this specific DNA extraction kit was motivated
by the high quantity of raw material to be analyzed (5 g). As the density
of Foraminifera on mudflats can be highly variable (Fouet et al., 2022),
this should guarantee a good coverage of the genetic diversity. In our
case, as the morphology-based species diversity was low (Fouet et al.,
2022), we expected to have deleterious effects of highly homogeneous
nucleotide composition. This limits the number of high-quality reads
generated per Illumina run. In order to reduce these effects and increase
the overall quality of our sequencing, we included O to 4 nucleotides
between the tags and the primers to increase the heterogeneity (Jensen
et al., 2019). To reduce the tag jumping effect, we used a dual-indexing
approach (Taberlet et al., 2018). Primers, tag sequences and library
information can be found in Additional file A.1, and Table A.1.

PCR was carried out with AccuPrime™ Taq DNA Polymerase High
Fidelity (Thermo Fisher Scientific). The 37f hypervariable region
(Pawlowski et al., 2014) (amplicon size: 135-190 bp) was amplified
using the specific foraminiferal primers s14F1 (Pawlowski, 2000) and
s15r (Lejzerowicz et al., 2014). In metabarcoding studies, PCR replica-
tion is important to obtain a correct value of genetic diversity (Shirazi
et al., 2021). Therefore, for each DNA extraction, three PCR replicates

Fig. 1. A) Map of the six estuaries (Elorn, Aulne, Odet, Laita, Crac'h and Auray), B) picture of Elorn STO3_A and ST03_B, C) picture of Elorn ST04_A, D) picture of

Laita STO3_A.
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Table 1
General information about the estuaries, localities and coordinates of the stations.
Samples Estuary Locality Nb of stations Nb of samples Sampling date Latitude Longitude
AUR_1 Auray Locmariaquer 3 6 16.09.2020 47.5701 —2.9422
AUR_2 Auray Kerouarch 3 6 17.09.2020 47.5845 —2.9618
AUR_3 Auray Fort Espagnol 2 4 17.09.2020 47.6162 —2.9534
AUR 4 Auray Berly 2 4 17.09.2020 47.6348 —2.9645
AUR 6 Auray Plessis 2 4 17.09.2020 47.6348 —2.9645
AUR_7 Auray Reclus 1 2 18.09.2020 47.6561 —2.9791
AUR 8 Auray Pont d'Auray 2 4 16.09.2020 47.6678 -2.9711
CRA_1 Crach La Trinité sur mer 1 2 20.10.2020 47.5835 —3.0248
CRA_2 Crach Kerguirone 1 2 20.10.2020 47.6251 —3.0323
CRA_3 Crach Kervilor 1 2 20.10.2020 47.6101 —3.0246
CRA 4 Crach Kerguet 1 2 20.10.2020 47.6006 —3.0293
ODET_1 Odet Benodet 1 2 18.10.2020 47.8827 —4.1155
ODET_2 Odet Pois Keraigr 1 2 18.10.2020 47.9074 —4.1439
ODET_3 Odet Pois Meillon 1 2 18.10.2020 47.9319 —4.1137
ODET 4 Odet Keradennec 1 2 18.10.2020 47.9724 —4.1003
LAL1 Laita Kerbrest 1 2 19.10.2020 47.7716 —3.5290
LAIL 2 Laita Abbaye 1 2 19.10.2020 47.8046 —3.5268
LAL 3 Laita St Germain 2 4 19.10.2020 47.7904 —3.5312
AUL1 Aulne Landenevec 1 2 16.10.2020 48.2922 —4.2617
AUL_2 Aulne Moulin a la mer 1 2 16.10.2020 48.2755 —4.2828
AUL_3 Aulne Kerbastard 1 2 16.10.2020 48.2461 —4.2006
ELO_1 Elorn Camfront 1 2 17.10.2020 48.3958 —4.3825
ELO 2 Elorn Kermeur St Yves 1 2 17.10.2020 48.4066 —4.3452
ELO_3 Elorn Beg ar Groaz 2 4 17.10.2020 48.4246 —4.3050
ELO_4 Elorn Landernau 1 2 17.10.2020 48.4448 —4.2723

were done and pooled (for cost efficiency) before the quantification and
sequencing. The PCR conditions consist of an initial denaturation of
94 °C for 3 min followed by 35 cycles of denaturation at 94 °C for 30 s,
primer annealing at 50 °C for 45 s and extension at 68 °C for 90 s plus a
final extension at 68 °C for 10 min. PCR product pooled replicates were
quantified using the QuBit HS dsDNA (Invitrogen). Each sample was
then pooled with the same amount of DNA and purified using the
NucleoSpin™ Gel and PCR Clean-up XS kit (Macherey-Nagel). Library
preparation and Illumina MiSeq (paired-end, 2 x 250 bp) sequencing
were performed at ID-Gene Ecodiagnostics (Geneva, Switzerland). Se-
quences are available on European Nucleotide Archive via project
number PRJEB55114.

2.4. Bioinformatics and taxonomic assignment

Tags and primers were removed from the reads using cutadapt v. 3.4
(Martin, 2011). Clustering of the reads was done using the R package
DADA2 (v. 1.16; Callahan et al., 2016). Raw reads were quality
controlled by truncating (forward and reverse length of 120 bp) and
filtering them to a maximum number of ‘expected errors’ of two.
Amplicon sequence variants (ASV) were dereplicated if identical, clus-
tered and pair-end reads merged using a minimum overlap of 12 bp and
maximum mismatch of 0 bp. Chimeras were removed using the ‘pooled’
method (Callahan et al., 2016, p. 2). The ASVs were first automatically
assigned taxonomically using VSEARCH v. 2.18.0 (Rognes et al., 2016)
and our Foraminifera reference database based on the sequences present
in the NCBI database. This first assignation allowed removing ASVs that
do not belong to foraminifera (percentage of identity below 70 %). Then,
the remaining ASVs were compared with the GenBank database using
BLAST and assigned to species when the percentage of identity was
superior to 99 %. If the percentage of identity was below this threshold
the ASVs were assigned as “environmental clades”. Based on this in-
formation a second clustering where ASVs assigned to the same species,
or the same environmental clade were done. Therefore, the ASVs pro-
duced by the first clustering (DADA2, algorithm based on model error
rate) will be renamed into operational taxonomic units (OTUs, algo-
rithm based on the database similarity) after the second clustering.
Finally, a table with these new OTUs including only the species and
environmental clades related to foraminifera was built for further
analyses.

2.5. Data analysis

Statistical analyses were performed using R (v4.0.3) (R. Core Team,
2014) and the package vegan (v2.5-7) (Oksanen et al., 2021), if not
specified otherwise. We constructed distribution plots showing the
number of reads and ASVs versus the similarity value with the reference
sequences (single cell barcoded species) (Mahé et al., 2017). Then, to
determine whether the sequencing depth is sufficient to obtain an ac-
curate estimate of ASV richness, we constructed rarefaction and accu-
mulation curves with the rarecurve and specaccum functions,
respectively. Representation of the genetic diversity of the species rep-
resenting >1 % of the dataset (Schiaffino et al., 2016) was computed
using the ggheatmap function of the heatmaply (v1.3.0) package (Galili
et al.,, 2018) and the upset function of the UpSetR (v4.0.5) package
(Conway et al., 2017). We assessed the beta diversity (similarity pat-
terns) among foraminiferal communities by non-metric multidimen-
sional scaling (NMDS). NMDS was based on Bray-Curtis dissimilarities
retrieved from the sequence relative abundance. Even if the relative
abundances derived from the number of reads should be interpreted
with caution (Lara et al., 2022), this information can provide additional
information compared to presence/absence data.

