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Abstract Stormwater infiltration systems (SIS) have
been developed to limit surface runoff and flooding in
urban areas. The impacts of such practices on the eco-
logical and biological quality of groundwater ecosys-
tems remain poorly studied due to the lack of efficient
methodologies to assess microbiological quality of aqui-
fers. In the present study, a monitoring method based on
the incubation of artificial matrices (clay beads) is pre-
sented to evaluate microbial biomass, microbial activi-
ties, and bacterial community structure. Four microbial
variables (biomass, dehydrogenase and hydrolytic ac-
tivities, bacterial community structures) were measured
on clay beads incubated in three urban water types
(stormwater surface runoffs, SIS-impacted and non-
impacted groundwaters) for six SIS. Analyses based
on next-generation sequencing (NGS) of partial rrs
(16S rRNA) PCR products (V5-V6) were used to com-
pare bacterial community structures of biofilms on clay
beads after 10 days of incubation with those of waters

collected from the same sampling points at three occa-
sions. Biofilm biomass and activities on clay beads were
indicative of nutrient transfers from surface to SIS-
impacted groundwaters. Biofilms allowed impacts of
SIS on groundwater bacterial community structures to
be determined. Although bacterial communities on clay
beads did not perfectly match those of waters, clay
beads captured the most abundant bacterial taxa. They
also captured bacterial taxa that were not detected in
waters collected at three occasions during the incuba-
tion, demonstrating the integrative character of this ap-
proach. Monitoring biofilms on clay beads also allowed
the tracking of bacterial genera containing species
representing health concerns.

Keywords Infiltration basins . Environmental
monitoring .Microbial biomass and activity . Next
generation sequencing (NGS) .Metabarcoding . 16S
rRNA

Introduction

Groundwater constitutes a crucial resource of drinking
water for world populations. For example, about 75% of
the inhabitants of the EU depend upon groundwater
resources for their water supply (Danielopol et al.
2004). Therefore, groundwater ecosystems are more
and more considered for their ecological services, and
valued for their capacity to provide goods (e.g., safe
drinking water supply) and services (e.g., purification
of water through microbial and physicochemical
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processes) (European Groundwater Directive, EU-
GWD 2006). At the same time, urbanization threatens
these services and alters groundwater resources through
chemical pollution, and by reducing aquifer recharge.
Indeed, one of the major landscape modifications asso-
ciated with urbanization is an increase in the impervious
surface coverage (Shuster et al. 2005). The sealing of
urban surfaces alters the natural water cycle by increas-
ing stormwater runoff during rainfall events
(Niemczynowicz 1999). In this context, stormwater
management practices have been developed for 30 years
to limit surface runoff and their side effects such as
urban flooding, surface water pollution (Marsalek and
Chocat 2002; Fletcher et al. 2015), and reduced ground-
water recharge (e.g., more than 10% of groundwater
volume in the East aquifer of Lyon originates from
infiltration practices using stormwater infiltration ba-
sins, Foulquier 2009). However, aquifer recharge with
runoff stormwater in urban area may lead to groundwa-
ter contamination with hydrophilic compounds and mi-
crobial agents found in stormwaters (Sébastian et al.
2014; Mermillod-Blondin et al. 2015; Marti et al. 2017).

In front of these threats, indicators must be developed
to evaluate the responses of groundwater ecosystems to
stormwater infiltration (SI) practices. Indeed, efficient
indicators of ecosystem health and functioning are rare
for groundwater ecosystems despite their crucial impor-
tance for human populations (e.g. Danielopol et al.
2004; Steube et al. 2009; Griebler and Avramov
2015). Historically, the assessment of groundwater sta-
tus was based exclusively on chemical parameters,
hydrogeological data, or basic microbiological tests
(e.g., Escherichia coli total counts). Monitoring the
quality of groundwater could be considered a relatively
simple task, but the wide variety of contaminants
(chemicals and their by-products, allochtonous
microbes, and predators such amoebae) and high num-
ber of point (ditches, infiltration basins, rain gardens)
and diffuse (connected gardens and parks) sources make
it a difficult, time consuming, and expensive task.
Therefore, few authors (Hahn 2006; Steube et al.
2009; Stein et al. 2010; Korbel and Hose 2011, 2017)
proposed multimetric approaches to determine the eco-
logical status and the health of groundwater ecosystems
using abiotic and biotic (microbial activity and diversity,
abundance and richness of invertebrates) variables.
Then, biological indicators which could sense or build
genetic imprints representative of changing groundwa-
ter status over time appear as promising tools for

ecological monitoring (e.g., Griebler and Avramov
2015) and for the evaluation of health hazards.

