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INTRODUCTION

A multitude of anthropogenic sources, such as indus-
trial, domestic and agricultural wastes, results in fresh-
water eutrophication and contamination through
point- or diffuse pollution. This may affect and degrade
(temporarily or permanently) aquatic ecosystem biodi-
versity and functioning. Agricultural landscapes, such
as vineyards or orchards, are treated with pesticides
most of the time and generate water pollution through
run-off, leaching and diffusion (Landry et al. 2004, Vu
et al. 2006). The control and reduction of diffuse pollu-
tion is a complex task (especially for water-soluble sub-
stances) and the ecological side effects of contamina-
tion in rivers may be variable because of the diversity

of current pesticides (herbicides, fungicides, insecti-
cides, etc.) (Benoit et al. 2005). In low-order streams
(Strahler order <3 or 4) that drain rural watersheds, the
impact of pesticides on non-target aquatic organisms
can be particularly severe (Dorigo et al. 2003, Weston
et al. 2004) because of the low dilution potential. In
such systems, trophic webs are generally reduced and
most microorganisms live on submerged substrata
(such as biofilms or periphyton). Biofilms comprise a
complex assemblage of taxonomic and/or functional
groups embedded in a polysaccharidic and proteic
matrix. Prokaryotic (bacteria) and eukaryotic (mostly
microalgae, but also fungi) organisms strongly interact
and are responsible for most of the energy input
through primary production. They contribute signifi-

© Inter-Research 2007 · www.int-res.com*Corresponding author. Email: montuelle@lyon.cemagref.fr

Lotic biofilm community structure and pesticide
tolerance along a contamination gradient in 

a vineyard area

Ursula Dorigo1, Christophe Leboulanger2, 3, Annette Bérard1, Agnès Bouchez2, 
Jean-François Humbert2, 4, Bernard Montuelle1,*

1CEMAGREF, UR Qualité des Eaux, 3 Quai Chauveau CP, 69336 Lyon Cedex 09, France
2INRA UMR CARRTEL, Laboratoire de Microbiologie Aquatique, BP 511, 74203 Thonon Cedex, France

3IRD UR 167 Cyroco, UMR 5119, CNRS-Université Montpellier II, cc 093, 34095 Montpellier Cedex 05, France
4Institut Pasteur - CNRS URA 2172, Unité des Cyanobactéries, 28 rue du Dr. Roux, 75724 Paris Cedex 15, France

ABSTRACT: We investigated the environmental impact of diffuse pesticide pollution on natural river
biofilms in the River Morcille, France, during 2 seasons in pristine and contaminated stations.
Prokaryotic and eukaryotic community compositions were assessed by denaturing gradient gel
electrophoresis, while microalgal community composition was determined by high pressure liquid
chromatography pigment analysis. The sensitivity of microphytobenthos to the herbicide Diuron was
investigated in the laboratory by short-term photosynthesis inhibition assays. Spatial changes in
prokaryotic and eukaryotic species compositions were found in spring and in winter. Community
structures were significantly different between contaminated areas and those that were uncontami-
nated or less contaminated. Associated changes in biodiversity were not found. Community tolerance
towards Diuron (based on EC50 values for photosynthesis) was significantly lower in upstream than
in downstream photoautotrophic organisms. Pesticide concentration increased along the downstream
gradient. These results strongly suggest contamination-driven changes in biofilm community struc-
ture and in the tolerance of the photoautotrophic community, confirming the Pollution-Induced
Community Tolerance (PICT) hypothesis. 

KEY WORDS:  Biofilms · Community structure · Community tolerance · Pesticides · Vineyard area

Resale or republication not permitted without written consent of the publisher



Aquat Microb Ecol 50: 91–102, 2007

cantly to nutrient cycling in such environments (Battin
et al. 2003). The development, structure and functions
of biofilms are well studied, as are the effects of natural
environmental factors such as light, flow and grazing
pressure (Sabater et al. 2002, Romani et al. 2004).
Impairment of periphyton by anthropogenic com-
pounds is not well understood.

In streams running through agricultural areas, mix-
tures of chemicals derived from agricultural activity
may directly or indirectly affect biofilm community
structure and function (Boivin et al. 2006). These mix-
tures are expected to disturb major biogeochemical
cycles (carbon, nitrogen, phosphorus), self purification
capacity and trophic web configuration (Brock et al.
2004). A variety of methods exists to detect the impact
of pesticides on functional and structural parameters;
periphyton could be considered as an early warning
indicator system for contamination detection (re-
viewed by Sabater et al. 2007). There are more data
available for periphytic microalgal communities
(Guasch et al. 1998, Dorigo & Leboulanger 2001, Bar-
ranguet et al. 2002, Schmitt-Jansen & Altenburger
2005) than for periphytic bacterial communities (Pesce
et al. 2006). To our knowledge, this is the first in situ
comprehensive study on both microalgal and bacterial
components of biofilm communities.

In our field study we clarified the impact of diffuse
pesticide pollution on natural biofilms along a small
river that drains water from a vineyard watershed. This
stream is subjected to increased pesticide pressure in
the downstream direction. Natural biofilms were
grown in situ on artificial glass substrata during spring
2004 and winter 2005 in 1 pristine and 2 impacted
areas. The compositions and structures of prokaryotic
and eukaryotic communities were assessed by PCR-
DGGE on 16S and 18S rRNA gene fragments, respec-
tively, with parallel pigment analyses by HPLC. 