To assess relationships between the OTUs and the environmental
variables, we first assessed the collinearity between the explanatory
variables. We performed a stepwise selection based on the variance
inflation factors (VIF) with the recommended threshold of ten (Belsley,
1980). The following variables were selected for further analyses:
organic carbon, clay (%), distance to the sea, altitude, river discharge,
trace elements (V, Co, Cu, As, Mo, Sn, Ba, Pb, U) and bioclimatic vari-
ables (Isothermality, Mean Temperature of Wettest Quarter (MTWQ)
and Precipitation of Driest Month (PDM)).

Then we performed a partial redundancy analysis (RDA) on Hel-
linger transformed data (Legendre and Gallagher, 2001). This trans-
formation will standardize the dataset and help to minimize effects of
vastly different total abundances per sample (Legendre and Gallagher,
2001). The significance of the variables and first and second ordination
axes was assessed using a one-way analysis of variance (ANOVA; 1000
permutations, p value threshold = 0.05) (Chambers and Hastie, 1991).
Finally, in order to evaluate the percentage of variance in foraminiferal
communities explained by sediment characteristics and climatic vari-
ables, we performed variation partitioning (varpart; Peres-Neto et al.,
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2006).
3. Results

A total of 6,224,249 raw reads were obtained after the bioinformatic
clustering steps. After removing non foraminiferal, low quality and
chimeric reads, a final dataset of 4,133,414 reads and a total of 162 ASVs
remained (Table C.1). Half of the reads (53.1 %) and about a quarter of
the ASVs (22.6 %) were assigned with 100 % confidence to the reference
database (Fig. A.1). The overlap of ASVs between two replicates was
moderate (63 %), while the overlap of reads between two replicates was
high (90 %) (Fig. A.3). This indicate that a substantial part of ASVs were
only present in one replicate (Fig. A.2) but that the dominant ASVs
(those that have a high number of reads) are present in both replicates
(Fig. A.2, Fig. A.3). To reduce this sampling bias, further statistical an-
alyses were therefore carried out on combined replicates. The rarefac-
tion curves (Fig. A.4) demonstrated that the sequencing depth per site
was sufficient, and the ASVs accumulation curve (Fig. A.5) showed that
the whole study adequately presented the total foraminiferal genetic
diversity. The final table count based on the 162 ASVs consists of 99
OTUs (18 OTUs related to monothalamids, 14 OTUs related to Globo-
thalamea, 2 OTUs related to Tubothalamea and 65 unassigned OTUs
considered as environmental clades) (Fig. 2, Table D.1).

The proportion of the 65 environmental clades was uneven between
the samples and estuaries with a particularly high number in Auray
estuary. The proportion of Rotaliida (Globothalamea) was low, except
for some samples where high numbers of reads of Ammonia and Hay-
nesina were observed (Auray ST02_A, Crac’h STO4_A, STO5_A and Odet
STO4_A). Most of the monothalamids were affiliated to the Saccamini-
dae, which were dominant in most of the assemblages. A notable
exception was the Laita estuary where unclassified monothalamids and
Vellaria pellucida were dominant.

In terms of the presence and absence of OTUs in estuaries, we
generated an UpSetR plot (an enhanced Venn diagram) focusing on the
dominant OTUs, which constitute >1 % of the total number of reads.
Our results show that 67.5 % of the OTUs were present in five or six
estuaries (Fig. A.6). >80 % of the OTUs were present in at least four
estuaries (Fig. A.6). Finally, no dominant OTUs were present in only one
estuary. However, the relative abundance of the number of reads of the
dominant OTUs was highly variable among the studied estuaries
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(Fig. 3). A dominance of three to 12 specific OTUs was typical for each of
the six estuaries (Fig. 3). The communities often showed a dominance of
one or two monothalamid species that were different in the various es-
tuaries. For the Crac'’h and Odet estuaries, the relative abundance of
Globothalamea species was higher (Fig. 2) in comparison with the other
estuaries. Even if every dominant species had a favorite estuary, they
were also present in most of the other estuaries (Fig. 3).

The NMDS analysis based on the dominant OTUs (Fig. 4) showed that
each estuary occupies a specific part of the ordination space. Both the
Auray and Crac'h and the Elorn and Aulne estuaries plot in the same part
of the ordination space. Conversely, the Odet and Laita estuaries did not
overlap with other estuaries. Although most of the OTUs were in the
center of the ordination space, some had a stronger influence on the
ordination of the samples and estuaries. This was for instance the case
for env_18, Elphidium margaritaceum, Haynesina depressula (Auray and
Crac'h estuaries) and two monothalamids (GenBank accession numbers
KP984731 and EU213249).

About the chemical composition of the sediment, most samples
showed low enrichment factors, suggesting predominantly natural
conditions, except in the Aulne estuary where a strong enrichment of Pb
(>5) was observed (Table A.1). Percentage of organic carbon and ni-
trogen content are in the range of values usually found in mudflat en-
vironments (Dubois et al., 2012).The RDA analysis (Fig. 5a) showed that
foraminiferal communities are significantly influenced by nine envi-
ronmental variables (clay, Corg, distance to the sea, river discharge, Pb,
Sn, U, PDM, and isothermality, p < 0.05). The first two axes explained
43.3 % of the variance. The variance partitioning showed that the
sediment and physical properties explained 15.9 % of the variance,
whereas the climatic data explained 8.2 % (Fig. 5b). When both were
combined, the percentage reached 17.1 %. The residuals of this analysis
correspond to 58.7 %.

4. Discussion
4.1. Sampling, methods, and dataset consistency

This is the first published attempt to study foraminiferal eDNA
sampled on estuarine mudflats with specific markers, and consequently,

our sampling strategy was not yet optimized for this purpose. In order to
assess every component of the genetic diversity (active as well as
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Fig. 3. Heatmap depicting the dominant foraminiferal genetic diversity and relative abundance in French coast estuaries. The taxa were obtained with an eDNA
metabarcoding approach using specific primers for Foraminifera. Sequencing was done with a MiSeq platform. The distribution of the relative abundance of the reads
across the estuaries is uneven and specific taxa are strongly related to a certain estuary.

inactive stages) we chose to focus on the DNA-based HTS and not on
RNA-based HTS (Qiao et al., 2022). The downside of this approach is
that some dead cells with preserved DNA inside the shell may also be
sequenced. Seasonality and temporality are also important factors to
consider in ecological studies, also for Foraminifera in estuarine envi-
ronments (Debenay et al., 2006; Murray, 1983). Therefore, to reduce
potential impacts induced by these factors, we decided to focus on a
single season (Fall 2020). Although on average one replicate represents
only 63 % of the total genetic diversity at the sampling site (Fig. A.2), the
rarefaction and amplification curves clearly reach the “plateau”
(Fig. A.4, Fig. A.5). This indicates that the sequencing depth is sufficient

to cover the total genetic diversity of a single replicate. Moreover, in
terms of abundance, the shared reads between the replicates account for
90 % (Fig. A.3). This confirms that the dominant ASVs are detected
consistently in both replicates. However, some of the rarer taxa may also
be missed in two replicates so that genetic diversity obtained through an
eDNA approach should be described with caution. Several explanations
can be provided to explain the fairly large differences in the ASV's
observed in the two replicates: 1) The DNA extraction kit does not allow
perfect DNA extraction of the cells (i.e., bead beating steps could be
unable to break properly organisms provided with calcareous tests), 2)
The quantity of sediment used as input may not cover the total genetic
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dissimilarities of 35 samples from Auray, Odet, Crach, Aulne, Laita and Elorn
estuary. Stress value = 0.13. The NMDS is constructed with the dominant taxa
that represent >1 % of the total number of reads.

