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Abstract. After indications from the literature that nutrient
concentrations may modify the toxicity of herbicides to natural
periphyton communities, this study aims to provide experi-
mental proof for atrazine. In this microcosm experiment,
phosphate (P) addition did not ameliorate atrazine toxicity to
periphyton. Three weeks of P addition did not increase atrazine
tolerance (measured as EC50 in acute toxicity tests), whereas
exposure to atrazine under conditions that were either P-lim-
ited or non-P-limited clearly reduced the development of algal
biomass. Long-term exposure to atrazine induced tolerance of
the community to the herbicide, and this was not influenced by
P addition. Tolerance induction in this microcosm experiment
has been compared with previously published field data from
the same area of study and indicates that tolerance induction
by atrazine may take place under atrazine exposure in streams
as well as in microcosms.

Surface runoff in human-impacted landscapes has many
implications for the ecology of running waters. A major
environmental problem in agricultural streams is increased
nutrient loading due to the application of fertilizers and
subsequent leaching of nutrients to surface and ground water
(Ekholm et al. 2000). In addition, the intensive use of pesti-
cides can lead to the contamination of these freshwater
ecosystems (Pereira and Hostettler 1993; Ronday et al. 1998).
For example, atrazine, one of the most widespread herbicides
worldwide, has been detected in a wide range of surface and
ground waters (Graymore et al. 2001), and this led to many
studies on risks to freshwater ecosystems (Huber 1993; Solo-
mon et al. 1996; Graymore et al. 2001). The effect of atrazine
on algal communities may be influenced by many environ-
mental and biological factors (Detenbeck et al. 1996; Guasch
et al. 1997; Berard et al. 1999; DeLorenzo et al. 1999; Seguin
et al. 2002; Weiner et al. 2004). However, the influence of a
variable nutrient supply on the effect of atrazine-like herbi-
cides on stream periphyton communities has received only

marginal attention (Barreiro and Pratt 1994; Pratt and Barreiro
1998). The aim of this work was to test the influence of
phosphate availability on periphyton atrazine toxicity. A pre-
vious study carried out in various other European rivers
(Guasch et al. 1998) showed that periphytic communities
growing in river sites with higher background atrazine con-
centration, but also high nutrient loads, were more tolerant to
atrazine than those communities growing in the less polluted
river sites. Because this was a field study, the results suggested
that atrazine and/or nutrient loads could explain part of the
variability of the data set, but there was no evidence of a causal
relationship. The River Keersop, a lowland stream. that is a
tributary of the polluted River Dommel in The Netherlands,
was included in this study, and was placed by the ordination
analysis among the less polluted sites. Based on the results and
hypothesis formulated in this field study, a microcosm
experiment was planned in order to investigate directly the
interaction between phosphate availability and atrazine toxic-
ity on stream periphyton from the River Keersop. These
communities were experimentally enriched with phosphate
and/or exposed to atrazine in laboratory microcosms for sev-
eral weeks in order to identify the specific effects of each
treatment and the interaction between them. The objectives of
this study were, first, to investigate the influence of phosphate
availability on atrazine toxicity and, second, to better under-
stand the causes of variation in the tolerance of periphyton to
atrazine under ecologically relevant field conditions.

Materials and Methods

Two consecutive experiments were performed during July and
September 1996 to test the influence of nutrient addition (experiment
1) and the interaction between nutrient addition and atrazine exposure
(experiment 2) on the tolerance of periphyton communities to atrazine.

Periphyton Communities

Periphyton communities were obtained by allowing them to colonize
the surface of sand-blasted glass discs (1.5 cm2) mounted in racks
suspended in the River Keersop for 1 week. The River KeersopCorrespondence to: H. Guasch; email: helena.guasch@udg.es
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(51�20¢N, 5�24¢E) is a relatively clean lowland stream that is a trib-
utary of the polluted River Dommel, at the border between The
Netherlands and Belgium (Ivorra et al. 1999). Colonized substrata
were subsequently transported from the field in cool boxes and
transferred to the experimental aquaria in the laboratory.

Laboratory Experiments

Experimental units were 10-L indoor aquaria described in Ivorra et al.
(2002). Each aquarium was filled with 6 L of river water (Keersop)
and contained 18 polyethylene holders of 10 glass substrata (total
180). Water was stirred with paddles moving at a speed of approxi-
mately 0.1 m/sec. Water temperature was controlled by a cooling
system and light was provided with fluorescent tubes. Water tem-
perature was 12�C and a 12 h/12 h light/dark cycle (110 lmol
photons/m2 sec) was applied.

Experiment 1 (exp 1) involved three different treatments: control
and two different phosphate concentrations. Six aquaria were used: two
controls, two with 300 lg P/L (P-1), and two with 600 lg P/L (P-2).
Experiment 2 (exp 2 ) involved four treatments: control, phosphate,
atrazine, and phosphate plus atrazine. Eight aquaria were used: two
controls, two with 300 lg P/L (P), two with 100 lg/L atrazine (ATR),
and two with 300 lg P/L and 100 lg/L atrazine (P + ATR).