To apply the Pollution-Induced Community Toler-
ance (PICT) concept, we performed short-term labora-
tory experiments to assess natural tolerance of the pho-
toautotrophic communities to Diuron, which is one of
the toxins found in this river. The PICT concept as-
sumes that communities exposed to contaminants
become tolerant to them (by adaptation or species
changes, etc.). Accordingly in laboratory toxicity as-
says, exposed communities should be characterized by
higher EC50 values than reference communities. This
concept allows assessment at a community level of eco-
logical impact or, conversely, ecological recovery.

MATERIALS AND METHODS

Study sites. The study was carried out on the River
Morcille (46.150° N, 4.600° E, Beaujolais vineyard area;

the river is a tributary of the River Ardière, which is a
tributary of the River Saône). The River Morcille is 7
km long and relatively shallow (Strahler order 1). Its
watershed (8.5 km2) is underlain by granite, leading to
the formation of soft water. The river bottom is mainly
composed of pebbles and sand, with a minor coverage
of fine sediment. Located in an intensive wine produc-
tion region (55% of the catchment area is occupied by
vineyards; see Table 1 for details), the river is subject
to pesticide run-off. The traditional application of pes-
ticides to the vineyards (from end of March to end of
July) contributes to the downstream contamination
gradient along the river down to its mouth. Three long-
itudinally arranged sampling areas with different lev-
els of pesticide contamination were chosen, St. Joseph
(J), Versauds (V) and St. Ennemond (E), listed from up-
to downstream (Fig. 1). As shown in Table 1, the per-
centage contribution of vineyards to total catchment
area increases in the sequence J > V > E. Grassland,
multi-culture systems and forest are present in each of
the areas. Sparce urban areas occur only in Area E.

Sampling procedure. In order to reduce heterogene-
ity that occurs among natural substrata, periphyton
was collected on artificial substrata (Cattaneo et al.
1997, Sabater et al. 1998). We controlled the coloniza-
tion surface of the substratum and the maturation level
of the biofilm. We used small frosted glass discs
(1.5 cm2 surface area) glued to Plexiglas™ plates with
silicon sealant (Dorigo & Leboulanger 2001). In each of
the 3 sampling areas, 3 Plexiglas plates were placed in
the center of the stream, horizontally fixed to the
riverbed. The plates were exposed to similar light lev-
els (measured with a TESTO 545 luxmeter) and water
currents (measured with a FlowMate 2000 flowmeter).
After 2 mo of biofilm colonization, plates from each of
the sampling areas were removed, placed within indi-
vidual plastic bags filled with river water and trans-
ported in cool-boxes within 2 h to the laboratory. For
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J V E

Sparsely urbanised area 0 0 0.28
Vineyard 0.2 2.27 6.20
Grassland 0.20 0.59 1.59
Multi culture system 0.56 0.56 0.59
Deciduous forest 0.13 0.13 0.12
Coniferous forest 0.09 0.09 0.09
Mixed forest 0.63 0.64 0.63
Dense vegetation 0.02 0.02 0.02
Total surface 1.82 4.28 9.52
% occupied by vineyards 11 53 65

Table 1. Composition (km2) of the catchment area and
percentage of total area occupied by vineyards in St. Joseph
(J), Versauds (V) and St. Ennemond (E). (Modified from 

Montuelle et al. 2006)
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HPLC and DGGE analyses, glass substrata were
immediately frozen and stored at –80°C for further
processing. The whole sampling strategy was per-
formed in spring (mid-April to mid-June 2004) and in
winter (February to March 2005) for 2 reasons. Firstly,
the seasons differ in the quality and quantity of pesti-
cides applied to the vineyards (intensive in spring and
theoretically ‘calm’ in winter; although there is no pes-
ticide application in winter, leaching and runoff are
still possible). Secondly, biofilm communities vary nat-
urally in species composition by season (Sekar et al.
2004, Lyautey et al. 2005a), and the response of
biofilms to contaminants may depend on community
configuration (Bérard et al. 1999, Bérard & Benning-
hoff 2001) and on seasonal variations in environmental
conditions (e.g. light regime, water level, temperature,
Guasch et al. 1997). 

Water sampling and physico-chemical analyses.
During 2 mo of biofilm colonization, physical parame-
ters (current, depth, light intensity, temperature) were
measured weekly at 10:00 h for each Plexiglas plate. At
the same time, 2 l water samples were collected in
polyethylene bottles from each sampling area (J, V, E)
for measurement of chemical parameters (including
DOC, NO2

–, NO3
–, NH4

+ and PO4
3–, conductivity, pH)

following standard procedures and protocols (AFNOR
1982). At the end of biofilm colonization, water sam-
ples for analysis of organic pesticides were collected in
clean dark glass bottles at each sampling area. A total
of 333 pesticides and degradation products were
searched for (using standardized protocols) with a mul-
tidetection analysis system comprising gas (GC/MS)
and liquid chromatography (HPLC/MS/MS). These
chromatographic analyses were done by ‘Laboratoire
Départemental d’Analyses de la Drôme’ (www.lda26.
com/). 

