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A B S T R A C T

Mercury (Hg) is a highly toxic element for living organisms and is known to bioaccumulate and biomagnify.
Here, we analyze the response of benthic foraminifera communities cultured in mesocosm and exposed to dif-
ferent concentrations of Hg. Standard morphological analyses and environmental DNA metabarcoding show
evidence that Hg pollution has detrimental effects on benthic foraminifera. The molecular analysis provides a
more complete view of foraminiferal communities including the soft-walled single-chambered monothalamiids
and small-sized hard-shelled rotaliids and textulariids than the morphological one. Among these taxa that are
typically overlooked in morphological studies we found potential bioindicators of Hg pollution. The mesocosm
approach proves to be an effective method to study benthic foraminiferal responses to various types and con-
centrations of pollutants over time. This study further supports foraminiferal metabarcoding as a complementary
and/or alternative method to standard biomonitoring program based on the morphological identification of
species communities.

1. Introduction

Some heavy metals play an important role in cellular metabolism
and growth but at high concentration they become toxic and pose
serious threat to marine life (Stankovic et al., 2014). Heavy metals re-
present one of the most persistent pollutants in marine environment as
they can be hardly degraded. Among them, mercury (Hg) is globally
distributed in the atmosphere, in the geosphere (Gu et al., 2014) as well
as in the biosphere where it is known to bioaccumulate and biomagnify
as monomethylmercury(II) cation (CH3Hg+) (Gu et al., 2011). Mercury
is subjected to physical, chemical and biochemical (i.e., biomobilization
mediated by microorganisms) processes that condition its speciation
and transport between the solid and aqueous phases (Fitzgerald et al.,
2007; Gworek et al., 2016). In seawater, Hg occurs in different chemical
and physical forms (Hines and Brezonik, 2004) influencing its

bioavailability and toxicity (Batrakova et al., 2014). Total Hg con-
centration in the open ocean varies between 0.4 and 3 picomoles (pM)
per liter (Lamborg et al., 2012; Mason et al., 2012). The Hg content in
benthic sediments commonly reflects its level in the water (Gworek
et al., 2016). In fact, Hg can be adsorbed on sediment particles, parti-
cularly on clay particles, and released as a result of chemical, physical
and biological factors (Gworek et al., 2016). The toxicity of Hg depends
on its concentration, chemical form and on the time of exposure (Ung
et al., 2010; Scopelliti et al., 2015). Inorganic Hg has been considered
toxic but at concentrations higher than methylmercury (Gentès et al.,
2015). Therefore, the evaluation of the effects of this persistent pollu-
tant in marine environments is of paramount importance and can be
achieved with effective monitoring program based on reliable and
comparable data as well as bioindicators. In this context, benthic for-
aminifera, single-celled organisms, are particularly sensitive to
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ecological and environmental changes (for a review, Alve, 1995) and
proved valuable as bioindicators in a wide range of marine environ-
ments (i.e., Frontalini and Coccioni, 2011). Although the majority of
the field studies have highlighted the value of using benthic for-
aminifera in biomonitoring programs, the distinction between natural
and human-induced stresses can sometimes be difficult to separate
(Armynot du Châtelet and Debenay, 2010; Martins et al., 2015). In
addition, there is a lack of information about quantitative pollutant-
specific responses of foraminifera and only the effect of few con-
taminants has been considered so far. Under these circumstances, as-
sessing the role played by a single pollutant, in the field, is undoubtedly
a difficult task and the influence of additional factors on benthic for-
aminiferal assemblages cannot be ruled out (Frontalini and Coccioni,
2011). Laboratory experiments, through which benthic foraminiferal
response to various types and concentrations of pollutants can be ob-
served through time, represent the most effective and direct method to
assess the effect of a single parameter (i.e., pollutant) on the benthic
foraminiferal assemblages. Unfortunately, only a limited number of
meso- and microcosm experiments have been conducted so far (i.e.,
Gustafsson et al., 2000; Ernst et al., 2006; Frontalini and Coccioni,
2012).

Traditional monitoring surveys based on morphological identifica-
tion of benthic foraminifera are laborious, time-consuming and require
highly trained specialists, sometimes making them costly and un-
suitable for large-scale assessment (Pawlowski et al., 2014a, 2016). The
introduction of high-throughput sequencing (HTS) technologies has
stimulated the study of biodiversity from a molecular perspective
(Metzker, 2010; Pawlowski et al., 2011; Creer et al., 2010; Baird and
Hajibabaei, 2012), as testified by the dramatic accumulation of DNA
barcodes in public databases (Pawlowski et al., 2012). The HTS of en-
vironmental DNA (eDNA) barcodes (metabarcoding) conveys useful
information about benthic communities that result in consistent biotic
indices calculations (Lejzerowicz et al., 2015), and therefore has pre-
sented an alternative method to assess the quality of marine environ-
ments (i.e., Pawlowski et al., 2016). The statistical developments and
the extending application spectrum of this new tool provide enormous
potential for the improvement of future environmental biomonitoring
programs (Wood et al., 2013; Pawlowski et al., 2016; Cordier et al.,
2017). Metabarcoding in environmental biomonitoring has been mainly
applied to animals and marine macro-invertebrates and more recently
to protists like foraminifera and diatoms (Visco et al., 2015; Pawlowski
et al., 2016). Foraminiferal metabarcoding has been successfully ap-
plied for environmental monitoring of fish farming in Scotland
(Pawlowski et al., 2014a), salmon farming in New Zealand (Pochon
et al., 2015), oil drilling activity in New Zealand (Laroche et al., 2016),
and characterizing microbial communities following the Deepwater
Horizon event (Moss et al., 2016) but neither under laboratory con-
trolled conditions nor heavy metal pollution.

Here, we analyze the diversity change of a benthic foraminiferal
community cultured in mesocosm and exposed to selected concentra-
tions of mercury (Hg). We compare the results of standard morpholo-
gical analyses based on both Rose Bengal and CellTracker Green fixed
foraminiferal assemblages with those from the HTS-based eDNA me-
tabarcoding of foraminiferal community. We identify potential in-
dicators of Hg pollution in molecular datasets and we discuss the ad-
vantages and limitations of metabarcoding compared to the standard
morphology-based approach.

2. Materials and methods

2.1. Mesocosms and Hg concentrations

The collection site was a coastal area off the Mt. Conero (central
Adriatic Sea) that is a natural area characterized by oligo-mesotrophic
conditions, low influence of human activity and largely diversified
benthic foraminiferal assemblages (Frontalini and Coccioni, 2008).