Over the last decades, descriptors of general micro-
bial features such as overall biomass, respiratory activ-
ities, and genetic diversity fingerprints (e.g.,
Goldscheider et al. 2006; Griebler et al. 2010) have been
proposed to assess groundwater ecosystem health, but
they were applied onwater samples that did not consider
microorganisms living attached to sediments (through
biofilm development). Incorporating groundwater
biofilms in ecosystem health assessment is greatly need-
ed because biofilms are recognized as the main reactors
of biogeochemical and water purification processes oc-
curring in groundwater (e.g., Alfreider et al. 1997;
Goldscheider et al. 2006; Griebler and Avramov
2015). Nevertheless, sampling aquifer sediments and
attached biofilms after pumping or coring are technical-
ly difficult, expensive, and challenging in deep alluvial
aquifers (i.e., when the groundwater table is located at
10 m below the soil surface, Chapelle 2001). To circum-
vent this problem, we aimed at developing an alternative
monitoring approach based on the incubation of artifi-
cial solid matrices to assess the growth and diversity of
micro-organisms among biofilms developing in ground-
water impacted or not by stormwater infiltration (SI)
practices. This strategy has been rarely used in under-
ground environments, but previous experiments per-
formed in the hyporheic zone of the Rhône River
(Claret 1998), in an alluvial gravel aquifer system in
New Zealand (Williamson et al. 2012), and in urban
groundwaters (Mermillod-Blondin et al. 2013) gave
promising results. For instance, Mermillod-Blondin
et al. (2013) showed that a monitoring of bacterial
growth on glass beads incubated in piezometers could
be used to infer the trophic status of groundwater. To
extend the uses of such a trapping system, improve-
ments had to be performed by comparing different types
and sizes of solid surfaces (Voisin et al. 2015, 2016).
Clay beads with a diameter of 8 mm were found more
efficient than glass beads of the same diameter for
biofilm development and for capturing the bacterial
diversity of three water types (wastewater, stormwater
runoff water, and groundwater) (Voisin et al. 2016).
Nevertheless, these experiments had been done under
laboratory conditions without considering the hydrody-
namic conditions encountered in the field.

The present study aimed at testing the efficacy of
clay beads at capturing representative bacterial com-
munities developing in the field. Clay beads were
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incubated during 10 days in three Bwater types^
(stormwater runoff entering infiltration basins, and
SIS-impacted and not impacted groundwaters) at six
sites. Bacterial community structures were obtained
from incubated clay beads by metabarcoding using
next-generation sequencing datasets built from rrs
gene (16S rRNA) PCR products. In parallel, waters
were collected three times from the same sampling
points to have an assessment of their bacterial com-
munity structures over the incubation period. Com-
parisons of bacterial communities between those of
waters and incubated clay beads were done to eval-
uate the trapping efficacy of clay beads. Differences
between the genetic structures of bacterial commu-
nities from the runoff waters, and of the under-
ground waters impacted or not by SIS, and their
matching clay beads biofilms profiles, were investi-
gated. Furthermore, the relations between general
indicators of biofilm biomass and activities, and
the concentrations of nutrients, such as dissolved
organic carbon (a key variable according to
Mermillod-Blondin et al. (2013)) were evaluated.
Biofilm and biomass activities were expected to be
positively correlated with the availability of dis-
solved organic matter in waters (Mermillod-
Blondin et al. 2013). According to Voisin et al.
(2018), bacterial community structures in waters
and attached on clay beads were expected to be
distinct among the three water types.

Materials and methods

Experimental sites

Stormwater infiltration systems (SIS) were located
on the eastern main aquifer (catchment area
314 km2) of the Lyon metropolitan area, France
(Fig. 1). They have been built in three aquifer
corridors of highly permeable glaciofluvial sedi-
ments (hydraulic conductivity 10−3–10−2 m/s)
(Foulquier et al. 2009; Voisin et al. 2018). These
SIS are detention and infiltration basins collecting
stormwater runoff from residential, commercial, or
industrial areas (Voisin et al. 2018). Foulquier
(2009) estimated that the recharge of the aquifer
by SIS can represent 10% of the annual flux of
groundwater.