Periphyton DNA collection and extraction. In the
laboratory, each biofilm sample was collected by
scraping 6 glass discs taken from each Plexiglas plate
(3 plates from the 3 Areas J, V, E) with a hard bristle
tooth brush. Collected materials were suspended in
2 ml aliquots of 0.2 µm filtered water (from the respec-

tive rivers) and kept at –80°C until processing. Biofilm
solutions were centrifuged at 14 000 × g for 30 min and
the supernatant was discarded. Nucleic acid extraction
was performed on biofilm pellets according to Mas-
sana et al. (1997), with some modifications. Briefly, pel-
lets received 750 µl of lysis buffer and were processed
exactly as described in Dorigo et al. (2006). Purified
DNA was precipitated and resuspended in 50 µl of TE
(10 mM Tris, 1 mM EDTA, pH 8). The integrity of the
total DNA was checked by agarose gel electro-
phoresis, and quantified by measuring absorbance at
260 nm. 

PCR amplification of 16S and 18S rRNA gene frag-
ments. PCR amplification of the eukaryotic 18S rRNA
gene fragment was performed with 60 ng of template
DNA and the primers Euk1Af and Euk516r-GC, pro-
ducing a 560 bp fragment. PCR amplification of the
bacterial 16S rRNA gene fragment was done with
30 ng of template DNA and the primers 341f with an
attached GC-rich fragment and 907rM, producing a
~590 bp fragment. In both cases, PCR amplifications
were performed on 50 µl volumes containing a 10X
Taq reaction buffer (Eurobio), 1.5 mM MgCl2, 120 µM
of each deoxynucleotide, 1 µM of each primer, bovine
serum albumin (Sigma, 0.5 mg ml–1 final concentra-
tion), and 1.25 U Taq DNA polymerase (Eurobluetaq,
Eurobio). All PCR reactions were performed using a
Thermal Cycler T-Personal (Biometra). For each set of
reactions, a negative control (in which the template
was replaced by an equivalent volume of sterile deion-
ized water) was included. PCR reactions for 16S rDNA
and 18S rDNA amplification were carried out accord-
ing to Schauer et al. (2000) and Diez et al. (2001b),
respectively. The presence of PCR products of the cor-
rect size was confirmed by analyzing 4 µl of product on
an ethidium bromide-stained, 1.2% (w/vol) agarose
gel in 1X TBE buffer (89 mM Tris base, 89 mM boric
acid, 2 mM EDTA, pH 8.0).

Denaturing gradient gel electrophoresis (DGGE)
and data analysis. DGGE analysis was performed
using a CBS-DGGE 2000 system (C.B.S. Scientific) on
0.75 mm thick 6% polyacrylamide gels (ratio of acryl-
amide to bisacrylamide was 37.5:1) submerged in 1X
TAE buffer (40 mM Tris acetate pH 7.4, 20 mM sodium
acetate, 1 mM Na2EDTA). Urea and deionized for-
mamide were used as denaturing agents, and the gel
gradient varied from from 40% (top) to 80% (bottom)
for PCR-amplified 16S rRNA gene fragments (Schauer
et al. 2000, Dorigo et al. 2006), and from 40% (top) to
65% (bottom) for PCR-amplified 18S rRNA gene frag-
ments (Díez et al. 2001a). In both cases, 40 µl of PCR
products were loaded and run at a constant voltage of
100 V and at a temperature of 60°C for about 16 h. Sep-
arated PCR products were stained for 45 min in the
dark with SYBRGold (Molecular Probes), visualized
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Fig. 1. Catchment area of the River Morcille, France, and 
sampling locations (stars)
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on a UV transilluminator (Claravision), and photo-
graphed (Scion Corporation camera). Digital images
of the gels were saved for further analysis using
Microsoft Photo Editor software and processed as
described by Dorigo et al. (2006). For each gel, a table
was constructed (with samples as rows and DGGE
bands as columns) by scoring 1 or 0 for the presence or
absence, respectively, of a nucleic acid band at a given
height in each lane. Matrices were used for multivari-
ate correspondence analysis (an ordination procedure)
using the ADE-4 software package.

Pigment analysis by high pressure liquid chroma-
tography (HPLC). For each biofilm sample, one glass
disc per Plexiglas™ plate was placed in a centrifuge
tube (Corning) containing 4 ml of methanol/0.5 M
ammonium acetate (98/2 v/v) solution and sonicated
with a 4 mm probe for 1 min at 180 W and at 50% activ-
ity (Vibracell, Bioblock Scientific 375W). After sonica-
tion, the tubes were centrifuged (6000 × g) for 6 min at
0°C. The supernatant was collected and purified by
filtering through a 0.2 µm filter syringe (Cameo 3N-
syringe nylon filter, Micron Separation). An injection
volume of 100 µl of this purified extract was used to
determine the periphyton lipophilic pigment composi-
tion by HPLC. Pigments were separated on a 4.6 ×
250 mm column (Waters Spherisorb ODS5, 25 µm).
Each pigment was identified by its retention time and
absorption spectrum using DAD according to SCOR
(Jeffrey et al. 1997). 

Chlorophyll a (chl a) was selected as an indicator of
the total periphyton biomass (Bonin & Travers 1992).
Biomasses are given as µg chl a cm–2. We used a quan-
titative calculation model based on published ratios for
monocultures (Wilhelm et al. 1991, Dorigo et al. 2003).
The following ratio was used in calculations of the
percentage contribution of each algal group (a.g.): 

where A is the area of the peak, dp is the diagnostic
pigment and rW is the published ratio for mono-
cultures. A table was constructed (with samples as
rows and pigments as columns) by taking into account
the relative abundance of each pigment in a given
sample (expressed as a percentage of the sum of the
area of all pigments in a sample). The matrix was used
for correspondence analysis using the ADE-4 software
package. In addition, the total number of pigments and
the total number of degraded pigments per sample
were counted.

