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Abstract Stormwater wetlands collect and attenuate
runoff-related herbicides, limiting their transport into
aquatic ecosystems. Knowledge on wetland bacterial
communities with respect to herbicide dissipation is
scarce. Previous studies showed that hydrological and
hydrochemical conditions, including pesticide removal
capacity, may change from spring to summer in
stormwater wetlands. We hypothesized that these chang-
es alter bacterial communities, which, in turn, influence
pesticide degradation capacities in stormwater wetland.
Here, we report on bacterial community changes in a
stormwater wetland exposed to pesticide runoff, and the
occurrence of trz, atz, puh, and phn genes potentially
involved in the biodegradation of simazine, diuron, and
glyphosate. Based on T-RFLP analysis of amplified 16S
rRNA genes, a response of bacterial communities to

pesticide exposure was not detected. Changes in
stormwater wetland bacterial community mainly follow-
ed seasonal variations in the wetland. Hydrological and
hydrochemical fluctuations and vegetation development
in the wetland presumably contributed to prevent detec-
tion of effects of pesticide exposure on overall bacterial
community. End point PCR assays for trz, atz, phn, and
puh genes associated with herbicide degradation were
positive for several environmental samples, which sug-
gest that microbial degradation contributes to pesticide
dissipation. However, a correlation of corresponding
genes with herbicide concentrations could not be detect-
ed. Overall, this study represents a first step to identify
changes in bacterial community associated with the pres-
ence of pesticides and their degradation in stormwater
wetland.

Keywords Pesticides .Wetlands . Gene-based
bioindication . Bacterial communities

1 Introduction

A significant portion of pesticides used in agriculture can
move from land to aquatic ecosystems during rainfall-
runoff events (Rabiet et al. 2010; Oliver et al. 2012).
Buffer zones such as stormwater wetlands can intercept
and partly retain runoff-related pesticides, thereby limit-
ing their transport into aquatic ecosystems (Maillard et al.
2011; Imfeld et al. 2013). Stormwater wetlands are ap-
plied worldwide for temporary storage of agricultural or
urban runoff, and have potential for management practice
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targeting pesticide attenuation andwater quality improve-
ment (Budd et al. 2011; Maillard et al. 2011; Imfeld et al.
2013). Among biotic attenuation processes of organic
pollutants in wetland systems, bacterial degradation has
been recognized as a primary dissipation mechanism
(Gregoire et al. 2009; Imfeld et al. 2009; Imfeld and
Vuilleumier 2012; Adrados et al. 2014). However,
knowledge of wetland bacterial communities and their
potential to degrade pesticides is scarce.

The structural and functional characteristics of bac-
terial communities represent potential indicators for
monitoring the effects of pesticides on wetland ecosys-
tems and assessing their biological status. For example,
mixtures of pesticides have detrimental effects on mi-
crobial communities, even with concentrations below
levels defined in water quality guidelines (Sura et al.
2012). Microbial communities can be evaluated by
cultivation-independent DNA fingerprinting methods
such as terminal restriction fragment length polymor-
phism (T-RFLP) (Schütte et al. 2008). In addition, since
pesticide degradation involves specific enzymes, corre-
sponding genes, when identified, may also serve as
bioindicators. As other broad-spectrum herbicides in
worldwide use such as glyphosate, diuron and simazine
are enzymatically degraded; identified degradation
genes (phnGHIJKLM, puhA/puhB, and atzABCD/
trzDN, respectively) are strongly conserved across a
large diversity of bacterial taxa (Khurana et al. 2009;
Satsuma 2009; Devers et al. 2004; Parker et al. 1999).

Pesticide removal can be related to seasonal varia-
tions of both hydrological and hydrochemical condi-
tions (Maillard et al. 2011). Therefore, we hypothesized
that pesticide exposure in stormwater wetland varies
over time and may be probed at the bacterial community
level (Imfeld and Vuilleumier 2012).