Experimental design

Six SIS (DJR = Django-Reinhardt, IUT = Campus of
the University Lyon 1, RAQ = Raquin, MIN =
Minerve, GB = Grange Blanche, and FEY = Feyzin)
were selected to evaluate the efficacy of clay beads
(8 mm in diameter) for monitoring changes in mi-
crobial biomass, activity, and genetic diversity that
could be observed among the runoff waters reaching
the infiltration basins and the connected groundwa-
ters (Fig. 1). Descriptions of these six sites are given
in Voisin (2017). Each SIS was equipped with a well
located in the aquifer zone impacted by stormwater
runoffs (impacted well) and one reference well lo-
cated in a zone non-impacted by the stormwater
runoff plume (non-impacted well). As sampling in
wells was previously found to give, in some cases, a
biased view of the chemistry and biological life in
an aquifer (Claassen 1982; Griebler et al. 2002;
Korbel et al. 2017), only sites where water chemis-
try in the wells (specific conductance, temperature,
and dissolved oxygen (DO) concentration) did not
differ from that of groundwaters in the aquifer
(Foulquier et al. 2010; Voisin 2017) were selected.
For each SIS, clay beads were incubated 10 days
with stormwater runoffs entering the basin, and in
the SIS-impacted and non-impacted wells. The incu-
bation period covered six successive rainfall events
(Fig. 2). This kind of rainy period shows clear
impacts of infiltrated runoff water on the aquifer.
Indeed, a marked decrease in electrical conductivity
was monitored in impacted wells due to the transfer
of poorly mineralized stormwater from the basin to
the aquifer (Fig. 2). In parallel, non-impacted wells
were not influenced by stormwater infiltration dur-
ing the same incubation period. For each SIS, three
nylon bags (4 cm × 10 cm) filled with 30 clay beads
were incubated in each water type (stormwater run-
off, SIS-impacted and non-impacted groundwaters).
In parallel with clay bead incubation, water samples
were collected three times over the 10-days incuba-
tion period (day 0, day 5, and day 10). Grab samples
of stormwater runoff were performed at the inlet of
the infiltration basins. Groundwaters were sampled
using a submerged pump (PP36 inox, SDEC,
Reignac-sur-Indre, France) previously cleaned with
70% ethanol. The first 50 pumped liters were used
to rinse the sampling equipment and discarded. The
following 6 L were used for chemical and
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microbiological analyses. All samples were collect-
ed and stored in pre-combusted glass bottles and
brought back to the laboratory in an isotherm box
at 4 °C.

Water physical and chemical measurements

Electrical conductivity (EC), pH, temperature, and dis-
solved oxygen (DO) were measured instantly from the
stormwater runoff grab samples and groundwater samples
collected on day 0, day 5, and day 10 with portable EC
(electric conductivity) and DO meter (dissolved oxygen,
HQ20, HACH, Dusseldorf, Germany) probes. Inorganic
nutrients (NH4

+, NO3
−, and PO4

3−) were measured on
filtered samples (0.7 µm,WhatmanGF/F Glass microfiber
filters) by standard colorimetric methods (Grasshoff et al.
1999) using an automatic analyzer (Smartchem200, AMS,
Frepillon, France). Dissolved organic carbon (DOC) con-
centrations were measured on filtered samples with a multi
N/C ® 3100 device (Analytik Jena, Jena, Germany) fol-
lowing Foulquier et al. (2010). Biodegradable DOC
(BDOC) was determined by the method of Servais et al.
(1989) followingMermillod-Blondin et al. (2015). Briefly,
DOC concentrations were measured before and after an

incubation of the samples with their native bacterial con-
tent over 30 days in the dark and at 20 °C. For each water
sample, BDOC was then calculated as the difference in
DOC concentrations before (initial concentrations of
DOC) and after (fraction of refractory DOC, RDOC) the
30 days incubation period.

Microbial analysis

Microbial biomass

Microbial biomass on clay beads was assessed from
Lowry’s total protein assays. Total proteins were measured
using the Sigma Protein Assay Kit P-5656 (Sigma Diag-
nostics, St Louis,MO,USA) according to Peterson (1977).
From each nylon bag, five clay beads were treated with
4 mL of a 50% solution of Lowry’s reagent for 20 min.
Then, 0.5 mL of Folin reagent was added to obtain a color
reaction lasting 30 min. Afterward, the absorbance of the
solution was measured at 750 nm using an Aquamate
spectrophotometer (ThermoSpectronic, Cambridge, UK).
Obtained values were compared with a calibration curve
performed with bovine serum albumin (quality
BioReagent, Sigma-Aldrich, Saint-Quentin-Fallavier,
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Fig. 1 The stormwater infiltration systems (SIS) in the Lyon
conurbation investigated in this work. (a) Geographical localiza-
tion of the 6 SIS. (b) Position of sampling points in each SIS. DJR

Django-Reinhardt, IUT Campus of the University Lyon 1, RAQ
Raquin, MIN Minerve, GB Grange Blanche, FEY Feyzin.
Figure modified from Foulquier (2009) and Voisin et al. (2018)
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France) to determine protein content. Total proteins were
then expressed in micrograms of proteins per square cen-
timeter of clay bead, after subtracting values measured
from sterile clay beads.