Sediment was collected using a Van Veen grab sampler and only the top
2 cm of sediment was retained. Upon collection, sediments were
homogenized and sieved over a 500 μm screen on board and the frac-
tion> 500 μm was discarded to remove bioturbators such as macro-
fauna and large meiofauna. The< 500 μm fraction, containing for-
aminifera, was placed in an insulated box, covered by ambient
seawater, and kept near ambient temperature (ca. 16 °C) until arrival at
our shore-based laboratory. Artificial Sea Water (ASW) was prepared
following the methods of Ciacci et al. (2012), stored in the dark, aerated
and mixed under in-situ temperature. Seven different Hg-ASW mixture
concentrations plus control were prepared. Inorganic salt of Hg as
mercury chloride (HgCl2) > 99.5% pure was used for the experiments
(CAS Number 7487–94-7; Sigma-Aldrich). The selected final con-
centrations were 100 ppt, 1 ppb, 10 ppb, 100 ppb, 1 ppm, 10 ppm and
100 ppm plus the control. Approximately 20 L of Hg-ASW mixture was
introduced into each tank (aquarium) (60 cm× 40 cm× 20 cm). Eight
mesocosms (15 cm× 8 cm× 3 cm) containing 1 cm-thick sediment
were placed inside each tank (Fig. S1). Multichannel pumps were used
to circulate and to oxygenate water through silicone rubber tubing
anchored between the tanks' bottom and plastic grids. Tanks were
placed in a controlled environment with air temperatures of 14–16 °C
that were uniformly maintained throughout the experiment. The dis-
solved oxygen (DO), salinity (S), conductivity, temperature (T), Oxi-
dation-Reduction Potential (ORP) and pH of the seawater were routi-
nely monitored by a set of HQ40d portable multi-parameter probes.

2.2. Subsampling

Mesocosms (sediment< 500 μm) were retrieved at six time inter-
vals (one week (T1), two weeks (T2), three weeks (T3), four weeks (T4),
six weeks (T5), and eight weeks (T6)). From each mesocosm and at
every sampling time, 10 cm3 of sediment was collected for morpholo-
gical analyses based on Rose Bengal and CellTracker Green CMFDA (5-
chloromethylfluorescein diacetate) dying (CTG) and a further aliquot
(40 cm3) of sediment was taken for geochemical analysis. For meta-
barcoding, three test sediments samples from original sampling and one
sediment aliquot of 2 mL collected at every sampling time (except T4)
were immersed in 5 mL of LifeGuard Soil Preservation Solution (MoBio)
and immediately frozen at −20 °C. Sterile gloves were worn at all time
and disposable spoons were used for sub-sampling (SteriPlast, Burkle).
A total of 43 sediment samples were sent frozen to the Department of
Genetics & Evolution, University of Geneva (Switzerland) for further
molecular work. Additionally, one aliquot (50 mL) of water was col-
lected from tanks, immediately acidified with 50 μL of 65% nitric acid
and refrigerated for the chemical analysis of Hg.

2.3. Hg analyses in water and sediment

The geochemical analyses of Hg in water and sediment were per-
formed at the DiSTeM, Università di Palermo (Italy). Sediment samples
were oven dried at low temperature (ca. 40 °C) for 48 h to prevent the
evaporation of Hg and to remove porewater. Samples were then
homogenized and reduced in powder using mortar and gently pestle. A
fraction of about 0.2 g of the resultant materials was then weighted and
digested in a microwave oven (Mars 5, CEM Corporation) using a mixed
solution of HNO3-H2O2-HF for a total digestion according to EPA
method 3052. This procedure allows the complete decomposition of the
organic material and the transformation of all the mercury in Hg(II).
Milli-Q water (resistivity of 18.2 MΩ·cm) used throughout the experi-
ments was produced by a Millipore system. Trace metal grade con-
centrated nitric and hydrofluoric acids and 30% hydrogen peroxide
were purchased by Fluka. The digested samples were then filtered and
brought to volume in a round-bottomed flask (50 mL). For each mi-
neralization cycle 10 samples, a blank and a quality control sample
(MESS-3, National Research Council Canada) were prepared. Subse-
quently, the samples were stored at 4 °C until the quantification of Hg
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concentrations.
Mercury concentrations were measured by cold vapor atomic ab-

sorption spectroscopy (CV-AAS) using a flow injection system (FIAS
100, Perkin Elmer) connected to an atomic absorption spectro-
photometry (AAS Analyst 800, Perkin Elmer). The sample solution,
containing ionic Hg, was mixed with sodium borohydride (NaBH4) as
reducing agent and HCl as carrier solution to form elemental Hg vapor.
An inert carrier gas (argon) transported the Hg vapor in the detection
cell where it was quantified at the wavelength of 253.7 mm. The
quantification analysis was carried out using the direct determination
by calibrated line built on three known concentration solutions. The
unknown concentration was then calculated using the equation re-
sulting from the linear regression. Three replicates of each measure-
ment were performed. One blank and one digested standards were run
every 10 samples to ensure the accuracy of digestion and analytical
procedures. A relative standard deviation (RSD) below 5% was found
for all of the samples analyzed. The instrument was recalibrated daily.

Correlation coefficients of the calibration curves were in the range
of 0.998–0.999. The analytical results of the standard reference mate-
rials showed good agreement with the certified values. All data were
blank corrected. The concentration of Hg in the sediment was related to
the initial quantity of weighted samples.

2.4. Foraminiferal morphospecies assemblage

Aliquots treated with rose Bengal were gently washed through
63 μm sieve to remove any excess stain, and were then oven dried at
50 °C. One sample out of three was used for benthic foraminiferal
counts that were separately performed on 63–125 μm fraction
and> 125 μm fraction.