In this study, we evaluated seasonal changes in bac-
terial community composition and the occurrence of
genes associated with herbicide degradation in a
stormwater wetland attenuating runoff-related herbi-
cides. In spring and summer, the stormwater wetland
was regularly exposed to runoff from a vineyard catch-
ment contaminated with herbicides simazine, diuron,
and glyphosate (Maillard and Imfeld 2014). Although
use of diuron and simazine was prohibited in 2002 in
France, surface runoff may still mobilize diuron and
simazine from vineyard soils. The effect of hydrological
and hydrochemical conditions and pesticides on bacte-
rial community composition was investigated using T-
RFLP analysis of amplified 16S rRNA genes. Herbicide

degradation potential was evaluated by investigating the
occurrence of known conserved genes associated with
herbicide degradation by PCR.

2 Material and Methods

2.1 Stormwater Wetland

The stormwater wetland, located in Rouffach, Alsace,
France, regularly receives runoff from a 42.7-ha vine-
yard catchment (47° 57′ 90″N, 07° 17′ 30″ E) (Gregoire
et al. 2010). Catchment and stormwater wetland charac-
teristics were described previously (Maillard and Imfeld
2014; Maillard et al. 2011). Briefly, the wetland has a
surface area of 319 m2 and is composed of a free-water
surface forebay (215 m2) and a 0.6-m-deep gravel filter
that increases the hydraulic retention time (Fig. 1).
Water depth in the forebay ranged between 0.1 and
0.5 m during the study. The hydrological budget of the
wetland was balanced when direct rainfall and evapo-
transpiration volumes were included to estimate pesti-
cide loads in the wetland (Maillard and Imfeld 2014).
Due to the clay liner on the wetland bed (ks < 10−10

m s−1) and based on the water balance, water losses by
vertical infiltration were negligible.

The chemical composition of wetland sediment was
as follows (mean percentage ± SE; n = 5): organic car-
bon 15.0 ± 0.9, SiO2 49.6 ± 0.5, Al2O3 10.4 ± 1.1, MgO
2.2 ± 0.1, CaO 11.6 ± 1.1, Fe2O3 4.5 ± 0.5, MnO 0.1 ±
0, Na2O 0.6 ± 0.1, K2O 2.4 ± 0.2, and P2O5 0.4 ± 0.1.
The sediment texture was as follows (%): clay 44, fine
silt 33, coarse silt 10, fine sand 5, and coarse sand 8. The
pH value was 8.1. The vegetation cover (80–100% of
the forebay area) in the wetland forebay mainly com-
prisedPhragmites australis (Cav.) Trin. ex Steud (90%),
Juncus effusus (Lin.) (5%), and Typha latifolia (Lin.)
(5%). No algal proliferation was observed.

2.2 Sampling

Surface water, sediment interstitial pore water, and sed-
iment were collected in the wetland on May 5 and 19;
June 6, 15, and 30; July 20; August 6 and 19; and
September 29, 2009, as pesticide use mainly occurs
between spring and summer. Hydrological and
hydrochemical characteristics of the wetland, as well
as pesticide concentrations and loads during this period,
were previously described (Maillard et al. 2011).
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Replicate grab samples of water (collected at 0- to 10-
cm depth from the water surface) and surface sediment
(collected from 0- to 5-cm depth from the sediment
surface) were collected for pesticide and chemical mea-
surements at the same time as samples for microbial
investigation (described below). Runoff discharges were
continuously monitored using bubbler flow modules
(Hydrologic, Sainte-Foy, Québec, Canada) combined
with a venturi channel at the inlet and a V-notch weir
at the outlet of the wetland.

For bacterial analysis, grid-cell sampling was per-
formed by dividing the forebay area in three zones and
the gravel in two equal zones, and samples were col-
lected under sterile conditions at the center of each cell
(Fig. 1). One-liter surface water was sampled in each
zone of the forebay area. One-liter pore water samples
were collected from the forebay and the gravel filter by
using a Bou-Rouch pump. Two hundred grams of sed-
iment was collected from the forebay using a sterile
auger. Water and sediment samples were directly
placed on ice, transported to the laboratory, and
filtered through sterile 0.22-μm polycarbonate mem-
branes (MoBio Water DNA kit, Carlsbad, CA, USA).
Membranes and sediment samples were stored at −
20 °C until DNA extraction.