diversity of the site and finally 3) the sampled area (for one replicate) is
potentially too small to have a complete picture of the genetic diversity
of the site. A recent study on metazoans showed a similar pattern with a
potential bias toward the largest species (Klunder et al., 2022). To draw
sound ecological conclusions, it is crucial to cover the total genetic or/
and species diversity. Consequently, more methodological work is
needed to define the most efficient strategy (Lara et al., 2022; Zinger
et al., 2019). To reduce sampling artifacts in our study we decided to
pool the replicates and consider them as single samples. The total ge-
netic diversity of the environment was approached with this strategy.
To obtain a robust dataset that allows answering ecological hy-
potheses, different known biases (contamination, tag jumping, reads
quality, assignation...) must be addressed (Pawlowski et al., 2014). In
this study, we chose to adopt the most stringent possible approach. To
reduce the “tag jumping” effect we used a unique double tag combina-
tion and limited the number of samples per library to 35 (Esling et al.,
2015). We also improved the overall quality of our sequencing by
including 1-4 nucleotides as spacers to increase the heterogeneity of the
libraries (Fadrosh et al., 2014). Next, we checked the assignation of each
ASV with the reference database to avoid potential bioinformatic
misidentification. To remove genetic diversity biases due to multiple
variants that exist for some foraminiferal species (Weber and Pawlowski,
2014), we decided to pool the ASVs belonging to the same species or
environmental clades to a single OTU. And finally, for our ecological
model (Figs. 4 and 5), we decided to consider only OTUs accounting for
>1 % of the total number of reads. By considering only OTUs present in
fair numbers in many samples, we expected to reduce the noise in our
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Fig. 5. A) Redundancy analysis (RDA) of dominant foraminifera taxa extracted
from sediment sample collected from six estuaries from the French Atlantic
coast. Significant environmental variables (P < 0.05) are represented by ar-
rows. B) The variance partitioning results for community composition among
the components of the physical and chemical parameters and the climatic data.
Residual values are also displayed.

ecological model caused by the rare biosphere (Schiaffino et al., 2016).
All these steps tend to increase the robustness of our dataset and
strengthen our interpretation and conclusions.

4.2. Estuarine foraminiferal eDNA diversity

We were able to assign most of our ASVs to species level (Table C.1),
demonstrating the advantage to use specific markers for specific clade
investigation. As expected, due to the extreme environmental conditions
in estuaries, the genetic diversity of foraminifera is low compared to
open ocean habitats (Lecroq et al., 2011). The number of foraminiferal
species observed at the investigated sites based on the morphological
observation of the 125 pm fraction of the sediment (only species with a
mineralized or agglutinated shell were observed) ranges from two to 19
(Fouet et al., 2022). In our study we observed 99 OTUs, about five times
more that observed in morphological studies. The high proportion of
monothalamids found in the eDNA dataset can be explained by a com-
bination of factors. For example, the shorter barcode size in some
monothalamids (i.e., saccaminids), compared to Globothalamea or
Tubothalamea would promote their amplification and sequencing.
Another explanation could be that monothalamids are easier to extract
with the DNA kit as they have an organic test (Santos et al., 2017).
Primer or sequencing biases in favor of this group could also be possible.
Finally, a naturally higher abundance of monothalamids compared to
mineral shelled foraminifera (Globothalamea and Tubothalamea) could
also be hypothesized (Laroche et al., 2018; Lecroq et al., 2011; Lejzer-
owicz et al., 2021). The much lower abundance or total absence of
monothalamids in morphological studies is explained by the fact that
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organic shelled foraminifera (dominant in monothalamids) are usually
ignored in this methodology. To overcome some of these limitations, e.g.
the primer/sequencing biases, the use of other markers such as the COI
(Macher et al., 2022) can be envisaged. However, in that case, other
biases can be expected and the reference database for these other
barcodes is still far too poor to be efficient for an ecological study like
this one.

Even if the number of environmental clades found in our study is
high (representing 65.6 % of the total number of OTUs), they represent a
marginal fraction of the total number of unassigned reads (30.9 %,
Fig. A.1). Moreover, two dominants environmental OTUs (ENV_01 and
ENV_02) represent respectively 61.2 % and 14.2 % of the unassigned
reads. Further investigations are needed to discover which species are
hidden behind these environmental clades. Nevertheless, our study
demonstrates overall that the effort of single cell barcoding is sufficient
to reliably assign the majority of ASVs on estuarine mudflats. Conse-
quently, the reference database for these ecosystems can be considered
as accurate. Monothalamids remain poorly documented in comparison
to their multichambered relatives. Nevertheless, this group profits from
a renewed interest, with new descriptions of species belonging to this
polyphyletic clade published recently (Gooday et al., 2022; Holzmann
et al., 2022). An additional effort should be made on intertidal mudflats
to describe monothalamids morphologically and genetically. Thereafter,
the intra-specific genetic variance will be better known, and it is highly
probable that several species will be represented by more than one ASV,
like is the case for many of the well-studied species. This will lead to a
decrease of alpha diversity.

Our results show that natural environmental gradients have a strong
impact on species composition. In function of the habitat properties, a
specific selection of often opportunistic species will be present in each
estuary. Our analyses suggest that the community composition is similar
in the estuaries of Auray and Crach as well as in the estuaries of the
Aulne and Elorn (Figs. 4 and 5), even if the dominant OTUs are not the
same in both estuaries (Fig. A.6, Fig. 3). It appears that the small
geographic distance between these two estuaries, and/or the compara-
ble environmental conditions, could have led to more similar commu-
nities compared to other estuaries (Fig. 1).

Generally, only a few OTUs dominate each sample, which is in line
with the conclusion of morphology-based studies (Fouet et al., 2022).
Environmental DNA based studies have the particularity to also detect
propagules and dormant stages. Additionally, they present a semi-
quantitative evaluation of the community composition. In our dataset,
the distribution of dominant species that represent >1 % of the total of
reads is very different between the samples, much more than in the
morphological inventories (Fouet et al., 2022). Together with the low
alpha diversity of the morphology based analyses of the same sites (i.e.,
2-19 (Fouet et al., 2022), this suggests that only a limited number of
OTUs is able to occupy the estuarine mudflat environments with adult
specimens, and that a large part of the eDNA comes from dormant stages
(and eventually some dead forams). In fact, due to the strong hydro-
dynamics caused by tidal and fluvial currents and waves, dormant stages
will be massively introduced in estuaries. Many of these introduced taxa
will not be able to colonize mudflats due to the environmental condi-
tions which are unfavorable to them.

4.3. Environmental parameters

The community composition of foraminifera in estuarine mudflats is
influenced by various environmental properties, sediment characteris-
tics, and climatic factors. Our RDA model (Fig. 5a) demonstrates that
these factors collectively account for 43 % of the variance. Notably, nine
variables within the model significantly impact the community
composition.

One crucial factor is sediment grain size, specifically the clay per-
centage, which has a known influence on foraminiferal communities
(Armynot du Chatelet et al., 2009). Our analysis (Fig. 5) reveals that also
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the distribution of ASVs on intertidal mudflats is affected by this
parameter. Similarly, also the percentage of organic carbon, often used
as an indicative parameter in morphology-based quality indices in fully
marine environments (Alve et al., 2016; Jorissen et al., 2018), appears to
influence the community distribution (Fig. 5). However, it is worth
noting that this influence may be partly attributed to the strong negative
correlation with grain size.

Two physical parameters, namely the distance to the sea and river
discharge, significantly impact the first axis of the RDA (Fig. 5). Both
variables are linked to the salinity of the estuary (Jorissen et al., 2022),
which is considered a critical factor in driving species diversity for fishes
(Whitfield, 2015), phytoplankton (Nche-Fambo et al., 2015), and fora-
minifera (Fouet et al., 2022). Additionally, two climate-related vari-
ables, Isothermality and Precipitation of the Driest Month (PDM), are
also significant in the model. Isothermality quantifies the extent of
temperature differences between day and night compared to seasonal
oscillations (O'Donnell and Ignizio, 2012). Estuarine mudflats experi-
ence substantial temperature gradients on both a daily (tidal effect) and
seasonal (spring and neap tides) scale, resulting in low isothermality.
PDM represents extreme conditions with minimal freshwater input into
the system. Both PDM and river discharge reflect the influence of
freshwater input, underlining its importance in the model. Finally, the
Pb enrichment factor potentially affects estuarine foraminiferal com-
munities (Fig. 5, Table C.1). Previous studies have indicated that high Pb
concentrations can significantly impact the abundance of dominant
foraminiferal species (Brouillette Price et al., 2019).