The sediment aliquots sampled for the CTG were immediately
treated with a CTG/Dimethyl sulfoxide (DMSO) solution (Bernhard and
Bowser, 1996). Overall, ca. 10 μL of the CTG/DSMO (1 μM final con-
centration) solution and 10 mL of ASW were added to the sediment
(10 cm3) aliquot with a micropipette. The sediments were incubated at
in situ temperature (c.a. 15 °C) in the dark for 12 h. Samples were then
fixed in 4% borax-buffered (5 g/L) formalin. The formalin-fixed sedi-
ment samples were washed with tap water to eliminate formalin and
mud on a 63 μm sieve. The sediment samples were subsequently sieved
over 125 and 63 μm meshes. Benthic foraminiferal counts were sepa-
rately performed on 63–125 μm fraction and the> 125 μm fraction
under an epifluorescence stereomicroscope (Stereo Discovery V8, Zeiss)
equipped with a light fluorescent source (FITC LED 69). Samples were
excited at a wavelength of 492 nm, whereas emission takes place at
517 nm (FITC). Only specimens showing clear green fluorescence have
been wet picked and air-dried.

The benthic foraminifera were morphologically identified following
classification of Loeblich and Tappan (1987), Jorissen (1988),
Cimerman and Langer (1991), Fiorini and Vaiani (2001), and Frontalini
and Coccioni (2008).

2.5. Environmental DNA metabarcoding

2.5.1. Environmental DNA extraction and PCR amplification
The total eDNA content of sediment was extracted for each of the 43

samples using the Power Soil™ DNA Isolation Kit (MoBio) according to
the manufacturer instructions. All extractions were performed in a PCR-
free environment, and in five separate sessions involving 4 to 9 samples
per session to prevent extraneous contaminations. Moreover, blank
extractions (i.e. extraction assay without sediment) were included at a
ratio of 1:3 for the first session and then at a ratio of 1:8 in order to
control for (cross-)contamination events.

A DNA fragment encompassing both the foraminiferal-specific 37f
and 41f hypervariable regions of the 18S rRNA gene was PCR-amplified
from each eDNA extract, using foraminiferal-specific forward primer
s14F1 (5′ - AAGGGCACCACAAGAACGC - 3′) and reverse primer s17 (5′

- CGGTCACGTTCGTTGC - 3′) (Table S1) (Pawlowski et al., 2002). The
amplified fragment was about 350 base pairs long. An additional,
nested PCR step was performed using tagged versions of the same pri-
mers to label the PCR products of each of our samples to a combination
of tag sequences.

Every tag consists of a unique sequence of 8 nucleotides appended
to the 5′-end of the specific amplification primer sequence (Table S2).
None of the 8-nucleotide sequence position is homologous to its cor-
responding position in the conserved region of the foraminiferal tem-
plate sequences (absolute anti-complementarity). The minimum pair-
wise edit distance among forward primer tags and among reverse
primer tags is set to 3. No dinucleotide is allowed in any tag, and the
base diversity is maximized in order to be able to select tag primer pair
combinations increasing the evenness of the anti-complementary bases
at each of the 8 sequenced tag positions. The choice of the tagged-
primers combinations was made according to an optimized multi-
plexing design as recommended previously (Esling et al., 2015).

Three PCR replicates were carried out for each eDNA extract. Each
PCR was performed in a total volume of 25 μl, including 1 Unit of Taq
DNA polymerase (Roche), 2.5 μl of 10× PCR Reaction Buffer (Roche),
0.2 mM of each dNTP, 0.2 μM of each primer, and approximately 10 ng
of eDNA extract. The conditions for the first amplification consisted of a
predenaturation step at 95 °C for melt the complex genomic DNA
mixture, followed by 19 cycles of denaturation at 94 °C for 30 s, an-
nealing at 50 °C for 30 s and extension at 72 °C for 1:30 min, followed
by a final extension step at 72 °C for 5 min. From the first PCR products,
10 ng were used for the nested PCR. The nested PCR conditions con-
sisted of predenaturation step at 95 °C for 1 min, followed by 14 cycles
of denaturation at 94 °C for 30 s, annealing at 52 °C for 30 s and ex-
tension at 72 °C for 2 min, followed by a final extension step at 72 °C for
5 min. One PCR blank control without DNA was included at a ratio of
1:1, i.e. for each sample processed to control each tagged primer pair
combination. All blank controls remained negative throughout the ex-
periments.

2.5.2. Library preparation and high-throughput sequencing
The PCR products were purified using High Pure PCR Cleanup Micro

Kit (Roche) and then quantified using the fluorometric quantitation
method based on the Qubit HS dsDNA Kit (Invitrogen). The purified
samples were pooled in equal amounts) and the total volume was
concentrated using a Speed Vac (30 min at medium temperature).

The sequencing library was prepared using the reagents of the PCR-
free TruSeq kit (Illumina) according to the manufacturer instructions.
In this procedure, the PCR products were end-repaired and appended
with an adenine (A-tailing step), ligated to the Illumina adapter and
purified. The library was quantified by qPCR using the KAPA Library
Quantification Kit according to the manufacturer instructions, and then
loaded on the single lane of a MiSeq flow cell for a paired-end se-
quencing run of 2*250 cycles. The sequencing primary analysis was
conducted by MCS2.2.0. Detailed explanations of the Illumina HTS
process have been provided elsewhere (Kircher et al., 2011).

2.5.3. Sequence analyses
The quality filtering and paired-reads assembly of the raw sequen-

cing data, as well as the abundance filtering, sequence assignment,
clustering and diversity estimation were based on the FASTQ file using
a pipeline written in C language for which a beta version is publicly
available (github.com/esling/illumina-pipeline). The sequencing also
included the three test samples that are part of the FASTQ raw data but
were not further considered. Briefly, we filtered out the sequences
containing at least one undetermined position (“N”), having an average
Phred quality score below 30, an edit distance of> 3 and 2 with its
closest reference forward (or reverse) primer and associated tag, re-
spectively, and> 5 mismatches in an overlap region of at least 50
positions between the paired reads. The demultiplexing step was per-
formed for each pair of assembled reads based on the combination of
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tags associated to the forward and reverse primers, and according to the
experimental design. The clustering and assignment steps involve a pre-
clustering step based on the 30 positions of the 5′-end of the 37f hy-
pervariable region based on which foraminiferal species can be de-
termined (Pawlowski and Lecroq, 2010). This pre-clustering is followed
by a complete linkage clustering based on the pairwise Needleman-
Wunsch distances computed for the complete 37f sequences of each pre-
cluster, using a floating taxon-specific threshold for each pre-cluster, as
extensively described in Lejzerowicz et al. (2014) and Pawlowski et al.
(2014b).