2.3 Chemical Analyses

Conductivity, pH, and redox potential were directly
measured in the field using WTW Multi 350i portable
sensors (WTW,Weilheim, Germany). Concentrations of
dissolved organic carbon (DOC), total suspended solids
(TSS), total Kjeldahl nitrogen (TKN), NH4

+, NO3
−,

NO2
−, total phosphorus, and PO4

3− were determined
by FR EN ISO standards and laboratory procedures.
Pesticides and degradation products were analyzed ac-
cording to NF XPT 90-210 procedures. Extraction and

quantification product and associated limits of quantifi-
cation and extraction efficiencies of pesticides were
detailed previously (Maillard et al. 2011).

2.4 Analysis of Bacterial Community Composition

DNA extraction was carried out from filters and sedi-
ment using the FastDNA® Kit for Soil (BIO101,
La Jolla, CA, USA) according to the manufac-
turer’s instructions and eluted in 50 μL nuclease-
free water. DNA concentration and quality were
assessed spectrophotometrically (NanoDrop ND-
1000, Thermo Scientific, USA). DNAwas further puri-
fied using the PowerClean DNAClean-Up Kit (MOBio
Laboratories, Carlsbad, CA, USA). Aliquots were
stored at − 20 °C until analysis.

Samples were analyzed by T-RFLP as described
previously (Penny et al. 2010). PCR products from
wetland DNA samples were generated with a combina-
tion of 5′ end 6-carboxyfluorescein (6-FAM)-labeled
27f (Edwards et al. 1989) and unlabeled 927r primers
(Muyzer 1999) under identical PCR conditions. PCRs
were carried out in triplicate for each DNA sample, and
replicates were pooled. 16S rRNA gene fragments
(0.9 kb) obtained by PCR were purified and digested
with 20 U AluI (AGCT), purified, and resuspended in
50 μL sterile ultrapure water. DNA (10–50 ng) in 5 μL
ultrapure water was denaturated with Hi-Di formamide
(Applied Biosystems, UK) containing 1:20 (vol/vol) 6-
FAM- or carboxy-X-rhodamine (ROX)-labeled
MapMarker 1000 (BioVentures, USA). Denaturated re-
striction fragments were loaded onto an ABI PRISM
3130 XL capillary sequencer (Applied Biosystems)
equipped with 50-cm-long capillaries and POP7 elec-
trophoresis matrix according to the manufacturer’s in-
structions. T-RFLP electropherograms were analyzed
with GeneScan V3.7 software (Applied Biosystems).

Fig. 1 Schematic of the Rouffach
stormwater wetland and sampling
locations (filled circles) in the
sediment deposition zone (SDZ),
the gabion barrier (G), and the
gravel filter (GF)
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Between 19 and 46 peaks were detected depending on
the sample (for details, see Online Resource 1).

2.5 End point PCR Amplification

Primers used for PCR amplification of phnGIHK,
puhAB, atzAD, and trzND genes were described previ-
ously (Devers et al. 2004; Khurana et al. 2009; Parker
et al. 1999; Satsuma 2009) (Table 1). PCR parameters
were 2 min at 98 °C (puhAB, atzAD, and trzND) or
10 min at 95 °C (atzBC) or 3 min at 95 °C (phnGIHK),
30 cycles of 98 °C (puhAB, atzAD, and trzND) or 95 °C
(atzBC and phnGIHK), 1 min kb−1 at temperature indi-
cated in Tables 1, and 1 min kb−1 at 72 °C, followed by
15 min at 72 °C. The final reaction mixture (12.5 μL)
contained 1.5 mM MgCl2 (Bio-Rad), 10 mM each
deoxynucleotide triphosphate, 20 μM forward and re-
verse primers, and 0.3 U High-Fidelity iProof
Polymerase (Bio-Rad). For each reaction, 1 μL (~ 1 ng)
of DNAmatrix was used. Linearized plasmids were used
as positive controls for atzABCD and trzDN (Devers et al.
2004), and puhAB (Khurana et al. 2009).

2.6 Statistical Analysis

The proportion of detection for each gene (phnGIHK,
puhAB, atzAD, and trzND) was calculated considering
the number of spring and summer samples presenting a
positive amplification and the total number of samples.
The variation of proportions observed between spring
and summer was compared by a Fisher’s exact test, with
a p value < 0.05 considered as a significant result.