Microbial activity

Hydrolytic activity of biofilm was estimated using the
fluorescein diacetate (FDA) hydrolysis method
(Fontvieille et al. 1992). From each nylon bag, five clay
beads were incubated with 3 ml of phosphate buffer
solution (pH = 7.6) and 0.15 ml of 4.8 mM FDA solu-
tion. The incubation was performed at 15 °C for 3 h until
a green fluorescein coloration appeared. The reaction
was stopped by addition of 3 ml of acetone (Battin
1997). Fluorescein concentration was estimated from
the absorbance of the filtered supernatant (0.45 μm,
HAWP, Millipore, Billerica, MA, USA) measured at
490 nm, and hydrolytic activity was expressed in mi-
cromoles of FDA hydrolyzed per hour and per square
centimeter of clay bead, after subtracting values mea-
sured from sterile clay beads.

The 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetra-
zolium chloride (INT)was used tomeasure dehydrogenase
activity (respiratory activity) as modified from Houri-
Davignon et al. (1989). From each nylon bag, five clay

beads were incubated in 4 mL of a 0.02% INTsolution for
2 h at 15 °C. Then, the supernatant was filtered on a nylon
membrane (0.22 μm, Millipore, Billerica, MA, USA) to
retain free micro-organisms. Extraction of INT-formazan
from clay beads and nylon membrane was made in vials
containing 5 ml of methanol. The INT-formazan was
measured by colorimetry with a spectrophotometer adjust-
ed at 490 nm. The quantity of INT-formazan was
expressed in micromoles of INT-formazan produced per
hour and per square centimeter of clay bead, after
subtracting values measured from sterile clay beads.

16S rRNA gene bacterial community meta-barcoding

For water samples, 5 L of eachwater sample was filtered
with 0.22 μm polycarbonate filters. From each nylon
bag , microbial cells were detached from 15 beads by
shaking at 2500 rpm for 2 min in 10 mL of 0.8% NaCl.
A 0.22-μm filtration was performed to retrieve cells and
aggregates. DNA was extracted from filters using the
FastDNA spin kit for soil (MP Biomedicals France). For
clay beads, the amount of extracted DNAwas quantified
by spectrophotometry using a ND1000 Nanodrop
(Thermo Fisher Scientific, USA).

The sequencing and bioinformatics analyses were
performed following the procedure described in Voisin
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et al. (2018). Sequencing of the V5-V6 16S rRNA gene
(rrs) PCR products was performed by MrDNA Compa-
ny (Shallowater, TX, USA) with Illumina MiSeq tech-
nology. Primers 799F (5 ′-ACCMGGATTAGA
TACCCKG-3′) and 1193R (CRTCCMCACCTTCC
TC) were used, and 20,000 reads (i.e., 2 × 300-bp
paired-end reads) were obtained per sample. Data pro-
cessing was realized with the MOTHUR software ver-
sion 1.39.5 (Schloss et al. 2009) following the pipeline
described in Voisin et al. (2018). Reads were discarded if
they were (1) shorter than 200 bp and longer than 400 pb,
(2) containing homopolymers longer than 8 bp, (3) having
more than one sequence mismatch to barcode DNA tags,
(4) having more than two mismatches with the sequencing
primer, (5) containing ambiguous bases, and (6) having
average sequencing quality score lower than 35 (Schloss
et al. 2011). CHIMERAUCHIME (Edgar et al. 2011) was
used to detect and remove chimeric sequences. DNA
sequences were clustered into operational taxonomic units
(OTUs) using a threshold of 97% identity (Schloss and
Westcott 2011). Singletonswere removed from the dataset.
A random resampling was used to make equal the number
of sequences per sample. The resulting OTU contingency
table reporting OTU abundances (= number of sequences)
for each sample was then used to infer bacterial commu-
nity structures. OTU taxonomic allocations were per-
formed by comparisons with the SILVA v128 database
(Quast et al. 2013) and a 80% minimum bootstrap cutoff
(Wang 2007). Sequences classified asArchaea,Eukaryota,
chloroplasts, mitochondria, or not related to the V5-V6 rrs
region were deleted from the dataset.