Because there is no universal solution to the filtering of HTS data
and that the abundance of sequences may be related to the likelihood
for a sequence to be genuine, three different datasets were generated
corresponding to three different read abundance thresholds for the
filtering od the dereplicated, unique sequences. The Filter 1 dataset
comprises all sequences except the unique sequences that were re-
presented throughout the entire dataset by only one sequence read. In
Filter 10 and Filter 100 datasets all sequences represented in the entire
dataset by< 10 or 100 reads, respectively, were removed. Prior to the
taxonomic assignment and the OTU clustering, the filtered sequences
were ordered according to their sequence read counts and the least
abundant sequences were grouped to the more abundant ones with up
to 4 edit differences in order to remove sequencing errors among the set
of unique sequences. The resulting sequences were then clustered into
OTUs and for each OTU, the sequence represented by the highest
number of reads was assigned a taxonomy based on a manually-curated
database comprising 1069 non-redundant foraminiferal species se-
quences, as described in Pawlowski et al. (2014a). Chimeric OTUs
originating from the artificial recombination of different sequences
during the PCR steps were detected using Uchime v.4.232 based both
on comparisons of OTUs sequences among them or against the re-
ference database, and every detected candidate OTU was removed from
the dataset.

2.6. Biostatistical analyses

A total of 7 datasets were generated, namely two from Rose Bengal
morphological analyses (fractions> 63 μm and> 125 μm), two from
CTG morphological analyses (fractions> 63 μm and> 125 μm), and
three from the molecular data (one for each abundance-based filter:
Filter1, Filter10, Filter100). Diversity indexes including Shannon (H′)
and Fisher α were calculated for each dataset using the “Diversity”
function in the Past software (Hammer et al., 2001), log-transformed
and then correlated (Spearman's rank correlation) with the concentra-
tions of Hg in sediment and water using Statistica v.8.

The morphological dataset that showed the strongest negative cor-
relations between diversity indexes and Hg concentrations was further
used for non-metric Multi-Dimensional Scaling (nMDS). The nMDS or-
dination was based on Bray-Curtis dissimilarity matrix (fourth-root
transformed) derived from relative abundance of taxa (> 1%).

The Filter10 dataset has been chosen for further statistical analyses
of metabarcoding data as it limits the number of OTUs and particularly
of unassigned OTUs compared to Filter 1 and has a higher number of
OTUs and of assigned OTUs than Filter 100. This dataset was explored
after standardization in terms of relative abundance of the identified
OTUs in each sample. The relative abundances of the most abundant
OTUs were correlated (Spearman's rank correlation) with the con-
centrations of Hg in water and sediment. The OTUs showing significant
correlation greater than ׀0.40׀ with Hg sediment concentration were
examined with R software (R Core Team, 2016) and only OTUs with a
relative read abundance> 3% were considered for nMDS analyses. The
nMDS ordination based on the Bray-Curtis dissimilarity was used to
represent the original position of OTU assemblages at each of the Hg
concentration in multidimensional space as accurately as possible using
a reduced number of dimensions. On the ordination diagrams, fitted
smooth surface for both concentration and time are plotted. The stress

between the two dimensional space representations and predicted va-
lues from the regression was estimated with a Shepard plot, showing
scatter around the regression between each pair of species distance
against their original dissimilarities. Stress< 0.05 indicates an ex-
cellent representation in reduced dimensions, 0.05–0.1 is good, 0.1–0.2
is acceptable, and 0.2–0.3 provides a poor representation. Multivariate
Regression Trees (MRT) (De'ath, 2002) analysis was based on OTUs'
relative read abundances to explore the relationships between their
density and the Hg concentration. Successive partition is defined by a
threshold value or a state of one of the explanatory variables. The
densities of the OTUs were first standardized using a chord distance
(Legendre and Gallagher, 2001). The read abundances of selected OTUs
were plotted against the Hg sediment concentrations and quantile re-
gression splines were modelled on 3rd order smoothed regression
curve. All the calculations were carried out using R software (R Core
Team, 2016) by using the packages base, Vegan (Oksanen et al., 2016)
for the nMDS and the standardization of the data and mvpart (De'ath,
2014) for the Multivariate Regression Trees.

3. Results

3.1. Physico-chemical parameters and Hg concentrations

Temperature and DO remained homogenous along the experiment
and salinity and pH showed a steady weak increase (Table S3). The
mean value of salinity registered during the period of the experiment
was 37‰ and a slight steady increase of lower than 1‰ was observed
through the experiment (Table S3). The DO in the tanks maintained a
constant value around 9.43 mg/L along the experiment (Table S3).
Temporal changes of Hg (release and absorption) in water and sedi-
ment, respectively, are reported in Fig. 1. According to the water che-
mical and sediment geochemical analyses, a significant decrease of Hg
concentrations in water takes place in the first (T1) and second weeks
(T2) of the experiment. Gradually, the Hg concentrations decrease up to
four weeks (T4) where then they mostly stabilize. The decrease of Hg
concentration in water is mirrored by a concurrent increase of Hg in the
sediment that follows the same pattern but in the opposite direction. In
particular, no significant rise of Hg concentration in sediment seems to
occur before T4 (Table S3).

3.2. Morphological assemblages

In total, 7,963 specimens of living (Rose Bengal stained) benthic
foraminifera were sorted and taxonomically identified. A total of 27
morphospecies was identified, the majority belonging to the order
Rotaliida (multilocular calcareous tests). The RB-stained assemblage
was largely dominated by Ammonia parkinsoniana, Ammonia tepida,
Aubygnina perlucida, Eggerelloides scaber, Elphidium advenum, Nonionella
turgida and Virgulinella fragilis (Tables S4 and S5). On the other hand, a
total of 4,834 CTB-labelled benthic foraminiferal specimens belonging
to 30 morphospecies were picked (Tables S6 and S7). The living as-
semblages were dominated by A. parkinsoniana, A. tepida, A. perlucida
and Bulimina elongata. On average 159.8 ± 6.3 and 248.8 ± 11
(n = 32) specimens were identified as living with Rose Bengal labeling
technique in> 125 μm and> 63 μm fractions, respectively. On the
other hand, on average 129.8 ± 3.5 and 151.1 ± 4.3 (n = 32) CTG-
labelled specimens resulted living in> 125 μm and> 63 μm fractions,
respectively. Data from the analyses on> 63 μm and> 125 μm frac-
tions of both Rose Bengal-stained and CTG-labelled foraminifera were
separately treated for the calculation of diversity indexes.