To visualize dissimilarities between stormwater wet-
land bacterial communities and the hydrological and
hydrochemical variables, profiles were separately classi-
fied by cluster analysis. For cluster analysis of Hellinger-
transformed bacterial community datasets, the distance
between profiles was computed based on the Hellinger
distance. Variables included chemical parameters: potas-
sium, manganese, ferrous iron, magnesium, chloride,
sodium, calcium, nitrite, nitrate, ammonium, phosphate,
sulfate, total iron, total phosphorus, volatile dry matter,
suspended solids, chemical oxygen demand, non-
purgeable organic carbon, total inorganic carbon, dis-
solved inorganic carbon, and total Kjeldahl nitrogen;
hydrological variables: number of days between two
rainfalls, rainfall volume, runoff volume entering the
wetland, and proportion of vegetation cover; pesticides:
diuron, glyphosate, aminomethylphosphonic acid

(AMPA), and simazine; and the proportions of
phnGIHK, puhAB, atzAD, and trzND positive PCR am-
plifications for each sampling date. For cluster analysis of
the hydrochemical profiles, values were standardized
prior to computing of the distance between profiles based
on the Euclidean dissimilarity index. A hierarchical clus-
ter analysis was performed on the resulting dissimilarity
matrix using the Ward’s method that minimizes informa-
tion loss on merging clusters (Ward 1963). The optimal
number of clusters was determined using Spearman’s
rank correlations (Becker et al. 1988). The relationship
between the community profiles and physico-chemical
variables was investigated by fitting environmental vec-
tors a posteriori onto a non-metric multidimensional
scaling (NMDS) based on Bray-Curtis dissimilarities of
Hellinger-transformed T-RFLP data. The significance of
physico-chemical variables was assessed with a Monte-
Carlo permutation test (1000 permutation steps).

3 Results and Discussion

3.1 Hydrochemical Conditions and Pesticide
Dissipation in the Stormwater Basin

Data analysis showed that conditions in the wetland
varied significantly between spring (April 1 to June 15,
2009) and summer (June 15 to September 29, 2009)
(Table 2). Twenty-eight rainfall-runoff events ranging
from 1.1 to 114 m3 occurred during the investigation
period, generating a total runoff volume of 730 m3. The
mean runoff volume was larger and more variable in
summer (16.5 ± 9.5 m3 in spring, and 31.4 ± 31.9 m3 in
summer). Mean water temperature and pH values across
all sampling points in the wetland and campaigns were
19.0 ± 4.3 and 7.6 ± 0.3 °C, respectively. In spring, oxic
conditions prevailed in the wetland, as inferred from the
mean values of redox potential > 50 mV, concentrations
of ferrous iron < 1 mg L−1, and concentrations of dis-
solved oxygen > 2.9 mg L−1 in wetland water. In sum-
mer, lower concentrations of dissolved oxygen and neg-
ative values of redox potential in the wetland indicated
the prevalence of anoxic conditions.

The concentrations of glyphosate, its degradation
product AMPA, diuron, and simazine, and their dissipa-
tion by the wetland were recorded during the investiga-
tion period (Table 3). The total load of pesticides and
degradation products entering the wetland was
8039 mg, whereas 2181 mg was detected downstream
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of the wetland. The entering load in summer (6819 mg)
was larger compared to that of spring (1219 mg). The
obtained data indicate lower efficacy of the wetland in
reducing pesticide concentrations in summer compared
to spring. Pesticide load analysis shows that glyphosate
and AMPA were the main compounds entering the
wetland (Table 3). The loads of glyphosate and AMPA
entering the wetland in summer (3571 and 1421 mg,
respectively) were larger compared to those recorded in
spring (585 and 217 mg, respectively). Diuron and

simazine loads entering the wetland in spring (26.5
and 13 mg, respectively) exceeded those in summer
(13.2 and 2.1 mg, respectively).