PICT measurements. We tested the sensitivity of
periphyton to the herbicide Diuron (regularly detected
in the downstream sections of the River Morcille) in
both water and biofilm samples (Gouy & Nivon 2006,
Montuelle et al. 2006). This herbicide is currently

found in the majority of French surface waters (IFEN
2006). Diuron is frequently cited as a model molecule
for Photosystem II (PSII) inhibition (Roy & Legendre
1979, Krause & Weis 1988). According to the co-toler-
ance hypothesis, biofilm Diuron tolerance may inform
us not only about past contamination pressure exerted
by this herbicide, but also about tolerance towards all
PSII inhibitors. Using 14C photosynthetic-assimilation
as an endpoint, we monitored the effects on periphyton
of semilogarithmic increases in concentrations of
Diuron (Guasch & Sabater 1998). Briefly, a Diuron
stock solution of 100 µM (MW 233) was dissolved in
water and stored at –20°C prior to dilution in the test
vessels. Diuron was a high grade pesticide standard
(Sigma, 99.5% purity). A semi-logarithmic concentra-
tion series was freshly prepared with a multiplication
factor of 100.5 by serial dilution of the stock solution
with 0.2 µm filtered river water. Final test concentra-
tions in the test vessels ranged from 0 to 10 µM (1
blank and 9 increasing concentrations of Diuron). Ten
homogeneous glass discs were selected on each Plexi-
glas plate for the spring experiment; for logistical rea-
sons, 10 homogeneous glass discs were selected on the
3 Plexiglas plates of each sampling area for the winter
experiment. Measurements of photosynthesis activity
by 14C incorporation were according to Dorigo &
Leboulanger (2001). Data were fitted to a sigmoid
dose-response model using the least squares method.
The model was used to determine photosynthetic
EC50 values for each sampling area and period. 

RESULTS

Physico-chemical data

Temperature values ranged from 9.5 to 11.8°C in
spring, increasing slightly in the downstream direc-
tion, and from 2.4 to 3.3°C in winter, also decreasing in
the downstream direction (Table 2). Water depths
above the Plexiglas plates were similar in both winter
and spring, increasing in the downstream direction,
and varying between 8 and 15 cm. Light conditions
were mainly determined by the riparian vegetation
and to a minor extent by the water depth. Photon irra-
diance ranged from 51.93 to 88.03 µmol m–2 s–1 in
spring and from 81.57 to 125.15 µmol m–2 s–1 in winter.
Water current ranged from 0.07 to 0.16 m s–1 in spring
and from 0.26 and 0.38 m s–1 in winter. All chemical
parameters, except pH and NO3

–, increased gradually
in the downstream direction in spring and winter; pH
values were relatively constant along the river and
ranged between 7.1 (winter) and 7.7 (spring); NO3

–

values were highest for Area V, the intermediate sam-
pling area (Table 2). The upstream section of the River
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Morcille is oligotrophic (PO4
3– values ranging between

0.09 and 0.1 mg l–1) and the downstream sections are
oligomesotrophic (PO4

3– values ranging between 0.19
and 0.36 mg l–1).

At the end of each experimental period, we searched
for 330 toxic compounds, finding and quantifying 15
pesticides and 10 pesticide degradation products in
both seasons in at least one sampling area (Table 3).
Toxic compounds were divided into 3 groups, fungi-
cides, PSII inhibitors and ‘other herbicides’, the latter
having deleterious effects on plants other than the PSII
inhibition (Fig. 2). Among the herbicides, 2 molecules
were found in almost all water samples and sometimes
at high concentration, i.e. Norflurazon (≤0.6 µg l–1) and
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Sampling area T Wh I Wc pH Cond. DOC NO2
– NO3

– NH4
+ PO4

3–

Spring
J 9.5 (0.34) 8.5 (6.81) 88.03 (90.54) 0.16 (0.06) 7.7 135 2.05 0.02 7.4 0.04 0.1
V 10.6 (0) 11 (3.66) 51.93 (22.19) 0.09 (0.04) 7.45 175 2.35 0.03 8 0.04 0.28
E 11.8 (0) 14.8 (3.11) 87.08 (44.14) 0.07 (0.04) 7.5 200 3.25 0.07 6.1 0.08 0.36
Winter
J 3.3 (0.34) 8 (3.61) 101.96 (69.96) 0.26 (0.06) 7.1 145 1.75 0.02 8.6 0.04 0.09
V 2.4 (0) 12.3 (2.52) 125.15 (38.91) 0.33 (0.04) 7.1 190 2.35 0.02 11 0.05 0.19
E 2.4 (0) 14.8 (1.53) 81.57 (23.01) 0.38 (0.1) 7.3 220 3.2 0.04 9.65 0.09 0.29

Table 2. Means (SD in parentheses) of the median temperature (T, °C), water height (Wh, cm), photon irradiance (I, µmol m–2 s–1)
and current speed (Wc, m s–1) recorded weekly at 3 sampling sites in each sampling area (J: St. Joseph, V: Versauds, E: St.
Ennemond). The median of each selected chemical parameter (pH; Cond.: conductivity [µS cm–1]; DOC [mg l–1]; NO2