Even if these variables undoubtedly influence the community
composition, their contribution appears to be limited. In fact, together
these factors explain only 43 % of the total variance of the dataset, and
therefore 57 % remains unexplained in the RDA model (Fig. 5). This
means that other factors are important drivers of genetic diversity as
well. This is underlined by the important differences observed between
estuaries (Figs. 3 and 4), which are not corresponding to equally large
differences in the adult community (as shown by morphological studies)
and appear unrelated to the environmental characteristics discussed
before. Several additional factors can be involved. For instance, more
qualitative environmental factors such as the morphology, history and
anthropogenic use of the estuaries could affect the community charac-
teristics. However, such factors should also affect the composition of the
adult assemblages, which is not evident. Therefore, we hypothesized
that ecological drift could explain a significant part of the variance
(Fodelianakis et al., 2021), as previously reported for rare bacteria (Shi
et al., 2023). In fact, stochastic processes are expected to become more
significant with low population size and genetic diversity (Vellend,
2010), therefore this process can be especially pertinent in estuarine
ecosystems.

4.4. Putative impact of anthropogenic stressors

Due to the cumulative effects of natural and anthropogenic stressors
as well as potential qualitative environmental factors and ecological
drift, the development of bioindicators in estuarine environments is still
a challenge. Even if some metallic trace enrichment factors (i.e., Pb) and
organic carbon can have an anthropogenic source, it was impossible to
evaluate the impact of anthropogenic pollutants individually in our
model (Fig. 5). Therefore, we can assume that the foraminifera are not
substantially influenced by anthropogenic stressor.

4.5. Advantage and limitations of eDNA approaches

One major difference between HTS and classical morphological
studies is that HTS does not only take into account adult stages, but also
monothalamids, propagules and dormant stages (and potentially also
some dead individuals), thereby potentially strongly increasing genetic
diversity. As HTS data are semi-quantitative, we can assume that due to
the intrinsic mudflat proprieties, the dominant OTUs (corresponding to
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>1 % of the total of reads) in our study correspond to the adult and the
most active stages of foraminifera. Nevertheless, the distribution of the
reads of these dominant OTUs is very different between the studied es-
tuaries. It appears that the dominant species are present in all estuaries,
but they do not fully develop everywhere; they have a high density of
reads only at some of the sites. Environmental DNA approaches are
therefore a powerful tool, which does not only assess the living and
dominant species but also species that are potentially present and await
more favorable conditions to develop. However, a limitation of the
eDNA approach is the impossibility to distinguish the different cate-
gories (adults, juveniles, propagules, dormant stages). A dual approach,
combining morphological as well as eDNA studies, to assess the various
stages, seems therefore the ideal strategy to obtain a more complete
overview of the foraminiferal communities. In the future, new molecular
methods such as single cells transcriptomics (Sierra et al., 2022) or long-
read metabarcoding (Jamy et al., 2020) can be envisaged. Nevertheless,
more research and development are requested to assess ecological
questions with such new approaches.

5. Conclusion

Our study demonstrates that eDNA is particularly well adapted to
assess the foraminiferal genetic diversity in estuarine mudflats. The
sampling strategy and the choice of eDNA extraction kits still need
optimization. We suggest increasing the number or replicates and sites
or/and the quantity of raw material and optimizing the bead biting step
to extract more DNA from calcareous foraminifera. Several crucial fac-
tors (tag jumping, assignation, reference database...) must be carefully
assessed to obtain a reliable dataset. The environmental parameters,
sediment characteristics as well as the climatic data partly explain the
community composition. A larger dataset, including more sites and
samples would be needed to assess the importance of other factors like
ecological drift or the anthropogenic occupation history of the estuary.
Finally, eDNA investigation allows to assess other foraminiferal genetic
diversity components such as juveniles, propagules and dormant stages,
that are usually not considered or underestimated in morphology-based
studies. Therefore, the combination of morphological information,
mainly concerning the adult living community, and HTS of eDNA allows
obtaining a more complete picture of the different components of the
genetic diversity. By monitoring the evolution of the genetic diversity,
we can detect shifts in the community due to major environmental
changes and anthropogenic impact.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165983.

Benefits generated

Benefits from this research accrue from the sharing of our data and
results on public databases as described above.

CRediT authorship contribution statement

Conceptualization of the study, D.S. and F.J.J.; Sampling, D.S., S.Q.
and M.P.A.F. DNA extraction, PCR and samples preparation, D.S. and S.
Q. Bioinformatic and statistical analyses D.S.; interpretation of the ASVs
M.S. and D.S., visualization, D.S. writing, D.S. and F.J.J. supervision and
project administration, F.J.J.; All authors have read, commented and
agreed to the published version of the manuscript.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Science of the Total Environment 902 (2023) 165983

Data availability

Fastq files are available on ENA via the project number PRJEB55114.
The data generated/analyzed are included: the ASV table counts, ASV
taxonomy and sample metadata are provided as additional files.

Acknowledgements

The authors received funding from the OFB (French Office of
Biodiversity, grant number 3976-CT-RD-AMI-18-SURV-FORESTAT) and
the University of Angers (France). Alexandra Coynel (UMR CNRS 5805
EPOC, 33615 Pessac, France), Guillaume Tcherkez, Julie Lalande
(Institut de Recherche en Horticulture et Semences (IRHS), Angers,
France) and Eloi Marilleau are thanked for the trace elements and the
organic matter analyses, respectively. We thank two anonymous re-
viewers for commenting on the manuscript.

References

Alve, E., 1991. Benthic foraminifera in sediment cores reflecting heavy metal pollution in
Sorfjord, western Norway. J. Foram. Res. 21 (1), 1-19.

Alve, E., Goldstein, S.T., 2002. Resting stage in benthic foraminiferal propagules: a key
feature for dispersal? Evidence from two shallow-water species. J. Micropalaeontol.
21 (1), 95. https://doi.org/10.1144/jm.21.1.95.

Alve, E., Korsun, S., Schonfeld, J., Dijkstra, N., Golikova, E., Hess, S., Husum, K.,
Panieri, G., 2016. Foram-AMBI: a sensitivity index based on benthic foraminiferal
faunas from North-East Atlantic and Arctic fjords, continental shelves and slopes.
Mar. Micropaleontol. 122, 1-12. https://doi.org/10.1016/j.marmicro.2015.11.001.

Armynot du Chatelet, E., Bout-Roumazeilles, V., Riboulleau, A., Trentesaux, A., 2009.
Sediment (grain size and clay mineralogy) and organic matter quality control on
living benthic foraminifera. Rev. Micropaleontol. 52 (1), 75-84. https://doi.org/
10.1016/j.revmic.2008.10.002.

Barras, C., Jorissen, F.J., Labrune, C., Andral, B., Boissery, P., 2014. Live benthic
foraminiferal faunas from the French Mediterranean Coast: towards a new biotic
index of environmental quality. Ecol. Indic. 36, 719-743. https://doi.org/10.1016/j.
ecolind.2013.09.028.

Belsley, D.A., 1980. On the efficient computation of the nonlinear full-information
maximum-likelihood estimator. J. Econ. 14 (2), 203-225. https://doi.org/10.1016/
0304-4076(80)90091-3.

Bouchet, V.M.P., Alve, E., Rygg, B., Telford, R.J., 2012. Benthic foraminifera provide a
promising tool for ecological quality assessment of marine waters. Ecol. Indic. 23,
66-75. https://doi.org/10.1016/j.ecolind.2012.03.011.