Mean concentrations of dissolved pesticides generally
decreased between wetland inlet and outlet (Table 3). In
spring, reductions in mean concentrations from inlet to
outlet were 98% for glyphosate, 70% for AMPA, 90% for
diuron, and 80% for simazine. In summer, reduction of
glyphosate, AMPA, and diuron concentrations was also
extensive but lower, at 79, 57, and 46%, respectively. The

Table 2 Hydrological character-
istics and water chemistry of the
Rouffach stormwater wetland

aMean and range values given for
the corresponding season. See
Sect. 2 for precise dates

Parameter Spring(n = 26)a Summer (n = 24)a

Inlet runoff volume (m3) 16.5 (7.0–30.2) 31.4 (1.1–114)

Runoff events 10 18

Interval between 2 runoff events (days) 5.1 ± 7.3 5.2 ± 5.7

Inlet flow rate (m3 h−1) 2.1 ± 2.7 12.2 ± 11.8

Outlet flow rate (m3 h−1) 0.3 ± 0.8 0.2 ± 1.0

Total load of dissolved pesticides

entering the wetland (mg)

1219 6819

Vegetation cover (%) 15 (0–50) 70 (50–90)

Temperature (°C) 21.4 (15.5–26.5) 23.3 (18.6–28.9)

Redox potential (mV) 204 (44–297) −81 (−228–188)
Dissolved oxygen (mg L−1) 9.2 (2.9–13.8) 3.7 (0.2–8.8)

Electric conductivity (μS cm−1) 908 (117–1036) 376 (269–522)

pH 7.8 (7.5–8.1) 7.5 (7.0–8.0)

Total suspended solids (mg L−1) 20.7 (4.8–59.8) 43.0 (3.2–266)

Total volatile suspended solids (mg L−1) 6.9 (0.8–29.2) 19.2 (0.4–116)

NPOC (mg L−1) 19.8 (13.3–65.6) 13.7 (6.7–34.9)

Total inorganic carbon (mg L−1) 63.8 (55.6–68.2) 47.9 (29.5–92.2)

Dissolved inorganic carbon (mg L−1) 61.0 (45.2–67.7) 44.1 (25.3–71.4)

Dissolved organic carbon (mg L−1) 19.8 (13.5–62.5) 12.1 (7.2–27.4)

Orthophosphorus (mg L−1) 0.06 (0.06–0.06) 0.14 (0.01–0.30)

Total phosphorus (mg L−1) 0.40 (0.14–1.88) 0.74 (0.11–2.4)

Chloride (mg L−1) 30.9 (26.9–36.3) 2.2 (1.4–4.1)

TKN (mg L−1) 4.6 (1.1–11.6) 2.5 (1.0–5.4)

Nitrate (mg L−1) 8.8 (2.4–18.5) 2.8 (0.2–11.5)

Nitrite (mg L−1) 0.26 (0.11–0.75) 0.03 (n.d.–0.10)

Ammonium (mg L−1) 0.37 (0.10–0.97) 0.19 (0.01–1.4)

Total iron (mg L−1) 1.7 (1.1–2.3) 1.6 (0.12–5.4)

Iron(II) (mg L−1) 0.15 (0.02–0.35) 0.68 (0.15–6.0)

Manganese(II) (mg L−1) 0.24 (0.24–0.24) 0.72 (0.38–1.7)

Sulfate (mg L−1) 241 (159–325) 29 (5.1–63.6)

Sodium (mg L−1) 9.8 (5.0–14.6) 3.7 (0.94–9.1)

Potassium (mg L−1) 5.2 (2.8–14.6) 5.3 (1.1–9.4)

Calcium (mg L−1) 125 (96–164) 64.5 (46.2–85.9)

Magnesium (mg L−1) 35.2 (27.7–50.4) 12.4 (5.8–29.1)
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reduction of glyphosate, AMPA, and diuron loads by the
wetland was more efficient in spring than in summer,
whereas simazine load reduction was higher in summer.
Globally, dissipation of glyphosate load (98% in
spring and 79% in summer) was higher than that
of AMPA (71% in spring and 57% in summer).
The minor contribution of the suspended solid load
to the total pesticide load was due to low particle
bound-fractions of glyphosate and AMPA (< 1%).