Statistical analyses

For each SIS, measurements of electrical conductivity,
temperature, pH, dissolved oxygen, NH4

+, NO3
−, PO4

3

−, DOC, and BDOC concentrations performed at the
three sampling dates were averaged to obtain one value
per water type (stormwater runoff, SIS-impacted, and
non-impacted groundwaters). The three replicated anal-
yses of microbial biomass and activities measured on
clay beads (corresponding to the three nylon bags incu-
bated per water type in each SIS) were also averaged in
each SIS to obtain one value per water type. Physical
and chemical variables measured in water were com-
pared among the three water types using a mixed model
with SIS as random factor and water types as fixed
factor to take into account the statistical dependence of
waters collected on the same SIS. Biomass and activities

of biofilms developed on clay beads were also compared
among water types by the same mixed model. To eval-
uate the relationship between chemical variables and
biofilms, Pearson’s correlations were computed to de-
termine the relation between DOC and BDOC and clay
bead biofilm variables (i.e., biomass and activities).
When mixed models gave significant results for water
type differences, post hoc Tukey’s HSD tests were per-
formed to determine whether significant pairwise differ-
ences occurred among water types. For all variables, the
normality and the homoscedasticity of the residues were
tested using the Shapiro-Wilk’s test and the Bartlett’s
test, respectively. When these assumptions were not
met, data were Log-transformed before statistical
analyses.

The sequence abundances of bacterial OTUs (defined
at > 97% identities) collected at the three dates in waters
were added for each sampling point to obtain a whole
bacterial community per water type and SIS. Similarly,
the sequence abundances of bacterial OTUs obtained
from the three replicated batches of biofilms developing
on clay beads (at day 10 from the three incubated nylon
bags) were added for each sampling point to obtain a
whole bacterial biofilm community per Bwater type^
and SIS. A non-metric multidimensional scaling
(nMDS) analysis was performed based on Bray-Curtis
dissimilarity distances. Differences in bacterial commu-
nity structures obtained fromwaters and clay beads were
compared for the three water types (stormwater runoff,
SIS-impacted and non-impacted groundwaters) using
permutational multivariate analysis of variance
(PERMANOVA; Anderson 2001). Statistical tests were
based on 999 permutations of the Bray-Curtis matrix,
and significance was accepted at p value < 0.05.

For each sampling point, the percentages of OTUs
detected on clay beads from the whole number of OTUs
detected (including water and clay beads) and from the
number of OTUs detected in waters were computed.
The relative proportion in the number of sequences per
OTU between water and clay bead biofilms was also
computed. The percentage of reads per OTU reported
from total reads obtained in waters that were detected or
not on clay beads was computed to estimate the rela-
tionship between the abundance of an OTU in water and
an effective trapping by the clay beads. All these vari-
ables used to assess the efficacy of clay beads to capture
OTUs being in waters were compared among water
types using one-way ANOVAs after data transformation
(Logit) to satisfy the normality criterion. Then, the
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normality and the homoscedasticity of the residues were
verified using the Shapiro-Wilk’s test and the Bartlett’s
test, respectively.

Statistical tests were performed using the R software
(R Development Core Team 2008). The ade4 and Vegan
packages were used for nMDS and PERMANOVA
analyses (Oksanen et al. 2007).

Data deposition

Sequence data were deposited at the European Nucleo-
tide Archive (https://www.ebi.ac.uk/ena) under the
project accession #PRJEB29925. Sample accession
#ERS2912776 (SAMEA5128391) = run1. Sample
accession #ERS2912777 (SAMEA5128392) = run2.
See supplementary material Table S1 for barcode
information.

Results

Water chemistry at the sampling sites

Chemical datasets from the six sites were grouped into
categories defined according to the sampling point:
surface runoff, and SIS-impacted or non-impacted
groundwaters. Water types per category showed distinct
chemistries (Fig. 3). There was a decreasing gradient in
electrical conductivity and NO3

− concentrations from
the non-impacted groundwater to the low-mineralized
stormwater runoff (Fig. 3a, b, mixed models, F2,10 > 20,
p < 0.001). Intermediate electrical conductivity and
NO3

− concentrations were observed for the SIS-
impacted groundwaters. The opposite gradient was ob-
served for NH4

+, DOC, and BDOC (Fig. 3c–e, mixed
models, F2,10 = 8.6 and p < 0.01 for NH4

+ concentra-
tions, and F2,10 > 30 and p < 0.0001 for DOC and
BDOC concentrations) with highest concentrations
measured in stormwater runoff. For example, mean
concentrations of DOC varied from 0.9 mg/L in non-
impacted groundwater and 1.5 mg/L in SIS-impacted
groundwater to 5.1 mg/L in stormwater runoff. The
same trend was also detected for PO4

3− concentrations
but was not supported by significant statistical tests (Fig.
3f, mixed model, F2,10 = 3.8, p > 0.05). pH values
ranged between 7.1 and 8.2 and were significantly
higher in stormwater runoff than in groundwater (Fig.
3g, mixed model, F2,10 = 5.2, p < 0.05). In contrast,
temperature and dissolved oxygen concentrations were

not significantly different among the three water types
(Fig. 3h, i, mixed models, F2,10 < 2.0, p > 0.1). Never-
theless, dissolved oxygen concentrations tended to be
lower and were more variable in SIS-impacted ground-
water than in other water types (Fig. 3i).