3.3. Molecular assemblages (high-throughput sequencing data statistics)

The raw sequencing data was composed of 717,228 Illumina MiSeq
reads for the 43 samples of the whole Hg contamination experiment.
The stringent sequence filtering procedure resulted in the removal of
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Fig. 1. Trend of Hg concentrations in water and sediment over time.
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107,025 paired-end sequences (14.9%), because of low sequence
quality (28,069 sequences), error in the primers or in the tags (65,635
sequences), mismatch in the overlap and failure to assemble the reads
(7,374 sequences) and wrong tag primer combinations (5,947 se-
quences). Between 2,592 and 11,670 sequences were retained per
sample, and c.a. 75% of the samples have> 5,240 sequences, which
correspond to the first quartile of the numbers of sequences per sample
(Table S8).

The filtered sequences were organized into three datasets, called
filters 1, 10 and 100, depending on the fixed reads abundance
threshold. The Filter 1 dataset was composed of 7,868 unique sequences
that clustered into 1,048 OTUs (87% of them remained unassigned)
(Tables S9). At threshold values of 10 or 100, the resulting dataset were
reduced to 1,949 or 89 unique sequences, respectively. Filter 10 and
Filter 100 datasets were composed of 430 and 56 OTUs, respectively
(Tables S10 and S11). Each dataset was used to calculate diversity in-
dexes but further analyses were based on Filter 10 only, which was
composed on 150 OTUs assigned to Globothalamea (107 OTUs to
Rotaliida and 43 OTUs to Textulariida), 119 OTUs assigned to
Monothalamea, and 161 OTUs remained unassigned.

3.4. Foraminiferal response to Hg

3.4.1. Effect of Hg on foraminifera diversity
In all datasets generated both from the morphological and mole-

cular analyses, the diversity decreased with increasing Hg concentra-
tions in water and sediment. In both datasets, the diversity indexes (H′
and Fisher α index) were negatively correlated with the concentrations
of Hg in water and sediment (Table 1), except for H′ calculated for the
Rose Bengal> 125 μm in the case of Hg in sediment. These correlations
are significant (p < 0.05) between diversity indices of molecular da-
tasets corresponding to filters 1 and 10 and Hg concentrations in water
and sediment. The Filter 100 dataset was significantly correlated only
with Hg in water. In the case of morphological dataset, the significant
negative correlation with Hg concentration was observed in few cases
only. The highest negative values were observed for> 125 μm CTG-
labelled foraminifera and Hg concentrations in sediment (−0.36 for H′
and −0.62 for Fisher α) and was therefore used for the further statis-
tical analyses.

3.4.2. Effect of Hg on foraminiferal relative abundances (morphospecies)
The nMDS (stress 0.19) separates samples mostly following the Hg

nominal gradient (Fig. 2A). In particular, samples with the lowest value
of Hg concentration (control, 100 ppt, and 1 ppb) are mainly placed at
negative values of the nMDS1 axis (Fig. 2A). These stations appear to be
more diversified when compared to those samples located at positive

values of nMDS1 (Fig. 2B). The strong dominance of A. parkinsoniana
hampers the identification of relative abundances' changes of other taxa
and only an increase of A. parkinsoniana and A. tepida compared to
other species can be observed at the highest concentrations (100 ppm).
The correlation matrix calculated to observe the changes of relative
abundance of taxa to [Hg] variation depicts a negative significant
correlation of Bulimina marginata, Haynesina depressula, Nonion cfr.
fabum, V. fragilis and Gavelinopsis sp. with Hg. Bulimina elongata and
Elphidium advenum appear to be positively related to Hg (Table S12).

3.4.3. Effect of Hg on foraminiferal relative abundances (eDNA data)
The relative abundances of the most abundant foraminiferal OTUs

in Filter 10 dataset were correlated with the concentrations of Hg in
water and sediment (Table S13). All the OTUs exhibited negative cor-
relations with either Hg in water or sediment or both, except OTU 30
(unassigned monothalamid clone 87584), OTU 57 (Monothalamids
Clade E, Psammophaga), OTU 6 (unassigned monothalamid), OTU 5
(Monothalamids Clade Y), OTU 7 (Rotaliida, Clade 3, Virgulinella fra-
gilis) and OTU 1 (unassigned monothalamid).

The relative averaged abundances of OTUs were then plotted over
the nominal Hg gradient (Fig. 3) where their positive or negative trend
can be detected. Among analyzed OTUs, Bathysiphon (OTU 4), unas-
signed monothalamid (OTU 14), Micrometula sp. (OTU 13), unassigned
monothalamid (OTU 17), Leptohalysis sp. (OTU 11), and Psammophaga
sp. (OTU 21) exhibited a decreasing abundance towards higher Hg
concentrations, particularly at 10 ppm and 100 ppm. On the other
hand, unassigned monothalamid (OTU 1), monothalamid Clade Y (OTU
5) and unassigned monothalamid (OTU 29) appeared to be associated
with increasing Hg concentrations. Similar results were achieved on the
quantile regression spline (Fig. S2).

3.4.4. Identifying potential foraminiferal bioindicators in eDNA datasets
To further identify potential foraminiferal bioindicator species, the

relative abundances of OTUs were analyzed using a nMDS (Fig. 4). As
for the morphological data, the nMDS obtained for the eDNA data
(stress 0.15) exhibits a separation among samples mostly following the
Hg gradient. In particular, samples with the highest value of Hg con-
centration (10 and 100 ppm) were grouped together (Fig. 4A). Of the
selected OTUs, with a relative abundance> 4%, unassigned mono-
thalamids (OTU 1) and monothalamid Clade Y (OTU 5) showed an
increase abundance at higher Hg concentrations (10 and 100 ppm),
whereas Bathysiphon (OTU 4), Micrometula (OTU 13), unassigned
monothalamid (OTU 26), Leptohalysis (OTU 11), Psammophaga (OTU
21), and Nonionidae Clade B (OTU 111) were only present or occurred
in higher abundances at low Hg concentrations (Fig. 4A). The nMDS
highlighted potential indicators OTUs (Fig. 4B). In particular, Bath-
ysiphon (OTU 4), unassigned monothalamid (OTU 14), Micrometula
(OTU 13), unassigned monothalamid (OTU 17), Leptohalysis (OTU 11),
and Psammophaga (OTU 21) appeared to be negatively affected by in-
creasing concentration of Hg. The OTUs that were associated with the
highest values of Hg were unassigned monothalamid (OTU 1), mono-
thalamid Clade Y (OTU 5) and Textulariida (OTU 15) (Fig. 4B).