Overall, pesticide removal could be related to seasonal
variations of both hydrological and hydrochemical condi-
tions. The results also emphasize that pesticide exposure
in stormwater wetland varied over time. In summer,
higher plant density is expected to slow water flows and
increase particle settling and oxygen concentration in
water, which may contribute to favor oxidative pesticide
degradation in the rhizosphere (Keefe et al. 2010; Meng
et al. 2014). It can be assumed that oxic conditions pre-
vailing in spring have led to higher diuron and glyphosate
dissipation, and higher temperatures and anaerobic condi-
tions in summer to simazine dissipation. As a result, mean
concentrations of pesticides and degradation products in
wetland sediments were close to or below detection limits
during the investigation period (Maillard et al. 2011),
which suggests that bacteria were exposed to relatively
low pesticide concentrations over the investigation period.

3.2 Wetland Bacterial Community

Bioindicators based on bacterial communities to evalu-
ate and genes putatively involved in pesticide degrada-
tion were evaluated to determine how hydrological and
hydrochemical changes affect wetland bacterial com-
munity and its potential to attenuate pesticide runoff.
Globally, cluster analysis showed that observed changes
in bacterial community composition were mainly asso-
ciated with the season (Fig. 2). Samples collected in
spring mainly formed the first cluster, whereas samples
collected in summer formed the second and third clus-
ters. Cluster separation was confirmed by Spearman’s
rank correlation analysis, suggesting an optimal number
of three clusters for bacterial community composition.
The first cluster is mainly composed of samples from
May 5 to June 16, whereas the second cluster comprises
samples collected between May 19 and August 19. The
two samples collected from the gravel filter were also
located in the second cluster. Samples collected on
June 30 form the third cluster. Cluster analysis of
hydrochemical profiles also suggested seasonal changesT
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of the physico-chemical parameter in the wetland. The
first cluster is mainly composed of samples fromMay 5
to June 16, whereas the second cluster comprises sam-
ples collected between June 30 and August 19.

Bacterial community analysis may also provide com-
plementary evidence on the relative prevalence of fac-
tors associated with bacterial pesticide degradation and
bacterial community changes. No relationship between
changes in the bacterial community and diuron, glyph-
osate, AMPA, or simazine concentrations was observed
in this study. Although pesticides may affect bacterial
community compositions (Imfeld and Vuilleumier
2012), a direct relationship between changes in the
bacterial community and pesticide exposure is unlikely
in our case because pesticide concentrations, unlike
pesticide loads, remained low over the investiga-
tion period. In stormwater wetlands especially, the
exposure time of bacteria to large pesticide con-
centrations is transient during temporal storage of
runoff water. Consequently, exposure time may not
be sufficient to observe changes at the community
level as a response to pesticide exposure. This suggests
that little or no effects of pesticide runoff on wetland
bacteria communities may be observed when pesticides
are applied at the recommended doses.

In contrast, clustering analyses (Fig. 2) suggest that
seasonal changes in the bacterial community mainly
correspond to documented hydrochemical changes in
the wetland (Maillard et al. 2011). Hydrochemical

variables in stormwater wetland reflect both prevailing
terminal electron accepting processes and vegetation
growth, and may influence wetland bacterial communi-
ties over time. A posteriori fitting of environmental
parameters, including hydrochemical and hydrological
parameters, pesticides, and degradation genes, showed
that nitrate (NO3

−), nitrite (NO2
−), total phosphorus, and

calcium (Ca2+) concentrations were significantly asso-
ciated with observed changes in the bacterial communi-
ty (p < 0.1). Calcium is coupled with several metabolic
processes in bacteria and limits pH variation through its
carbonate forms (Perito and Mastromei 2011). Variation
of calcium and total phosphorus in the aqueous phase
may also reflect growth and densification of wetland
vegetation from spring to summer. Changes in nitrate
and nitrite concentrations from spring to summer could
directly impact bacterial communities and, reciprocally,
reflect changes in main populations involved in N cy-
cling. Nitrite, a driving factor for community composi-
tions identified in this work, is used by denitrifying
populations for respiration and thereby facilitates their
growth, but is also toxic to bacteria at high concentra-
tions (Zumft 1997). However, no correlation was found
between the bacterial community compositions and the
proportion of pesticide-degrading genes, which sug-
gests no apparent link between overall microbial
diversity and functional potential for pesticide deg-
radation. This hypothesis is comforted by the lack
of significant changes in in the occurrence of relevant

Fig. 2 Hierarchical cluster analysis (Ward’s method) of T-RFLP data (a) and hydrochemical variables (b) of wetland samples. Clusters
defined by Spearman’s rank correlations are indicated by rectangles. Samples collected from the wetland filter are in italics
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functional genes between spring and summer, as pre-
sented below.