Brouillette Price, E., Kabengi, N., Goldstein, S.T., 2019. Effects of heavy-metal
contaminants (Cd, Pb, Zn) on benthic foraminiferal assemblages grown from
propagules, Sapelo Island, Georgia (USA). Mar. Micropaleontol. 147, 1-11. https://
doi.org/10.1016/j.marmicro.2019.01.004.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P.,
2016. DADAZ2: high-resolution sample inference from Illumina amplicon data. Nat.
Methods 13 (7), 581-583. https://doi.org/10.1038/nmeth.3869.

Cavaliere, M., Barrenechea Angeles, 1., Montresor, M., Bucci, C., Brocani, L., Balassi, E.,
Margiotta, F., Francescangeli, F., Bouchet, V.M.P., Pawlowski, J., Frontalini, F.,
2021. Assessing the ecological quality status of the highly polluted Bagnoli area
(Tyrrhenian Sea, Italy) using foraminiferal eDNA metabarcoding. Sci. Total Environ.
790, 147871 https://doi.org/10.1016/j.scitotenv.2021.147871.

Cave, R.R., Ledoux, L., Turner, K., Jickells, T., Andrews, J.E., Davies, H., 2003. The
Humber catchment and its coastal area: from UK to European perspectives. In: Land
Ocean Interaction: Processes, Functioning and Environmental Management:A UK
Perspective, vol. 314-316, pp. 31-52. https://doi.org/10.1016/50048-9697(03)
00093-7.

Chambers, J.M., Hastie, T.J., 1991. Statistical Models in S. Wadsworth, Pacific Grove,
CA. https://doi.org/10.1007/978-3-642-50096-1_48.

Conway, J.R., Lex, A., Gehlenborg, N., 2017. UpSetR: an R package for the visualization
of intersecting sets and their properties. Bioinformatics 33 (18), 2938-2940. https://
doi.org/10.1093/bioinformatics/btx364.

Cordier, T., Esling, P., Lejzerowicz, F., Visco, J., Ouadahi, A., Martins, C., Cedhagen, T.,
Pawlowski, J., 2017. Predicting the ecological quality status of marine environments
from eDNA metabarcoding data using supervised machine learning. Environ. Sci.
Technol. 51 (16), 9118-9126. https://doi.org/10.1021 /acs.est.7b01518.

Coynel, A., Gorse, L., Curti, C., Schafer, J., Grosbois, C., Morelli, G., Ducassou, E.,
Blanc, G., Maillet, G.M., Mojtahid, M., 2016. Spatial distribution of trace elements in
the surface sediments of a major European estuary (Loire Estuary, France): source
identification and evaluation of anthropogenic contribution. In: Recent and Past
Sedimentary, Biogeochemical and Benthic Ecosystem Evolution of the Loire Estuary
(Western France), vol. 118, pp. 77-91. https://doi.org/10.1016/j.
seares.2016.08.005.

Dauvin, J.-C., 2007. Paradox of estuarine quality: benthic indicators and indices,
consensus or debate for the future. In: Implementation of the Water Framework
Directive in European Marine Waters, vol. 55(1), pp. 271-281. https://doi.org/
10.1016/j.marpolbul.2006.08.017.


https://doi.org/10.1016/j.scitotenv.2023.165983
https://doi.org/10.1016/j.scitotenv.2023.165983
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0005
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0005
https://doi.org/10.1144/jm.21.1.95
https://doi.org/10.1016/j.marmicro.2015.11.001
https://doi.org/10.1016/j.revmic.2008.10.002
https://doi.org/10.1016/j.revmic.2008.10.002
https://doi.org/10.1016/j.ecolind.2013.09.028
https://doi.org/10.1016/j.ecolind.2013.09.028
https://doi.org/10.1016/0304-4076(80)90091-3
https://doi.org/10.1016/0304-4076(80)90091-3
https://doi.org/10.1016/j.ecolind.2012.03.011
https://doi.org/10.1016/j.marmicro.2019.01.004
https://doi.org/10.1016/j.marmicro.2019.01.004
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.scitotenv.2021.147871
https://doi.org/10.1016/S0048-9697(03)00093-7
https://doi.org/10.1016/S0048-9697(03)00093-7
https://doi.org/10.1007/978-3-642-50096-1_48
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1093/bioinformatics/btx364
https://doi.org/10.1021/acs.est.7b01518
https://doi.org/10.1016/j.seares.2016.08.005
https://doi.org/10.1016/j.seares.2016.08.005
https://doi.org/10.1016/j.marpolbul.2006.08.017
https://doi.org/10.1016/j.marpolbul.2006.08.017

D. Singer et al.

Day Jr., J.W., Kemp, W.M., Yanez-Arancibia, A., Crump, B.C., 2012. Estuarine ecology.
John Wiley & Sons.

Debenay, J.-P., Bicchi, E., Goubert, E., Armynot du Chatelet, E., 2006. Spatio-temporal
distribution of benthic foraminifera in relation to estuarine dynamics (Vie Estuary,
Vendée, W France). Estuar. Coast. Shelf Sci. 67 (1), 181-197. https://doi.org/
10.1016/j.ecss.2005.11.014.

Diaz, R.J., Solan, M., Valente, R.M., 2004. A review of approaches for classifying benthic
habitats and evaluating habitat quality. J. Environ. Manag. 73 (3), 165-181. https://
doi.org/10.1016/j.jenvman.2004.06.004.

Dubois, S., Savoye, N., Grémare, A., Plus, M., Charlier, K., Beltoise, A., Blanchet, H.,
2012. Origin and composition of sediment organic matter in a coastal semi-enclosed
ecosystem: an elemental and isotopic study at the ecosystem space scale. J. Mar.
Syst. 94, 64-73. https://doi.org/10.1016/j.jmarsys.2011.10.009.

Elliott, M., McLusky, D.S., 2002. The need for definitions in understanding estuaries.
Estuar. Coast. Shelf Sci. 55 (6), 815-827. https://doi.org/10.1006/ecss.2002.1031.

Elliott, M., Quintino, V., 2007. The estuarine quality paradox, environmental
homeostasis and the difficulty of detecting anthropogenic stress in naturally stressed
areas. Mar. Pollut. Bull. 54 (6), 640-645. https://doi.org/10.1016/j.
marpolbul.2007.02.003.

Esling, P., Lejzerowicz, F., Pawlowski, J., 2015. Accurate multiplexing and filtering for
high-throughput amplicon-sequencing. Nucleic Acids Res. 43 (5), 2513-2524.
https://doi.org/10.1093/nar/gkv107.

Fadrosh, D.W., Ma, B., Gajer, P., Sengamalay, N., Ott, S., Brotman, R.M., Ravel, J., 2014.
An improved dual-indexing approach for multiplexed 16S rRNA gene sequencing on
the Illumina MiSeq platform. Microbiome 2 (1), 6. https://doi.org/10.1186,/2049-
2618-2-6.

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37 (12), 4302-4315. https://doi.org/
10.1002/joc.5086.

Fodelianakis, S., Valenzuela-Cuevas, A., Barozzi, A., Daffonchio, D., 2021. Direct
quantification of ecological drift at the population level in synthetic bacterial
communities. ISME J. 15 (1), 55-66. https://doi.org/10.1038/s41396-020-00754-4.

Fouet, M., 2022. Répartition des communautés de foraminiferes dans les estuaires de la
fagade atlantique (Issue 2022ANGE0064) [Theses, Université d'Angers]. https://thes
es.hal.science/tel-04092200.

Fouet, M.P.A,, Singer, D., Coynel, A., Héliot, S., Howa, H., Lalande, J., Mouret, A.,
Schweizer, M., Tcherkez, G., Jorissen, F.J., 2022. Foraminiferal distribution in two
estuarine intertidal mudflats of the French Atlantic Coast: testing the marine
influence index. Water 14 (4). https://doi.org/10.3390/w14040645.