On the basis of the OTUs' density, the MRT arranges the 40 samples
in different clusters and subclusters (Fig. 5). The concentration is the
primary discriminant variable. Accordingly, cluster 1 includes all the
highest concentrations (10 ppm and 100 ppm) regardless the sampling
time. Cluster 1 exhibits the highest abundances of unassigned mono-
thalamid (OTU 1) and relative high abundances of monothalamid Clade
Y (OTU 5). Cluster 2, which groups all the lower concentrations, is
divided in two subclusters 2a and 2b, with the former including all the
T5 and T6 time intervals regardless the concentrations. Cluster 2a
shows the lowest of unassigned monothalamid (OTU 1).

Table 1
Spearman's rank correlation (p < 0.05) among diversity indexes (H′ and Fisher α index)
calculated on morphological (Rose Bengal stained and CTG labelled benthic foraminifera
in> 63 μm and> 125 μm fractions) and molecular (Filters 1, 10 and 100) datasets and
Hg concentrations in water and sediment. Significant values are reported in bold.

Dataset Diversity index Hg water Hg sediment

RB > 63 μm H′ 0.56 −0.13
Fisher α index −0.13 −0.44

RB > 125 μm H′ −0.52 0.13
Fisher α index −0.14 −0.21

CTG > 63 μm H′ −0.07 −0.14
Fisher α index −0.28 −0.47

CTG > 125 μm H′ −0.26 −0.36
Fisher α index −0.36 −0.62

Filter 1 H′ −0.49 −0.35
Fisher α index −0.43 −0.48

Filter 10 H′ −0.39 −0.42
Fisher α index −0.31 −0.44

Filter 100 H′ −0.42 −0.12
Fisher α index −0.42 −0.13
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4. Discussion

4.1. Mercury

In our experiment, HgCl2 was chosen to evaluate the effect on the
benthic foraminiferal assemblages. The delay in the Hg precipitation
could be the reason why the concentration in the water of the 100 ppm
tank appears to stabilize at about 42 ppm. In similar experiments,
Maccotta et al. (2016) investigated the uptake of two heavy trace metal
elements (Cr and Pb) in sediments and documented a comparatively

different behaviors and kinetic for the two pollutants. In particular, at
high concentrations (> 1 mg/L, that is 1 ppm), Cr absorption of sedi-
ment from seawater is twice faster than Pb likely due to differential
metal ions' characteristics and their interaction with sediment
(Maccotta et al., 2016).

The highest Hg measured concentrations in sediment (up to
1.5 ppm) in the present experiment were particularly high and can be
compared with the values measured in sediment of the Santa Gilla
(0.87 ppm on average up to 8.63 ppm), Venice (0.69 ppm on average
and up to 4.28 ppm) and Orbetello (1.2 ppm on average and up to
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2.64 ppm) lagoons (Coccioni et al., 2009; Frontalini et al., 2009, 2010)
and much higher than those found in the Marche coastal area (30 ppb
on average and up to 71 ppb) (Frontalini and Coccioni, 2008). The ERL
(Effect Range Low) and ERM (Effect Range Median), which measure the
toxicity in marine sediment, reported for the sediment guidelines of the
U.S. Environmental Protection Agency (USEPA) for Hg (Long et al.,
1995) are 150 ppb and 710 ppb, respectively. The ERM is defined as the
concentration above which effects are frequently observed among most
species of biota whereas the ERL as the concentration below which
effects are rarely observed on biota (Long et al., 1995). The measured
Hg concentrations in sediment exceed the ERM for all the 100 ppm
nominal conditions except T1, whereas the ERL is overcome at 100 ppm
T1 and is very close to 10 ppm at T5 and T6.

4.2. Benthic foraminiferal assemblages and Hg

The effects of Hg on benthic foraminifera have been documented by
field studies, culture experiments and ultrastructural studies (i.e.,
Saraswat et al., 2004; Ferraro et al., 2006; Coccioni et al., 2009;
Frontalini et al., 2009, 2016; Nigam et al., 2009). A diversity reduction
and the development of abnormalities have been ascribed as the main
effects of Hg on benthic foraminiferal assemblages (Ferraro et al., 2006;
Coccioni et al., 2009; Frontalini et al., 2009; Caruso et al., 2011). Si-
milar results were documented by Di Leonardo et al. (2007) through the
study in vertical profiles of three box-cores from the industrial area of
Augusta and the Palermo Gulf (Italy). Culture experiments on Rosalina
leei revealed that increasing concentrations of Hg promote the inhibi-
tion of reticulopodial activity, the development of test abnormalities,
slowdown of reproduction rate, as well as a growth reduction (Saraswat
et al., 2004; Nigam et al., 2009). It was reported that regardless the
concentrations after 40 days of exposure, R. leei ceased to grow but
survived even at the highest concentration, namely 260 ng/L (Saraswat
et al., 2004). The effect of sudden stress due to Hg was evaluated by
Nigam et al. (2009) who reported specimens of R. leei dying at 300 ng/L
after 19 days of exposure. At ultrastructural level, Hg has been sug-
gested to promote the accumulation of lipid droplets and the pro-
liferation of lysosomes (Frontalini et al., 2016). In the same study, the
presence of Hg within the foraminiferal cell, namely at the basal part of
pores, in the organic linings of the foramen/septa, and as cytoplasmic
accumulations has been documented.

The concentrations of Hg used in the present study spans from
100 ppt to 100 ppm that cover and extend the range of concentrations