– [mg l–1];
NO3

– [mg l–1]; NH4
+ [mg l–1] and PO4

3– [mg l–1]) was obtained from weekly water samples from each sampling area in spring 
and winter

Pesticide J V E

1(3’4 dichlorophenyl)3 methylureaa,b – – 0.2
– – –

Atrazine deisopropyla,b – – –
– – 0.01

Azoxystrobinc – 0.13 0.05
– – –

Dichlorobenzamide 2.6a – 0.2 0.17
0.02 0.03 0.28

Diurona,b – 0.09 0.43
0.01 0.01 0.04

Monurona,b – 0.86 0.02
– – –

Myclobutanyla,b – – 0.06
– – –

Norflurazona – 0.38 0.6
0.07 0.1 0.28

desmethyl Norflurazona 0.07 0.86 0.93
0.52 0.84 3.1

Oxadixylc – 0.18 0.32
0.02 0.03 0.14

Procymidonec – 0.11 0.1
– – –

Simazinea,b – 0.02 0.03
0.01 – 0.02

Tebuconazolec – – 0.08
– – –

Terbumetona,b – 0.02 0.02
– – 0.02

Terbutylazinea,b – 0.14 0.21
– 0.01 0.03

Terbutylazine desethyla – 0.11 0.08
0.03 0.04 0.08

aHerbicide; bPhotosystem II inhibitor; cfungicide

Table 3. Pesticide contamination levels in the River Morcille
measured at the end of the biofilm sampling period in each
sampling area (J: St. Joseph; V: Versauds; E: St. Ennemond)
and sampling season (values in bold refer to spring season,
while non-bolded values refer to winter season); 333 mole-
cules were searched for. All concentrations are µg l–1; –: below 

detection limit

Fig. 2. Contamination by fungicides (black box), PSII in-
hibitors (white box) and herbicides other than PSII inhibitors
(grey box) in the River Morcille in 3 sampling areas (J: St.
Joseph; V: Versauds; E: St. Ennemond) in (a) spring and 

(b) winter
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its degradation product, desmethyl Norflurazon
(≤0.93 µg l–1). Among the fungicides, Oxadixyl
(≤0.32 µg–1) was the most prevalent. Total concentra-
tion of pesticides increased, as expected, in the down-
stream direction in both seasons. In spring, all 3 toxin
categories were present at Areas V and E (Fig. 2a). In
winter, Area E was the most contaminated (4 to 6 times
higher concentrations than other areas), and most of its
toxins were in the category ‘other herbicides’ (Fig. 2b). 

DGGE analyses

Bacterial community structure

Among the 9 biofilm samples collected in spring and
winter, 27 and 23 different bands were detected, re-
spectively. The number of bands detected in each sam-

pling area varied from 10 to 15 in winter (mean = 13)
and from 10 to 21 in spring (mean = 15); the number of
spring bands decreased significantly in the down-
stream direction. Correspondence analysis was applied
to the band presence/absence data for samples in
spring and winter (Fig. 3). The first 2 axes of each
analysis accounted for 88% of the variability in both
spring and winter. In spring (Fig. 3a) the first axis sepa-
rated the pristine Area J from the others, whereas the
second axis separated Area V from Area E. In winter
(Fig. 3b), Areas J and V were very close and separated
from Area E. In all these projections, there was very low
variability between the 3 plates in each sampling area. 

Eukaryotic community structure

In the 9 biofilm samples collected in spring and win-
ter, 40 and 45 different bands were detected, respec-
tively. The number of bands detected in each sampling
area varied from 19 to 33 in spring (mean = 25, lowest
in Area J) and from 11 to 28 (mean = 19) in winter. Cor-
respondence analysis was applied to the band pres-
ence/absence data for spring and winter samples
(Fig. 4). The first 2 axes of each correspondence analy-
sis accounted for 96 and 67% of the variability in
spring and winter, respectively. In spring (Fig. 4a), the
first axis separates the pristine Area J from Areas V
and E, and the second axis separates Areas V and E. In
winter (Fig. 4b), Areas J and V are very close and sep-
arated from Area E on the first axis. In winter, there
was a very high dispersion between the 3 plates from
Area E. 

HPLC pigment analyses

Diagnostic pigment signatures indicated the pres-
ence of diatoms, green algae and cyanobacteria in
biofilms, and relative percentages of these 3 groups
were calculated (Table 4). Diatoms (identified by the
presence of fucoxanthin) appeared to dominate all
samples and were particularly abundant in spring in
Area E (87% of total biomass). Green algae were only
present in spring at Areas J and V, and cyanobacteria
were relatively abundant only at Areas V and E in
spring. The most abundant pigments throughout the 2
seasons (≥1% in at least one sampling site) were chl a,
fucoxanthin, chl c, violaxanthin, zeaxanthin, diadino-
xanthin, beta-carotene and lutein. A total of up to 20
and 18 pigments were identified in spring and in win-
ter, respectively, approximately one third of which
were degraded pigments. In all sampling areas, chl a
ranged on average from 0.41 to 2.08 µg cm–2, account-
ing for 55% of the total pigment in all sampling areas.
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J-sp

a

b

V-sp

E-sp

Axis 1 (65.77%)

Axis 2 (22.60%)

J-wi

V-wi

E-wi

Axis 1
(61.28%)

Axis 2 (26.40%)

–0.7

0.7
–0.9 0.9

–0.6

0.85
–0.8 0.9

Fig. 3. Correspondence analysis of prokaryotic DGGE bands
for each sampling site and area (J: St. Joseph; V: Versauds;
E: St. Ennemond) in (a) spring (sp) and (b) winter (wi). The
rounded-cornered rectangles express relative size of each
part of the 2 axes; lines extending from the circles represent
center of gravity of the replicates (s) and show measures

of dispersion
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Both in spring and in winter, chl a was lowest in
Area E. 