Galili, T., O’Callaghan, A., Sidi, J., Sievert, C., 2018. heatmaply: an R package for
creating interactive cluster heatmaps for online publishing. Bioinformatics 34 (9),
1600-1602. https://doi.org/10.1093/bioinformatics/btx657.

Geisen, S., Mitchell, E.A.D., Adl, S., Bonkowski, M., Dunthorn, M., Ekelund, F.,
Fernandez, L.D., Jousset, A., Krashevska, V., Singer, D., Spiegel, F.W., Walochnik, J.,
Lara, E., 2018. Soil protists: a fertile frontier in soil biology research. FEMS
Microbiol. Rev. 42 (3), 293-323. https://doi.org/10.1093/femsre/fuy006.

Gooday, A.J., Holzmann, M., Schwarzgruber, E., Cedhagen, T., Pawlowski, J., 2022.
Morphological and molecular diversity of monothalamids (Rhizaria, Foraminifera),
including two new species and a new genus, from SW Greenland. Eur. J. Protistol.
86, 125932 https://doi.org/10.1016/j.ejop.2022.125932.

Haynert, K., Schonfeld, J., Schiebel, R., Wilson, B., Thomsen, J., 2014. Response of
benthic foraminifera to ocean acidification in their natural sediment environment: a
long-term culturing experiment. Biogeosciences 11 (6), 1581-1597. https://doi.org/
10.5194/bg-11-1581-2014.

Holzmann, M., Gooday, A.J., Majewski, W., Pawlowski, J., 2022. Molecular and
morphological diversity of monothalamous foraminifera from South Georgia and the
Falkland Islands: description of four new species. Eur. J. Protistol. 85, 125909
https://doi.org/10.1016/j.ejop.2022.125909.

Jamy, M., Foster, R., Barbera, P., Czech, L., Kozlov, A., Stamatakis, A., Bending, G.,
Hilton, S., Bass, D., Burki, F., 2020. Long-read metabarcoding of the eukaryotic
rDNA operon to phylogenetically and taxonomically resolve environmental
diversity. Mol. Ecol. Resour. 20 (2), 429-443. https://doi.org/10.1111/1755-
0998.13117.

Jensen, E.A., Berryman, D.E., Murphy, E.R., Carroll, R.K., Busken, J., List, E.O.,
Broach, W.H., 2019. Heterogeneity spacers in 16S rDNA primers improve analysis of
mouse gut microbiomes via greater nucleotide diversity. BioTechniques 67 (2),
55-62. https://doi.org/10.2144/btn-2019-0025.

Jorissen, F.J., 1987. The distribution of benthic foraminifera in the Adriatic Sea. Mar.
Micropaleontol. 12, 21-48. https://doi.org/10.1016/0377-8398(87)90012-0.

Jorissen, F.J., Nardelli, M.P., Almogi-Labin, A., Barras, C., Bergamin, L., Bicchi, E., El
Kateb, A., Ferraro, L., McGann, M., Morigi, C., Romano, E., Sabbatini, A.,
Schweizer, M., Spezzaferri, S., 2018. Developing Foram-AMBI for biomonitoring in
the Mediterranean: species assignments to ecological categories. Mar.
Micropaleontol. 140, 33-45. https://doi.org/10.1016/j.marmicro.2017.12.006.

Jorissen, F.J., Fouet, M.P.A,, Singer, D., Howa, H., 2022. The marine influence index
(MII): a tool to assess estuarine intertidal mudflat environments for the purpose of
foraminiferal biomonitoring. Water 14 (4). https://doi.org/10.3390/w14040676.

Juanes, J.A., Guinda, X., Puente, A., Revilla, J.A., 2008. Macroalgae, a suitable indicator
of the ecological status of coastal rocky communities in the NE Atlantic. In: Assessing
the Environmental Quality Status in Estuarine and Coastal Systems: Comparing
Methodologies and Indices, vol. 8(4), pp. 351-359. https://doi.org/10.1016/j.
ecolind.2007.04.005.

Keul, N., Langer, G., de Nooijer, L.J., Bijma, J., 2013. Effect of ocean acidification on the
benthic foraminifera Ammonia sp. is caused by a decrease in carbonate ion
concentration. Biogeosciences 10 (10), 6185-6198. https://doi.org/10.5194/bg-10-
6185-2013.

10

Science of the Total Environment 902 (2023) 165983

Klunder, L., van Bleijswijk, J.D.L., Kleine Schaars, L., van der Veer, H.W., Luttikhuizen, P.
C., Bijleveld, A.IL, 2022. Quantification of marine benthic communities with
metabarcoding. Mol. Ecol. Resour. 22 (3), 1043-1054. https://doi.org/10.1111/
1755-0998.13536.

Kuroyanagi, A., Irie, T., Kinoshita, S., Kawahata, H., Suzuki, A., Nishi, H., Sasaki, O.,
Takashima, R., Fujita, K., 2021. Decrease in volume and density of foraminiferal
shells with progressing ocean acidification. Sci. Rep. 11 (1), 19988. https://doi.org/
10.1038/541598-021-99427-1.

Lara, E., Singer, D., Geisen, S., 2022. Discrepancies between prokaryotes and eukaryotes
need to be considered in soil DNA-based studies. Environ. Microbiol. https://doi.
org/10.1111/1462-2920.16019 n/a(n/a).

Laroche, O., Wood, S.A., Tremblay, L.A., Ellis, J.I., Lear, G., Pochon, X., 2018. A cross-
taxa study using environmental DNA/RNA metabarcoding to measure biological
impacts of offshore oil and gas drilling and production operations. Mar. Pollut. Bull.
127, 97-107. https://doi.org/10.1016/j.marpolbul.2017.11.042.

Larrose, A., Coynel, A., Schéfer, J., Blanc, G., Massé, L., Maneux, E., 2010. Assessing the
current state of the Gironde Estuary by mapping priority contaminant distribution
and risk potential in surface sediment. Appl. Geochem. 25 (12), 1912-1923. https://
doi.org/10.1016/j.apgeochem.2010.10.007.

Lecroq, B., Lejzerowicz, F., Bachar, D., Christen, R., Esling, P., Baerlocher, L., @sterés, M.,
Farinelli, L., Pawlowski, J., 2011. Ultra-deep sequencing of foraminiferal
microbarcodes unveils hidden richness of early monothalamous lineages in deep-sea
sediments. Proc. Natl. Acad. Sci. 108 (32), 13177. https://doi.org/10.1073/
pnas.1018426108.

Legendre, P., Gallagher, E.D., 2001. Ecologically meaningful transformations for
ordination of species data. Oecologia 129 (2), 271-280. https://doi.org/10.1007/
s004420100716.

Lejzerowicz, F., Esling, P., Pawlowski, J., 2014. Patchiness of deep-sea benthic
foraminifera across the Southern Ocean: insights from high-throughput DNA
sequencing. In: SI: Southern Ocean Deep Sea—A Benthic View to Pelagic Processes,
vol. 108, pp. 17-26. https://doi.org/10.1016/j.dsr2.2014.07.018.

Lejzerowicz, F., Gooday, A.J., Barrenechea Angeles, 1., Cordier, T., Morard, R.,
Apothéloz-Perret-Gentil, L., Lins, L., Menot, L., Brandt, A., Levin, L.A., Martinez
Arbizu, P., Smith, C.R., Pawlowski, J., 2021. Eukaryotic biodiversity and spatial
patterns in the clarion-Clipperton zone and other abyssal regions: insights from
sediment DNA and RNA Metabarcoding. Front. Mar. Sci. 8 https://doi.org/10.3389/
fmars.2021.671033.