Microbial biomass and activities on clay beads

The biomass (protein content, Fig. 4a) and activities
(hydrolytic and dehydrogenase activities, Fig. 3b, c) of
10-day-old biofilms developing on clay beads were
more than threefold higher after incubation in runoff
waters than after incubation in groundwater (mixed
models, F2,10 > 25, p < 0.001 for the three microbial
variables). Biofilm biomass and activities followed the
same trend than the concentrations of dissolved organic
matter (DOC and BDOC). Consequently, the most sig-
nificant and positive correlations between biofilm global
characters and chemical variables were measured with
the concentration of BDOC (Pearson’s correlations,
R2 > 0.6, p < 0.0001 for all correlation tests between
BDOC and biofilm variables).

Bacterial community structures of waters and biofilms
on clay beads

The meta-barcoding approach using V5-V6 rrs PCR
product sequences (a total of 2,713,392 sequences were
generated and analyzed) was affiliated to 29,991 OTUs.
The NMDS ordination of OTU numbers showed signif-
icant differences in bacterial structures between water
type categories (stormwater runoff, SI-impacted (I) or
non-impacted (NI) groundwaters (GW)) for the V5-V6
rrs fingerprints of both water and clay bead samples
(Fig. 5, PERMANOVA, effect of water type categories,
p < 0.001).

Bacterial V5-V6 rrs OTU patterns from water sam-
ples and biofilms were found different. Groundwater
OTU profiles were clearly apart from those of
stormwater runoff samples (Fig. 5). Mean numbers of
OTUs detected in non-impacted (3963 ± 2021, mean ±
standard deviation, n = 6) and SIS-impacted (4888 ±
1097) groundwaters were higher than OTU numbers
obtained from biofilms developing on clay beads in
the same waters (1729 ± 429 OTUs in non-impacted
and 2484 ± 876 OTUs in SIS-impacted groundwaters).
For stormwater runoff, the mean number of OTUs re-
covered from clay bead biofilms (3525 ± 367) was com-
parable to the mean number detected in waters (3277 ±
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411). In link with these results, around 25% of OTUs
present in groundwaters were detected on the corre-
sponding clay beads, whereas this percentage was be-
tween 40 and 50% for stormwater runoff and their
matching clay beads (Fig. 6a, one-way ANOVA,
F2,15 = 46, p < 0.001). Interestingly, several OTUs re-
covered on clay beads were not detected in the corre-
sponding water sample: around 20% for groundwater
(impacted or not by stormwater infiltration) and around
45% for stormwater runoff (Fig. 6b, one-way ANOVA,
F2,15 = 16, p < 0.001). Then, considering all OTUs (ex-
cept singletons) obtained at each point (addition of
OTUs from water and clay bead biofilms), around
35%, 40%, and more than 70%, were detected on clay
beads incubated in non-impacted groundwater, SIS-
impacted groundwater, and stormwater runoff, respec-
tively (Fig. 6c, one-way ANOVA, F2,15 = 32, p < 0.001).

OTUs recovered from clay beads represented a mod-
erate percentage of OTUs found in waters (from 25 to
50%), but these analyses did not consider their repre-
sentation in number of reads. Considering this point,
OTUs that were trapped by clay beads were found to be
the most abundant ones per water type. These trapped
OTUs represented between 60 and 70% of the rrs reads
recovered from groundwaters and around 90% of the
reads recovered from stormwater runoff (Fig. 6d, one-
way ANOVA, F2,15 = 8.1, p < 0.001). Indeed, OTUs
recovered from clay beads corresponded to OTUs hav-
ing sequence abundances representing more than 0.15%
of total sequences obtained from the three water types
(Fig. 6e, one-way ANOVA, F2,15 = 3.3, p > 0.05),
whereas OTUs not recovered from clay beads had mean
percentage of reads lower than 0.04% of sequences in
water samples (Fig. 6f, one-way ANOVA, F2,15 = 2.1,
p > 0.1).