Through correspondence analysis, taking into ac-
count the relative percentage of pigments detected in
all sampling sites in winter and in spring, we obtained
a graphical representation of the evolution of micro-
algal community pigment structure (Fig. 5). By projec-
tion in the plane defined by the first 2 axes, there was
a clear separation between spring and winter samples.
The second axis allowed differentiation of Area J
spring samples from the other spring samples. Area E
winter samples were clearly separated from other
winter samples.

EC50 values

Diuron EC50 values were estimated in order to eval-
uate natural tolerance of the communities to this pollu-
tant. EC50 values increased in the downstream direc-
tion in both seasons, ranging from 19.71 to 42.23 and
from 9.17 to 50.66 µg Diuron l–1 in spring and winter,
respectively (Fig. 6). Except for Area E, EC50 values
were higher in spring than in winter. Within each
season, lowest EC50 values (thus lowest tolerance to
Diuron) were recorded for the pristine Area J.

DISCUSSION

Our aim was to evaluate in the field the impact of
pesticide pollution on biofilms along a river subjected
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Sampling chl a Contribution to total pigment (%) Total biomass (%) tP dP
area (µg cm–2) chl c fucox viola ddx lut zea beta-c chl a D G C

Spring
J 1.54 12.21 20.74 1.2 1.77 0.12 2.01 2.18 59.44 37.50 29.25 1.27 14.67 4 

(0.06) (3.08) (3.66) (0.48) (0.32) (0.21) (0.42) (0.99) (5.40) (9.39) (7.51) (2.2) (1.53) (1)
V 1.75 3.04 20.43 1.82 2.78 2.43 1.13 1.98 62.42  34.9 15.06 26.26 17.33 3.33 

(0.96) (0.83) (5.61) (0.52) (1.40) (1.08) (1.64) (1.54) (5.22) (12.57) (21.47) (11.26) (3.06) (0.58)
E 0.8 4.75 38.28 1.40 5.11 1.69 nd 0.20 46.98 87.06 nd 24.25 15.33 4 

(0.23) (0.47) (3.55) (0.44) (1.37) (0.56) (0.27) (4.34) (15.63) (8.51) (2.08) (1)

Winter
J 2.08 14.36 24.53 5.71 0.43 nd 0.36 1.43 52.80 48.47 nd 5.83 14.33 4.67 

(0.77) (4.19) (1.68) (1.44) (0.54) (0.33) (0.09) (2.97) (4.71) (5.33) (4.04) (1.53)
V 1.25 8.58 26.96 6.10 2.52 nd 0.15 1.65 53.02 53.97 nd 2.63 14.33 5.33 

(1.21) (7.42) (4.90) (1.41) (0.88) (0.27) (0.45) (3.15) (7.45) (4.56) (1.15) (0.58)
E 0.41 nd 30.81 5.23 2.77 nd nd 4.76 56.43 59.07 nd nd 7.67 1.67 

(0.14) (1.47) (0.33) (1.03) (5.02) (2.97) (4.3) (1.15) (0.58)

Table 4. Means (SD in parentheses) of pigment characteristics for biofilm samples from each sampling area (J: St. Joseph; V: Ver-
sauds; E: St. Ennemond) on the River Morcille determined by HPLC on lipophilic fraction. nd: not detected; chl c: chlorophyll c;
fucox: fucoxanthin; viola: violaxanthin; ddx: diadinoxanthin; lut: lutein; zea: zeaxanthin; beta-c: beta-carotene; chl a: chloro-
phyll a; D: diatoms; G: green algae; C: cyanobacteria; tP: number of total pigments (degraded and non-degraded pigments); dP: 

number of degraded pigments
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b
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Axis 2
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Fig. 4. Correspondence analysis of eukaryotic DGGE bands
for each sampling site and area (J: St. Joseph; V: Versauds;
E: St. Ennemond) in (a) spring (sp) and (b) winter (wi). See

Fig. 3 for further details
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to increasing downstream contamination. Pesticide
analyses of water confirmed previous findings on a
marked contamination gradient along the River Mor-
cille (Gouy & Nivon 2006, Montuelle et al. 2006). The
level of total pesticide contamination increased down-
stream (Table 3, Fig. 2). PSII inhibitors (mainly
Monuron and Diuron) were particularly abundant in
spring, whereas ‘other herbicides’ constituted the
dominant group of pesticides in winter (mainly Norflu-
razon and its degradation product). On the Morcille
watershed, herbicides are mainly applied from mid-
March to mid-April, whereas fungicides are mainly
applied from May to July (Gouy & Nivon 2006). It is

interesting that the total pesticide concentration
remained relatively high even during the non-applica-
tion period (autumn and winter), suggesting (1) that
pesticides reach the river by leaching, diffusion and
run-off, (2) that vineyard soils are strongly contami-
nated and (3) that compounds were persistent in this
environment. 