considered by Saraswat et al. (2004) and Nigam et al. (2009). Differ-
ently from the culture experiments that directly exposed R. leei to Hg,
our approach is based on the exposure of sediment and the entire for-
aminiferal assemblages living therein to Hg. Accordingly, the choice of
very high concentrations (i.e., 10 ppm and 100 ppm) was to ensure still
high Hg concentrations in seawater after partial absorption by the un-
derlying sediment. Similar to field studies, increasing concentrations of
Hg promote a reduction of diversity evaluated through a set of indexes
(Shannon and Fisher α index). Interestingly, regardless the considera-
tions of morphological and molecular analyses, a reduction of diversity
has been observed. Comparatively more negative correlation values
among diversity index and Hg concentrations are encountered in the
CTG dataset than the Rose Bengal stained ones. Rose Bengal is a widely
applied conventional staining technique to distinguish living from dead
benthic foraminifera that has been extensively used in field studies
(Murray, 2006). However, according to Bernhard et al. (2006), this
non-vital stain might lead to a significantly overestimation of the
abundance by including false positive (stained remaining proteins but
not living specimens). On the other hand, the application of fluorogenic
probes (i.e., CTG) is considered a more accurate method viability
method (Bernhard et al., 2006). Both techniques have been considered
in our experiment and a lower number of CTG-labelled specimens were
recognized as living compared to RB-stained ones. The differences be-
tween density determinations using the two methods led to a 39.1%
overestimation with Rose Bengal> 63 μm. This value matches quite
well with the averaged one (47%) reported from Florida Margin and off
the Carolinas (Bernhard et al., 2006). This bias can affect ecological
studies (Bernhard et al., 2006) and even more significantly experi-
mental ones. In light of this, the application of RB staining method
should be used with care in laboratory experiments, particularly when
short-time samplings (i.e., weeks) are compared. The relatively lower
and mostly non-significant negative correlations of diversity indexes
calculated in the Rose Bengal dataset with Hg in the sediment is pos-
sibly responsible to this bias.

Negative correlations with Hg concentration were also found for
diversity indexes calculated in the eDNA datasets. Remarkably, the
correlation values are more negative in the molecular datasets than in
the morphological ones. A possible explanation might be found in the
relatively poor diversification of the foraminiferal morphological as-
semblages when compared to the molecular ones. In fact, the low
number of morphospecies identified in the RB (27) and CTG (30) data,
were greatly outnumbered by the OTUs recognized in filters 1, 10 and
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100 that account 1048, 430 and 56, respectively. Additionally, the
foraminiferal morphological assemblages were strongly dominated by
Ammonia species and specifically by A. parkinsoniana accounting for
over 75%. The strong dominance of A. parkinsoniana in the morpholo-
gical datasets hides therefore trends of variation of relative abundance
of species (Fig. 2) and only some taxa that show very limited relative
abundances (i.e., B. marginata, H. depressula, Nonion cfr. fabum, V. fra-
gilis and Gavelinopsis sp.) have been putatively identified as sensitive to
Hg increase. This dominance of Ammonia spp. was enhanced at higher
Hg concentrations reflecting the poor diversification of foraminiferal
assemblages. On the other hand, the eDNA (filters 1, 10 and 100)

datasets that encompass all foraminiferal diversity, including mono-
thalamiids, exhibited a wider number of OTUs (species) and were less
dominated by few OTUs, making easier the recognition of possible
sensitive OTUs easier. Interestingly, the separation of samples (con-
centration of Hg) for both morphological (CTG> 125 μm, Fig. 2) and
molecular (Filter 10, Fig. 4) datasets was at concentrations over
10 ppm. This is particularly evident from the outcome of MRT analysis
applied on molecular dataset (Fig. 5). After two weeks, the initial Hg
concentrations of 100 ppm in water was still exceeding the ERM value
(710 ppb) that is considered as the threshold over which significant
effects on biota are frequently observed (Long et al., 1995).
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4.3. Foraminiferal eDNA indicators of Hg impact

A reduction in foraminiferal diversity (OTUs richness and Shannon
diversity) in relation to anthropogenic stressors was observed in several
metabarcoding studies based on eDNA and eRNA data. It has been re-
lated to lower redox mirroring the vicinity of the fish cages in Scotland
(Pawlowski et al., 2014a) and associated with increasing enrichment
stage (Pochon et al., 2015), following an index elaborated to qualify the
health of the benthic ecosystems (Keeley et al., 2012). A significant
correlation was also found between foraminiferal diversity indexes in-
ferred from metabarcoding data and the distance from the oil wellheads
(Laroche et al., 2016).

Our laboratory-experiment confirms the applicability of for-
aminiferal eDNA metabarcoding in environmental monitoring pro-
grams. In fact, similarly to field-based metabarcoding studies, a re-
duction of OTUs diversity (Shannon and Fisher α index) was observed
in the mesocosm foraminiferal assemblages, particularly when Hg
concentrations in sediments are considered. Additionally, some species
like Bathysiphon (OTU 4), unassigned monothalamid (OTU 14),
Micrometula (OTU 13), unassigned monothalamid (OTU 17),
Leptohalysis (OTU 11), and Psammophaga (OTU 21) have been regarded
as more sensitive to Hg increase than other taxa such as unassigned
monothalamid (OTU 1), monothalamid Clade Y (OTU 5) and unas-
signed monothalamid (OTU 29). The opportunistic-like behaviors of
these OTUs might result from the decline of other OTUs and competi-
tors or from better adaptation to culture conditions.

However, any generalization about ecological tolerance of different
foraminiferal species (OTUs) revealed by eDNA data should be con-
sidered with care. For instance, Bathysiphon and Micrometula, that ap-
pear quite sensitive in the present study, were correlated with more
oxic conditions in Scotland (Pawlowski et al., 2014a; Pochon et al.,
2015) and Psammophaga with intermediate stress conditions in New
Zealand (Pochon et al., 2015) and opportunist towards organic matter

in Adriatic Sea (Sabbatini et al., 2012). On the other hand, Leptohalysis
that in our experiment seems to be particularly sensitive to Hg increase
has been regarded as very tolerant to other stress such as increased
organic matter content (Sabbatini et al., 2012; Pawlowski et al., 2014a;
Pochon et al., 2015). Laroche et al. (2016) identified some OTUs de-
creasing in abundance from oil wellheads like Bathysiphon sp. 1 (OTU
32), unidentified globothalamids (OTUs 234 and 226) and mono-
thalamid (OTU 313) whereas increasing abundances of Reophax sp.
(OTU 23) and unidentified monothalamids (OTUs 73, 145 and 297)
were associated at distal sites. Although with no statistical significance,
the same authors reported very low abundances of Nonion sp. (OTU
115) and Nemogullmia sp. (OTU 95) in correspondence to the distance
from the oil wellhead. Similarly, in our experiment Nonionidae (OTUs
44 and 111) and Nemogullmia sp. (OTU 25) are associated with low Hg
concentrations. On the other hand, Bathysiphon (OTU 4) is commonly
found at lower concentrations of Hg and its abundance is particularly
low at Hg concentration over 10 ppm.