Lepage, M., Harrison, T., Breine, J., Cabral, H., Coates, S., Galvan, C., Garcia, P.,
Jager, Z., Kelly, F., Mosch, E.C., Pasquaud, S., Scholle, J., Uriarte, A., Borja, A., 2016.
An approach to intercalibrate ecological classification tools using fish in transitional
water of the North East Atlantic. Ecol. Indic. 67, 318-327. https://doi.org/10.1016/
j.ecolind.2016.02.055.

van Loon, W.M.G.M., Boon, A.R., Gittenberger, A., Walvoort, D.J.J., Lavaleye, M.,
Duineveld, G.C.A., Verschoor, A.J., 2015. Application of the Benthic Ecosystem
Quality Index 2 to benthos in Dutch transitional and coastal waters. J. Sea Res. 103,
1-13. https://doi.org/10.1016/j.seares.2015.05.002.

Macher, J.-N., Bloska, D.M., Holzmann, M., Girard, E.B., Pawlowski, J., Renema, W.,
2022. Mitochondrial cytochrome c oxidase subunit I (COI) metabarcoding of
Foraminifera communities using taxon-specific primers. PeerJ 10, €13952. https://
doi.org/10.7717/peerj.13952.

Mahé, F., de Vargas, C., Bass, D., Czech, L., Stamatakis, A., Lara, E., Singer, D., Mayor, J.,
Bunge, J., Sernaker, S., Siemensmeyer, T., Trautmann, I., Romac, S., Berney, C.,
Kozlov, A., Mitchell, E.A.D., Seppey, C.V.W., Egge, E., Lentendu, G., Dunthorn, M.,
2017. Parasites dominate hyperdiverse soil protist communities in Neotropical
rainforests. Nat. Ecol. Evol. 1 (4), 0091. https://doi.org/10.1038/s41559-017-0091.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. J. 17 (1), 10-12.

McLusky, D.S., Elliott, M., 2004. The Estuarine Ecosystem: Ecology, Threats and
Management. OUP Oxford. https://books.google.fr/books?id=9CaQDwWAAQBAJ.
Murray, J.W., 1983. Population dynamics of benthic foraminifera; results from the Exe

Estuary, England. J. Foram. Res. 13 (1), 1-12. https://doi.org/10.2113/gsjfr.13.1.1.

Nche-Fambo, F.A., Scharler, U.M., Tirok, K., 2015. Resilience of estuarine phytoplankton
and their temporal variability along salinity gradients during drought and
hypersalinity. Estuar. Coast. Shelf Sci. 158, 40-52. https://doi.org/10.1016/j.
ecss.2015.03.011.

O’Donnell, M.S., Ignizio, D.A., 2012. Bioclimatic predictors for supporting ecological
applications in the conterminous United States. US Geol. Surv. Data Ser. 691 (10),
4-9.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P., O’Hara, R.B., Simpson, G.L., Solymos, P., 2021. Vegan: Community
Ecology Package. R Package Version 2.5-7, p. 2020.

Parent, B., Hyams-Kaphzan, O., Barras, C., Lubinevsky, H., Jorissen, F., 2021. Testing
foraminiferal environmental quality indices along a well-defined organic matter
gradient in the Eastern Mediterranean. Ecol. Indic. 125, 107498 https://doi.org/
10.1016/j.ecolind.2021.107498.

Pawlowski, J., 2000. Introduction to the molecular systematics of foraminifera.
Micropaleontology 46, 1-12. JSTOR.

Pawlowski, J., Esling, P., Lejzerowicz, F., Cedhagen, T., Wilding, T.A., 2014.
Environmental monitoring through protist next-generation sequencing
metabarcoding: assessing the impact of fish farming on benthic foraminifera
communities. Mol. Ecol. Resour. 14 (6), 1129-1140. https://doi.org/10.1111/1755-
0998.12261.

Peres-Neto, P.R., Legendre, P., Dray, S., Borcard, D., 2006. Variation partitioning of
species data matrices: estimation and comparison of fractions. Ecology 87 (10),
2614-2625. https://doi.org/10.1890,/0012-9658(2006)87[2614:VPOSDM]2.0.CO;
2.


http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0085
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0085
https://doi.org/10.1016/j.ecss.2005.11.014
https://doi.org/10.1016/j.ecss.2005.11.014
https://doi.org/10.1016/j.jenvman.2004.06.004
https://doi.org/10.1016/j.jenvman.2004.06.004
https://doi.org/10.1016/j.jmarsys.2011.10.009
https://doi.org/10.1006/ecss.2002.1031
https://doi.org/10.1016/j.marpolbul.2007.02.003
https://doi.org/10.1016/j.marpolbul.2007.02.003
https://doi.org/10.1093/nar/gkv107
https://doi.org/10.1186/2049-2618-2-6
https://doi.org/10.1186/2049-2618-2-6
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1038/s41396-020-00754-4
https://theses.hal.science/tel-04092200
https://theses.hal.science/tel-04092200
https://doi.org/10.3390/w14040645
https://doi.org/10.1093/bioinformatics/btx657
https://doi.org/10.1093/femsre/fuy006
https://doi.org/10.1016/j.ejop.2022.125932
https://doi.org/10.5194/bg-11-1581-2014
https://doi.org/10.5194/bg-11-1581-2014
https://doi.org/10.1016/j.ejop.2022.125909
https://doi.org/10.1111/1755-0998.13117
https://doi.org/10.1111/1755-0998.13117
https://doi.org/10.2144/btn-2019-0025
https://doi.org/10.1016/0377-8398(87)90012-0
https://doi.org/10.1016/j.marmicro.2017.12.006
https://doi.org/10.3390/w14040676
https://doi.org/10.1016/j.ecolind.2007.04.005
https://doi.org/10.1016/j.ecolind.2007.04.005
https://doi.org/10.5194/bg-10-6185-2013
https://doi.org/10.5194/bg-10-6185-2013
https://doi.org/10.1111/1755-0998.13536
https://doi.org/10.1111/1755-0998.13536
https://doi.org/10.1038/s41598-021-99427-1
https://doi.org/10.1038/s41598-021-99427-1
https://doi.org/10.1111/1462-2920.16019
https://doi.org/10.1111/1462-2920.16019
https://doi.org/10.1016/j.marpolbul.2017.11.042
https://doi.org/10.1016/j.apgeochem.2010.10.007
https://doi.org/10.1016/j.apgeochem.2010.10.007
https://doi.org/10.1073/pnas.1018426108
https://doi.org/10.1073/pnas.1018426108
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
https://doi.org/10.1016/j.dsr2.2014.07.018
https://doi.org/10.3389/fmars.2021.671033
https://doi.org/10.3389/fmars.2021.671033
https://doi.org/10.1016/j.ecolind.2016.02.055
https://doi.org/10.1016/j.ecolind.2016.02.055
https://doi.org/10.1016/j.seares.2015.05.002
https://doi.org/10.7717/peerj.13952
https://doi.org/10.7717/peerj.13952
https://doi.org/10.1038/s41559-017-0091
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0270
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0270
https://books.google.fr/books?id=9CaQDwAAQBAJ
https://doi.org/10.2113/gsjfr.13.1.1
https://doi.org/10.1016/j.ecss.2015.03.011
https://doi.org/10.1016/j.ecss.2015.03.011
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0290
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0290
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0290
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0295
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0295
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0295
https://doi.org/10.1016/j.ecolind.2021.107498
https://doi.org/10.1016/j.ecolind.2021.107498
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0305
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0305
https://doi.org/10.1111/1755-0998.12261
https://doi.org/10.1111/1755-0998.12261
https://doi.org/10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;2

D. Singer et al.

Qiao, L., Fan, S., Ren, C., Gui, F., Li, T., Zhao, A., Yan, Z., 2022. Total and active benthic
foraminiferal community and their response to heavy metals revealed by high
throughput DNA and RNA sequencing in the Zhejiang coastal waters, East China Sea.
Mar. Pollut. Bull. 184, 114225 https://doi.org/10.1016/j.marpolbul.2022.114225.