3.3 End Point PCR Assays for atz, phn, and puh Genes

The observed herbicide dissipation can be attributed to
many biotic and abiotic processes. In order to highlight
potential bacterial activity in herbicide degradation, the
occurrence of genes for herbicide degradation was
assessed. This was performed by end point PCR assays
for trz, atz, phn, and puh genes (Fig. 3). Most end point
PCR assays yielded amplicons of the expected size.
Assays for atz and trz yielded amplicons in all wetland
water and sediment samples, phn assays yielded
amplicons in all types of samples except in sediment,
and puhA and puhB assays only yielded amplicons in
about 40% of the water samples. Occurrence of trz, atz,
phn, and puh genes did not significantly change be-
tween spring and summer (p < 0.05).

Even if an impact of pesticides cannot be detected at
the community level, as in the present case, the occur-
rence of genes for herbicide degradation will neverthe-
less reflect the genetic potential of the wetland bacterial
community for pesticide degradation. Detection of atz
and trz genes underlines the possible role of bacteria in
simazine degradation in the stormwater wetland. Also,
the relatively high detection of phn genes observed in
the wetland suggests that the high dissipation of glyph-
osate load observed (92%) may be due to biodegrada-
tion. This is supported by a positive outlet-inlet mass
balance of AMPA in the wetland (Imfeld et al. 2013),
although AMPA was also detected in the input
runoff water from the vineyard catchment.
Similarly, detection of puh genes may indicate
diuron in situ biodegradation. In this case, howev-
er, diuron degradation products such as 3,4-
dichloroaniline, DCPU, and DCPMU were not detected
(Maillard et al. 2011), suggesting fast bacterial

Fig. 3 Relative proportion of PCR detection of atz, phn, and puh genes in water samples (a) and sediment samples (b) during spring (black
bars) and summer (white bars). Glyphosate (phn) and diuron (puh) degradation genes were not detected in sediment samples
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mineralization of diuron redundant, suppress, or alterna-
tively, that diuron dissipation was abiotic.

The high observed proportion of genes related to
pesticide degradation, and especially phn and atz genes,
may reflect an adaptation of the microbial communities
to pesticides following chronic pesticide exposure. The
idea of pollution-induced community tolerance
introduced by Blanck et al. (1988) would suggest that
diuron, simazine, and glyphosate delete induced a
selection pressure on the microbial communities in the
constructed wetland, improving their tolerance and
degradation capacities. This hypothesis is supported by
the presence of genes related to diuron, simazine, and
glyphosate degradation and pesticide dissipation
capacities observed in the basin (Fig. 3). The absence
of significant changes in the occurrence of genes
between spring and summer was not expected.
Indeed, the observed seasonal shift in hydrological
and hydrochemical conditions in the wetland could
have modified microbial communities and, there-
fore, the prevalence of associated pesticide degra-
dation pathways. Our findings thus rather support the
alternative notion that in the investigated stormwater
basin, microbial communities are acclimated to
pesticide exposure, with constant pesticide degradation
potential throughout the agricultural season (Maillard
and Imfeld 2014).

4 Conclusions

The results obtained in this study highlight the added
value of combining analytical chemical and biomolecu-
lar analyses to monitor stormwater wetland functioning.
Despite well-known limitations due to inhibition of
PCR amplification, detection of genes involved in
glyphosate, diuron, and simazine degradation supported
the hypothesis that microbial degradation contributed to
pesticide dissipation. Observed changes in stormwater
wetland bacterial communities mainly followed season-
al variations of hydrochemical conditions in the wet-
land. Hydrological and hydrochemical fluctuations, and
development of wetland vegetation, presumably con-
tributed to mask the effects of pesticide exposure
on overall bacterial community compositions.
Identifying changes in in situ bacterial communi-
ties associated with the presence of pesticides and their
degradation represents a challenging but exciting per-
spective for the future.
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