The rrs OTUs recovered in this investigation were
allocated to taxonomic groups by comparison with the
SILVA database. A total of 1319 genera (including 210
OTUs not assigned to genera of the SILVA v128 data-
base) could be identified in the dataset, and some of
these genera could harbor potential pathogenic lineages
such as Bordetella and Legionella. As observed for
OTU patterns, distribution analysis of these genera
showed that the ones with the highest numbers of rrs
reads in the water samples were recovered from clay
beads (Fig. 7). Only two genera (Vibrio and Campylo-
bacter) with significant numbers of rrs reads in some
water samples were not recovered from clay beads.
Interestingly, the clay beads appeared to favor biofilm

development of bacteria with variable morphologies
going from rods (e.g., Escherichia, Pseudomonas), coc-
ci (e.g., Staphylococcus) to filamentous ones (e.g.,
Streptomyces, Nocardia). Read numbers allocated to
the group of Gram-positive rods like Bacillus and Clos-
tridium were in low number in the water dataset
explaining their rare recovery from the biofilm datasets.
Some genera (Cupriavidus, Nocardia, and Ralstonia)
showed higher relative numbers of rrs reads in biofilms
than waters.

Discussion

This study was performed with the aim of testing the
ability of clay beads at trapping microorganisms for
monitoring the ecological status and microbiological
safety of a water system. Clay beads were found, in
laboratory conditions, to allow an efficient trapping of
bacteria and favor biofilm development after 10 days of
incubation (Voisin et al. 2016). Here, these clay beads
monitoring systems were tested under field conditions.
Their biofilm contents after exposure to different water
types (i.e., surface runoffs and SIS-impacted or non-
impacted groundwaters) were monitored after 10 days
of incubation. It appeared that an incubation of 10 days
was long enough to obtain a biofilm development useful
for assessing groundwater trophic conditions. Indeed,
the total-protein contents and enzymatic activities of
biofilms were found correlated with the concentrations
of dissolved organic matter (DOC and BDOC) of wa-
ters. Thus, these general biofilm descriptors obtained
using clay beads could be used to infer transfers of
organic matter from the surface to groundwater. The
coupled reductions of organic matter concentration and
biofilm parameters between the infiltration basin and the
SIS-impacted aquifer confirmed previous works
highlighting the efficacy of the soil and vadose zone to
reduce the amount of organic matter reaching the aquifer
(Pabich et al. 2001; Mermillod-Blondin et al. 2015;
Voisin et al. 2018).

Biofilms developing on clay beads could also be used
to investigate the content of bacterial communities. Al-
though these biofilms were not strictly representative of
the bacterial communities present in the tested water
grab samples (collected at days 0, 5, and 10), they
captured the most abundant taxa (defined as the number
of reads per V5-V6 rrs OTU sharing at least 97%
identity) recovered from the water samples (each OTU
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representing around 0.15% of reads obtained from wa-
ters). Interestingly, more than 20% of OTUs recovered
from clay beads were not detected among the water grab
samples. Clay beads thus appeared to have efficiently

trapped dominant bacteria over the incubation period
(10 days), whereas water grab samples gave a snapshot
of the diversity observed which was limited to the
sampling time. Artificial matrices such as clay beads
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bacteria belonging to a particular OTU. First line of boxplots
estimated the ability of clay beads at trapping an OTU without
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tion of OTUs detected in waters that were recovered on clay beads.
(b) proportion of OTUs only recovered on clay beads from the
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are thus likely to be more efficient than water grab
samples to monitor microbial communities over infiltra-
tion events that can last several days. Indeed, rainfall
events produce plumes of stormwater in groundwater
ecosystems located below SIS (Fig. 2; Datry et al. 2004;
Foulquier et al. 2009) which cannot be easily sampled
by short-term approaches. Therefore, the recovery on
clay beads of some OTUs that were not detected in the
water samples was probably due to the integrative prop-
erty of the clay bead method. Nevertheless, it could also

be due to the selection of bacterial taxa having a greater
ability at colonizing solid surfaces under field conditions
because of more significant adhesion properties (e.g.,
Costerton et al. 1995; Crump et al. 1999; Branda et al.
2005; Rösel and Grossart 2012). Bacterial taxa having
efficient adhesion properties could be undetectable in
water samples but become detectable after colonization
and growth on clay beads. The opposite might also have
occurred for bacteria having poor adhesion properties.
Knowing that the majority (> 90%) of bacteria living in
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porous aquifers are attached to particles (Alfreider et al.
1997; Griebler et al. 2002; Iribar et al. 2008), assessment
of bacterial taxa growing on artificial matrices might be
more representative of aquifer bacteria than the assess-
ment of free-living bacteria in groundwater samples.