Except for the DGGE analysis of bacterial communi-
ties in spring (which demonstrated a decrease in taxo-
nomic diversity in the downstream direction), our
methods did not detect any loss in richness, but rather
a change in community structure on the contamination
gradient (shown by gel analysis and by correspon-
dence analysis of gel data). HPLC analyses indicated
that diatoms were the most abundant group in each
sampling area, with green algae in the second rank.
The predominance of diatoms within periphytic layers
is very common in lotic systems (Stevenson & Pan
1999). However, the proportion of diatoms was partic-
ularly high in Area E in spring, where high concentra-
tions of pesticides were found. Pennate diatoms are
known to be more tolerant of PSII inhibitors than other
algae (Mølander & Blanck 1992, Hoagland et al. 1993,
Bérard et al. 1999). Cyanobacteria were only found in
spring and at low abundances. These bacteria contain
only small amounts of group-specific pigments, which
cannot be detected when material for analysis is insuf-
ficiently concentrated. Low biomasses (0.41 to 2.08 µg
cm–2) may explain why the calculation method of Wil-
helm et al. (1991) underestimated the total percentage
contribution in most of the cases. 

HPLC analyses performed on the photoautotrophic
community and DGGE analyses performed on pro-
karyotic and eukaryotic communities both highlight
changes in community structure down the river. Corre-
spondence analysis of pigments separated (1) spring
and winter communities, and (2) communities of less
contaminated areas from those found in highly conta-
minated areas (Fig. 5). DGGE analyses revealed signif-
icant differentiation within prokaryotic and eukaryotic
communities, separating those inhabiting less contam-
inated sampling areas from those collected in highly
contaminated parts of the river (Figs. 3 & 4). Thus, the
2 methods used to assess structure of these communi-
ties (DGGE and HPLC) were concordant. The details of
differentiation were as follows: in spring, the pristine
Area J was markedly different from the other 2 sam-
pling areas: (1) in the structure of the prokaryotic,
eukaryotic and photoautotrophic communities and (2)
in the level of pollution, which was much lower than at
the other 2 sites. In winter, Areas J and V were more
similar to Area E both in level of pollution and in
microbial community structure. 

In order to determine whether the structural changes
we observed related to environmental contamination
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Fig. 5. Correspondence analysis of the % contribution of each
pigment in the 3 biofilm samples from 3 sampling areas (J: St.
Joseph; V: Versauds; E: St. Ennemond) in spring (sp) and in 

winter (wi). See Fig. 3 for further details

Fig. 6. Sensitivity (expressed as EC50 in µg l–1 estimated from
primary productivity measurements on periphyton samples
over a range of Diuron concentrations) from 3 sampling areas
(J: St. Joseph; V: Versauds; E: St. Ennemond) on the River
Morcille. Means ± confidence limits (n = 3) of the EC50 values
are shown. Confidence limits were calculated from standard
deviations of replicate EC50s for spring, and from least square
fitting residuals using SigmaPlot 10.0 for winter data (one
EC50 value calculated from data fitted to the model 

sigmoid curve)
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present in the river, and to make a risk assessment, we
used the PICT concept develped by Blanck (2002) and
applied by others (see Bérard et al. 2002, for a review).
This concept proposes that the tolerance of a commu-
nity to a toxicant is related to previous exposure of that
community to the toxicant or to another toxicant
belonging to the same toxicant family (neighbouring
chemical composition and/or similar mode of action).
This phenomenon of co-tolerance is well known and
has been demonstrated for several contaminants
(Mølander 1991, Blanck 2002, Bérard et al. 2003). 

EC50 values that we measured were always higher
than the concentrations of Diuron or total PSII inhibitor
in the River Morcille (Table 3, Figs. 2 & 6). Our EC50
values (9.17 to 50.66 µg l–1) fell within the range of
other reports investigating sensitivity/tolerance of
biofilms to Diuron (Mølander & Blanck 1992). The most
Diuron-sensitive communities were in pristine Area J
in both seasons. The most Diuron-tolerant communi-
ties occurred in both seasons in Area E, the most
severely contaminated. It is interesting that in winter,
the intermediate Area V was similar to the pristine
Area J in both contaminant concentration and Diuron
sensitivity, while in spring and for both measures,
Area V was more similar to Area E. There was strong
correlation between EC50 values (Fig. 6) and percent-
ages of vineyard area (Table 1) (n = 6, Spearman’s rs =
0.96, p = 0.003), and between EC50 values (Fig. 6) and
total pesticide concentration (Fig. 2) (n = 6, Spearman’s
rs = 0.93, p = 0.008). EC50 values obtained for the
photoautotrophic community within biofilms varied
with changing pesticide concentrations in river water
and with structural changes in the biofilm communi-
ties. These results are congruent with the predictions
of the PICT concept and suggest that pesticides likely
constitute a selective pressure, at least on the photo-
autotrophic portion of the Morcille biofilms (Diuron is
treated here as a model of pesticides that inhibit photo-
synthetic organisms in biofilms), producing changes in
species composition and pesticide tolerance. These
results are in accordance with previous studies (Dorigo
et al. 2002, 2003) on Atrazine- and Isoproturon- (PSII
inhibitors) contaminated rivers. Mølander & Blanck
(1992) reported changes in periphyton species compo-
sition and Diuron tolerance in marine microcosms
exposed to different Diuron concentrations. Analogous
results have been obtained for aquatic microalgal
communities impacted by heavy metals (Barranguet et
al. 2003). 