Interestingly, in an experiment to understand the response of
benthic foraminifera to Cd, Pb, Hg and Zn, Brouillette (2009) reported
Psammophaga simplora as able to withstand exposure to small con-
centrations of heavy metals but significantly reduced in all heavy metal
treatments. In particular, no marked differences in P. simplora abun-
dance between treatment (up to 3.6 ppm of Cd) and control were
documented but when the Cd concentrations was increased to
10.36 ppm an acute response was observed.

4.4. Practical advantages and limitations of foraminiferal metabarcoding

This study reinforces the potential and the applicability of for-
aminiferal metabarcoding in environmental monitoring programs. In
particular, the cost-effective, reliability, unneeded taxonomic expertise
and rapid identification of foraminifera make the eDNA metabarcoding
a valid methodology to process simultaneously and automatically
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higher number of samples and is particularly adapted to large-scale
biomonitoring (Pawlowski et al., 2014a). High numbers of reads are
obtained even when small amount of sediment (< 2 g) is available,
which ensures a proper statistical treatment. Furthermore, meta-
barcoding allows the consideration of soft-shelled taxa (mono-
thalamids) or the very small foraminiferal species that for practical
reasons are routinely discarded in the standard foraminiferal biomo-
nitoring (Schönfeld et al., 2012).

Another practical advantage of eDNA metabarcoding is standar-
dized identification of DNA sequences allowing automatic assignment
of sequences to OTU, which can be easily compared between different
studies. This removes the uncertainty related to the manual identifi-
cation of species in a traditional morphology-based approach. It also
allows distinguishing cryptic species that are common in practically all
foraminiferal morphospecies (Pawlowski et al., 2008; Majewski et al.,
2015). As shown in our study, the majority of these OTUs cannot be
assigned taxonomically. Of course, the interpretation of observed pat-
terns of OTUs distribution would be easier if it is assigned to particular
morphospecies of known ecology, like in the case of Virgulinella.
However, this would require special efforts to develop reference data-
bases of DNA barcodes that would allow unambiguously assign OTUs to
bioindicator species and facilitate the direct comparison with biomo-
nitoring studies using conventional morphology-based metrics. Alter-
natively, the taxonomically unassigned species can be analyzed through
taxonomy-free approaches, which provides OTU with ecological value
based on known environmental parameters (Apothéloz-Perret-Gentil
et al., 2017) or using machine learning methods to predict biotic indices
(Cordier et al., 2017). In our study, the OTUs that dominate eDNA
datasets in high Hg concentration do not need to be assigned tax-
onomically to become good candidates as bioindicators. In fact, their
indicator value depends whether they will show the same patterns of
occurrence in other eDNA-based studies of Hg polluted sediments.

For these reasons, the foraminiferal metabarcoding might represent
a valuable tool for environmental biomonitoring and possibly a com-
plement to standard morphological analyses. However, the meta-
barcoding approach has also some important limitations.

First, the eDNA dataset contains a lot of extracellular DNA mole-
cules that are preserved in the sediments. The proportion of this “free”
DNA fraction is difficult to evaluate especially that the analyzed dataset
is a result of PCR amplification, which makes no distinction between
active and inactive molecules. This issue can be partly overcome by
using environmental RNA, which degradation is faster than DNA (Orsi
et al., 2013; Laroche et al., 2017), or by using longer DNA fragments
that are more difficult to be preserved as free molecules in the sedi-
ments. In our study, we address this issue by using a filter that removes
all rare sequences present in< 10 reads, but it would be unfounded to
claim that all remaining sequences correspond to living species, espe-
cially given a small volume of sediments, from which the eDNA was
extracted. In the framework of future mesocosm experiments, it would
be worth testing the influence of extracellular DNA on the analysis of
diversity responses for biomonitoring, either towards the intensification
of the ecological signal as the DNA of the large, positively-responding
populations accumulates, or towards the spreading of a pan-genomic-
DNA mixture exacerbating rarity patterns.

Another important limitation for routine application of eDNA sur-
veys is the lack of validation studies that would confirm or infirm the
observed patterns. Benthic monitoring of salmon farms is the only ac-
tivity for which extensive material have been already collected and
published (Pawlowski et al., 2014a, 2016; Lejzerowicz et al., 2015;
Pochon et al., 2015). In the case of other activities, such as the oil and
gas industry, only preliminary metabarcoding studies have been pub-
lished (Laroche et al., 2016, 2017). For many other anthropogenic ac-
tivities that have impact on marine ecosystem there is no published
metabarcoding data yet.

Finally, the interpretation of eDNA metabarcoding data can also be
hampered by some uncertainties related to the filtering and clustering

of sequences (Flynn et al., 2015). In our study, we use filter that re-
moves all sequences that are present in< 10 occurrences but any of
such filters is arbitrary. OTU clustering is also based on some arbitrary
parameters that may not reflect accurately genetic diversity of some
foraminiferal species. In particular, the presence of intragenomic
polymorphism in rRNA genes of many benthic foraminifera makes
difficult the correct interpretation of these sequences (Pillet et al., 2012;
Weber and Pawlowski, 2013).

Theoretically, all these limitations can be overcome by further
studies focusing on increasing number of samples and more accurate
data analysis. However, one information that eDNA metabarcoding
studies are not able to provide is the description of morphological de-
formations of foraminiferal tests. Such deformations are often found in
highly polluted environments and are commonly used as evidence for
heavy metal pollution (Yanko et al., 1998). Our study is based on ri-
bosomal RNA genes that are not involved in morphogenesis of for-
aminiferal test. From this perspective, the microscopic examination of
foraminiferal assemblage remains the only valid way to assess the im-
pact of pollution by mercury or other toxic compounds.

5. Conclusions

1- The mesocosm approach combined with molecular and standard
morphological techniques proves to be an effective method to study
benthic foraminiferal responses to various types and concentrations
of pollutants over time.

2- The present study evidences that Hg pollution has detrimental ef-
fects on benthic foraminiferal diversity inferred from both mor-
phological and molecular assemblages.

3- The use of Rose Bengal staining leads to overestimate of 30% the
living foraminifera community compared to CTG.

4- Compared to morphological approach, the eDNA metabarcoding
offers several advantages, such as wider range of analyzed taxa,
including the monothalamids and some conspicuous hard-shelled
species, among which some may be potential key foraminiferal
(OTUs) indicators of Hg pollution.

5- Collectively, this study further supports the use of eDNA-based
foraminiferal metabarcoding as a complementary and/or alternative
method to biomonitoring program.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2017.10.022.
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