NMDSanalysis of the rrsOTUpatterns recovered from
the germcatchers and waters was performed. According to
our expectations and the results of Voisin et al. (2018) on
bacteria from waters, bacterial community structures re-
covered from water samples and biofilms attached on clay
beads were significantly different between water types.
The use of clay beads as artificial matrices for trapping
bacteria was found an efficient strategy to detect the impact
of SIS on groundwater bacterial communities. Voisin et al.
(2018) reported on water grab samples that differences in
bacterial community structures between non-impacted and
SIS-impacted groundwaters were most likely due to (1)
modifications of environmental conditions in the aquifer
associated with SI practices (e.g., DOC and BDOC con-
centrations) and/or (2) an increased transport of specific
bacteria present in the soil and the vadose zone to the
aquifer due to SI practices. By using artificial clay bead
matrices for microbial colonization and growth, the present
study underlines the fact that differences in bacterial com-
munity structures due to SIS practices were not due to free-
living bacteria that could be only transitory (i.e., acting as a
traveling seed bank; Griebler et al. 2014) in the system (as
suggested in Voisin et al. 2018) but were associated with
bacterial taxa that can get attached to particles and play key
ecosystem functions in porous aquifers (Griebler and
Avramov 2015). It is worth noting that the similarity
between bacterial community structures of waters and
biofilms was higher for stormwater runoffs than for
groundwater compartments. These differences could be
explained by the higher concentrations of suspended mat-
ters (SM) observed in the runoff waters compared with
groundwater. These SM have been previously shown to be
chemically reactive and to have a tendency at forming
aggregates involving micro-organisms and other colloids
(Jeng et al. 2005). SM could thus interact more efficiently
with the surface of clay beads and increase the trapping
efficacy of thesematrices. This phenomenon could explain
why the highest efficacy of clay beads to capture OTUs
was measured in stormwater runoff. In contrast, ground-
waters collected in impacted and non-impacted piezome-
ters have been physically and chemically filtered through
water transport in the vadose and the saturated zone of the
aquifer (Winiarski et al. 2006). Consequently, negligible
SM-like elements occurred in groundwater, limiting the

number of particles that can favor aggregation and adher-
ence of bacteria on clay beads. It is also possible that
bacterial communities from stormwater runoff had many
taxa that could grow as biofilm, while a fewer proportion
of taxa from groundwater communities was able to do so.
Interestingly, the NMDS analysis grouped the rrs OTU
patterns for the biofilms coming from groundwaters,
supporting the idea of strong and common selective pres-
sures structuring their content.

Although microbes freely suspended in groundwater
and those attached to sediments share a core community
(e.g., Zhou et al. 2012; Flynn et al. 2013), significant
differences between free-living bacteria (collected in wa-
ters) and bacteria attached to clay beads were observed. It
is important tomention that themajority ofmicrobes living
in groundwater ecosystems are associated with particles
and form biofilms which play key roles in the aquifer
biogeochemical processes (Alfreider et al. 1997; Chapelle
2001; Iribar et al. 2015; Humphreys 2009; Battin et al.
2016). Free-living micro-organisms in groundwaters are
considered to be less indicative of their ecological quality
(Griebler et al. 2014). Thus, clay beads biofilm monitoring
represents a major step forward in the understanding of
groundwater microbiological states. For example, quanti-
fying the abundance and expression of genes involved in
biogeochemical processes (such as nirK and nirS involved
in denitrification, Nogales et al. 2002) on clay bead
biofilms would be an interesting perspective to evaluate
whether SI practices impact ecosystem services (such as
nitrate reduction, Korbel and Hose 2017) played by mi-
crobial community in aquifers. Furthermore, these clay
beads systemswere found to trap generawhich can contain
species of health concerns, suggesting a potential use in
microbiological hazards assessment frames. Nevertheless,
the 16S rRNA genemetabarcoding approach developed in
the present studywas not sensitive enough to allocate reads
at the species level. Other approaches will be required to
assess the presence of bacterial pathogens in under-
ground waters. This perspective is essential for ground-
water quality assessment because previous investiga-
tions have shown the presence of significant popula-
tions of Aeromonas caviae, Pseudomonas aeruginosa,
and of fecal indicator bacteria such as E. coli and intes-
tinal enterococci in a detention basin located upstream
of a SIS (Bernardin-Souibgui et al. 2018; Sébastian et al.
2014). In conclusion, our field monitoring approach
based on clay beads was found efficient and promising
to investigate the incidence of SIS management prac-
tices on connected aquifers.
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