R. Core Team, 2014. R: A Language and Environment for Statistical Computing, 2013. R
Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0.

Revilla, M., Franco, J., Bald, J., Borja, A., Laza, A., Seoane, S., Valencia, V., 2009.
Assessment of the phytoplankton ecological status in the Basque coast (northern
Spain) according to the European Water Framework Directive. Long-Term
Phytoplank. Time Ser. 61 (1), 60-67. https://doi.org/10.1016/].seares.2008.05.009.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. PeerJ 4, €2584. https://doi.org/10.7717 /peerj.2584.

Santos, S.S., Nunes, L., Nielsen, T.K., Jacquiod, S., Hansen, L.H., Winding, A., 2017. Soil
DNA extraction procedure influences Protist 18S rRNA gene community profiling
outcome. Protist 168 (3), 283-293. https://doi.org/10.1016/j.protis.2017.03.002.

Schiaffino, M.R., Lara, E., Fernandez, L.D., Balagué, V., Singer, D., Seppey, C.V.W.,
Massana, R., Izaguirre, 1., 2016. Microbial eukaryote communities exhibit robust
biogeographical patterns along a gradient of Patagonian and Antarctic lakes.
Environ. Microbiol. 18 (12), 5249-5264. https://doi.org/10.1111/1462-
2920.13566.

Schonfeld, J., Alve, E., Geslin, E., Jorissen, F., Korsun, S., Spezzaferri, S., 2012. The
FOBIMO (FOraminiferal Blo-MOnitoring) initiative—towards a standardised
protocol for soft-bottom benthic foraminiferal monitoring studies. Mar.
Micropaleontol. 94-95, 1-13. https://doi.org/10.1016/j.marmicro.2012.06.001.

Shi, Z., Ma, L., Wang, Y., Liu, J., 2023. Abundant and rare bacteria in anthropogenic
estuary: community co-occurrence and assembly patterns. Ecol. Indic. 146, 109820
https://doi.org/10.1016/j.ecolind.2022.109820.

Shirazi, S., Meyer, R.S., Shapiro, B., 2021. Revisiting the effect of PCR replication and
sequencing depth on biodiversity metrics in environmental DNA metabarcoding.
Ecol. Evol. 11 (22), 15766-15779. https://doi.org/10.1002/ece3.8239.

Sierra, R., Mauffrey, F., Cruz, J., Holzmann, M., Gooday, A.J., Maurer-Alcal, X.,
Thakur, R., Greco, M., Weiner, A.K.M., Katz, L.A., Pawlowski, J., 2022. Taxon-rich
transcriptomics supports higher-level phylogeny and major evolutionary trends in
Foraminifera. Mol. Phylogenet. Evol. 174, 107546 https://doi.org/10.1016/j.
ympev.2022.107546.

11

Science of the Total Environment 902 (2023) 165983

Sudhakaran, P.O., Puggioni, G., Uchida, H., Opaluch, J., 2021. Do oyster farms actually
reduce the property values? Empirical evidence from Rhode Island. Aquacult.
Econom. Manag. 25 (2), 202-222. https://doi.org/10.1080/
13657305.2020.1869857.

Taberlet, P., Bonin, A., Zinger, L., Coissac, E., 2018. DNA amplification and multiplexing.
In: Environmental DNA. Oxford University Press. https://doi.org/10.1093/0s0/
9780198767220.003.0006.

Tueros, 1., Rodriguez, J.G., Borja, A., Solaun, O., Valencia, V., Millan, E., 2008. Dissolved
metal background levels in marine waters, for the assessment of the physico-
chemical status, within the European Water Framework Directive. Sci. Total
Environ. 407 (1), 40-52. https://doi.org/10.1016/j.scitotenv.2008.08.026.

Tweedley, J.R., Warwick, R.M., Potter, I.C., 2015. Can biotic indicators distinguish
between natural and anthropogenic environmental stress in estuaries? J. Sea Res.
102, 10-21. https://doi.org/10.1016/j.seares.2015.04.001.

Vellend, M., 2010. Conceptual synthesis in community ecology. Q. Rev. Biol. 85 (2),
183-206. https://doi.org/10.1086/652373.

Weber, A.A.-T., Pawlowski, J., 2014. Wide occurrence of SSU rDNA intragenomic
polymorphism in foraminifera and its implications for molecular species
identification. Protist 165 (5), 645-661. https://doi.org/10.1016/j.
protis.2014.07.006.

Weinmann, A.E., Goldstein, S.T., Triantaphyllou, M.V., Langer, M.R., 2021. Community
responses of intertidal foraminifera to pH variations: a culture experiment with
propagules. Aquat. Ecol. 55 (1), 309-325. https://doi.org/10.1007/510452-021-
09833-w.

Whitfield, A.K., 2015. Why are there so few freshwater fish species in most estuaries?
J. Fish Biol. 86 (4), 1227-1250. https://doi.org/10.1111/jfb.12641.

Wolanski, E., Day, J.W., Elliott, M., Ramesh, R., 2019. Coasts and Estuaries: The Future.
Elsevier Science. https://books.google.fr/books?id=ExyFDwAAQBAJ.

Zinger, L., Bonin, A., Alsos, 1.G., Balint, M., Bik, H., Boyer, F., Chariton, A.A., Creer, S.,
Coissac, E., Deagle, B.E., De Barba, M., Dickie, I.A., Dumbrell, A.J., Ficetola, G.F.,
Fierer, N., Fumagalli, L., Gilbert, M.T.P., Jarman, S., Jumpponen, A., Taberlet, P.,
2019. DNA metabarcoding—need for robust experimental designs to draw sound
ecological conclusions. Mol. Ecol. 28 (8), 1857-1862. https://doi.org/10.1111/
mec.15060.


https://doi.org/10.1016/j.marpolbul.2022.114225
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0325
http://refhub.elsevier.com/S0048-9697(23)04608-9/rf0325
https://doi.org/10.1016/j.seares.2008.05.009
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/j.protis.2017.03.002
https://doi.org/10.1111/1462-2920.13566
https://doi.org/10.1111/1462-2920.13566
https://doi.org/10.1016/j.marmicro.2012.06.001
https://doi.org/10.1016/j.ecolind.2022.109820
https://doi.org/10.1002/ece3.8239
https://doi.org/10.1016/j.ympev.2022.107546
https://doi.org/10.1016/j.ympev.2022.107546
https://doi.org/10.1080/13657305.2020.1869857
https://doi.org/10.1080/13657305.2020.1869857
https://doi.org/10.1093/oso/9780198767220.003.0006
https://doi.org/10.1093/oso/9780198767220.003.0006
https://doi.org/10.1016/j.scitotenv.2008.08.026
https://doi.org/10.1016/j.seares.2015.04.001
https://doi.org/10.1086/652373
https://doi.org/10.1016/j.protis.2014.07.006
https://doi.org/10.1016/j.protis.2014.07.006
https://doi.org/10.1007/s10452-021-09833-w
https://doi.org/10.1007/s10452-021-09833-w
https://doi.org/10.1111/jfb.12641
https://books.google.fr/books?id=ExyFDwAAQBAJ
https://doi.org/10.1111/mec.15060
https://doi.org/10.1111/mec.15060

	Unlocking foraminiferal genetic diversity on estuarine mudflats with eDNA metabarcoding
	1 Introduction
	2 Materials and methods
	2.1 Studied estuaries, sampling sites and environmental parameters
	2.2 Morphological dataset
	2.3 DNA extraction, amplification, sequencing
	2.4 Bioinformatics and taxonomic assignment
	2.5 Data analysis

	3 Results
	4 Discussion
	4.1 Sampling, methods, and dataset consistency
	4.2 Estuarine foraminiferal eDNA diversity
	4.3 Environmental parameters
	4.4 Putative impact of anthropogenic stressors
	4.5 Advantage and limitations of eDNA approaches

	5 Conclusion
	Benefits generated
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