Similar predictions may be made for the eukaryotes,
since most are photoautotrophs, especially those on in-
organic substrata (Tank & Dodds 2003) (the communi-
ties we studied were attached to an inorganic glass
substratum). Environmental parameters such as nutri-
ents increase with elevated in situ pesticide concentra-

tions (Montuelle et al. 2006), and nutrients are drivers
of structural and functional changes in eukaryotic and
photoautotrophic communities (deNicola et al. 2006).
Within this framework of structure and function, appli-
cation of the PICT concept allows us to attribute ob-
served changes to pesticides, rather than to the direct
nutrients effects. Nevertheless, we are unable to deter-
mine whether the structural changes in the prokaryotic
communities studied were attributable to direct or in-
direct effects of pesticides, as opposed to other envi-
ronmental factors. The relevant issues are as follows: 

(1) We may exclude the influence of physical para-
meters on structural or functional changes (Romani &
Sabater 2001, Yannarell & Triplett 2004) as we chose
sampling sites to minimize variability in physical para-
meters (water current and light; authors’ unpubl. data). 

(2) Bacteria may be sensitive to changes in organic
and inorganic nutrients (Schäfer et al. 2001). The
DGGE approach has demonstrated differentiation of
upstream and downstream bacterial communities in an
anthropogenically impacted river section; differences
were mainly attributable to variability in nitrogen and
phosphorus concentrations (Lyautey et al. 2003). Simi-
larly, changes in bacterial assemblages due to eutroph-
ication occur in a reservoir in French Guiana
(Dumestre et al. 2001). 

(3) Bacteria may be unaffected, inhibited or stimu-
lated by pesticides (Johnsen et al. 2001, Knapp et al.
2005). To date, major advances in this field have been
achieved within the discipline of soil science; toxic
contamination of soils is often dramatic. Biodegrada-
tion of pesticides has been demonstrated more fre-
quently in soil (Martin-Laurent et al. 2006) than in
aquatic environments (Schrap et al. 2000). As the con-
tamination level found within the downstream sections
of the River Morcille is likely to persist even during the
apparently ‘calm’ period, there may be selection for
resistant and/or pesticide-degrading microbial spe-
cies. In an experimental approach with aquatic micro-
cosms contaminated with 10 µg l–1 of Diuron, Pesce et
al. (2006) detected the appearance and the persistence
of several TTGE bands in Diuron-treated microcosms
that were absent from reference microcosms; the
bands may have corresponded to bacteria adapted or
resistant to the contaminant. 

(4) Bacteria may be sensitive to changes in the
eukaryotic components of biofilms, particularly micro-
algae (Rier & Stevenson 2002, Gao et al. 2004), without
being directly affected by pesticides. Barranguet et al.
(2003) observed structural changes in biofilm bacterial
composition, indicating indirect effects; the impact
of copper on microalgae translated into taxonomic
changes in the prokayotic component, likely due to the
close interdependence between autotrophs and het-
erotrophs in biofilms.

99



Aquat Microb Ecol 50: 91–102, 2007

(5) Finally, when performing DGGE gels on 16s
rRNA gene fragments, it is important to realize that
there may be interference from eukaryote plastid DNA
(van den Hoek et al. 1995, Cavalier-Smith 2000). Nev-
ertheless, a phylogenetic analysis performed on 16S
rRNA gene fragments belonging to 2 different sets of
river biofilm demonstrated that plastid contribution
was <25% of the operational taxonomic units analyzed
(Lyautey et al. 2005b). Other pitfalls or limits of DGGE
should be borne in mind (they are general to all DGGE
analyses) (Wintzingerode et al. 1997). 

In conclusion, our study revealed structural changes
in bacterial, eukaryotic and phototrophic communities
along the River Morcille. Tolerance to Diuron (a PSII
inhibitor model molecule) increased with increasing
concentrations of pesticides, with parallel structural
changes in biofilm communities. These correlations
suggest that structural and functional changes in the
communities are likely driven by pesticides (especially
herbicides). In the past 15 yr, the suitability of periphy-
ton as an indicator of anthropogenic perturbation (par-
ticularly herbicide contamination; Guasch et al. 1998,
Bruemmer et al. 2000) in aquatic ecosystems has been
investigated in a variety of works (Blanco et al. 2004,
Lewis et al. 2004, Sabater 2000). The periphyton com-
prises many taxonomic and functional components
(prokaryotes, eukaryotes, photoautotrophs) that may
react differently to external impacts, and we utilised
techniques that allowed detection of group-specific
pesticide effects. In future studies, it would be particu-
larly relevant (1) to better assess the relative roles of
nutrients and pesticides on structural changes in the
prokaryotic community, and to untangle direct effects
of pesticide exposure from indirect effects transmitted
via microalgae associated with the prokaryote flora,
and (2) to elucidate the impacts of fungicides within
small rivers running through vineyard areas that are
heavily contaminated by these compounds. While
microalgae dominate inorganic substrata, fungi are the
major biotic component of biofilms on allochthonous
organic matter such as wood debris or leaf litter (Tank
& Dodds 2003) and, together with bacteria, they play a
key role in organic matter decomposition.
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