Phosphate was added in the form of K2HPO4 (Merck, Germany).
Atrazine was added from a stock solution (Riedel-de Haen, Germany).
Concentrated stock solution was dissolved in acetone. The Final
acetone concentration was < 0.001% (v/v) in the treated aquaria.

Treatment effects were followed weekly by analyzing chlorophyll
concentration. Photosynthetic activity and tolerance induction were
determined at the end of both experiments (after 3 weeks of
treatment). Tolerance induction was measured in short-term tests
following the pollution-induced community tolerance (PICT) ap-
proach (Paulsson 2000).

Characterization of Water Chemistry

Before and after each renewal of test solutions in the laboratory,
samples were taken to determine pH and the actual phosphate and
atrazine concentrations. Phosphate concentration was determined
according to Murphy and Riley (1962). Concentrations of atrazine
were checked by high performance liquid chromatography using a
4.6*250-mm Intersil ODS 2.5-lm analytical column. A UV detector
(Applied Biosystems, model 785) operating at 220 nm was used.

Algal Biomass

Five colonized glass substrata were taken every week from each
aquarium to determine chlorophyll content. Chlorophyll-a was mea-
sured photometrically after sonication for 4 min and extraction in 90%
acetone (Jeffrey and Humphrey 1975).

Short-Term Atrazine Toxicity Tests

Short-term atrazine toxicity tests followed the procedure described in
Nystrom et al. (2000). At the end of each experiment (after 3 weeks),
40–50 periphyton glass discs were removed from each aquarium to
perform a short-term test for inhibition of photosynthetic activity. The
periphyton glass discs were detached from the polyethylene holders
and stored in unfiltered control water during handling. The discs were

distributed among 20-ml glass vials with 2 ml of river water strained
through a glass-fiber filter (GF/F). An equal volume of atrazine
solution was distributed from double-concentration stock solutions
(prepared with GF/F-filtered river water) in a geometric concentration
series (0; 0.43; 21.6, 43.1, 216, 431, 2157, and 4314 lg/L atrazine)
with five replicates for each concentration. Carbon uptake in the
controls was used to characterize the photosynthetic activity of
periphyton after 3 weeks of exposure to the different treatments de-
scribed above. The short-term tests were performed in an incubator.
Incubations were carried out in continuously shaken river water; light
and temperature conditions were the same as in the aquaria. After 60
minutes of pre-exposure, 100 ll of H14CO3 solution was added to
each vial to estimate photosynthetic activity, The H14CO3 solution
was prepared by a 200-fold dilution of a stock solution of 2 mCi/ml
(Amersham, Buckinghamshire, UK) with milli-Q water adjusted to a
pH of 9 with 0.1 M NaOH. After 1 h of incubation, the incorporation
was ended by adding formaldehyde at a final concentration of 2%
(v/v). To drive off the remaining inorganic carbon, 200 ll of con-
centrated acetic acid was added and the samples were dried at 60�C
under a stream of air. To enhance the release of incorporated 14C
carbon from the periphyton, 1 ml dimethylsulfoxide was added. After
adding 9 ml of scintillation cocktail, radioactivity in the samples was
measured using a TRI-CARB 1600 TR liquid scintillation analyzer
(Packard, USA). Disintegrations per minute (DPM) were obtained
using a standard quench-correction program. EC50 values were cal-
culated from DPM using a nonlinear fit procedure. The photosynthetic
rate from the controls was measured as the incorporation of 14C-
HCO3. C-uptake per incubated glass was calculated taking into ac-
count the incorporation of 14C, the 14C-HCO3 added, and dissolved
inorganic carbon (DIC).

Data Treatment

Differences between treatments in phosphate and atrazine concen-
tration (four replicates · two aquaria per treatment), algal biomass
(five replicates · two aquaria per treatment), photosynthesis (five
replicates · two aquaria per treatment), and EC50 (one estimated
value · two aquaria per treatment) were examined by analysis of
variance (ANOVA) using the STATISTICA program. Between-fac-
tors ANOVA of repeated-measures was applied to detect treatment
effects over time (time as a repeated factor), and between-factors
ANOVA was applied to detect differences between treatments for
each sampling date (Winer 1971). For the first experiment, the factors
included in the ANOVA were time (with three levels) and phosphate
(also with three levels). For the second experiment three factors were
included: time (with three levels); phosphate (with two levels); and
atrazine (also with two levels). For each date, treatment effects were
then analyzed post hoc by a Tukey HSD test.

Results

Concentrations of Dissolved Compounds

The background concentrations (means € SD) of phosphate
were slightly lower (74 € 23 lg P/L) and more stable during
exp 1 than during exp 2 (114 € 106 lg P/L). Stream water pH
(7.7 € 0.3) and conductivity (481 € 33 lS/cm) were similar in
both periods. Total inorganic carbon (TIC) was 22 mg/L, total
organic carbon 8 mg/L, DIC 21 mg/L, and dissolved organic
carbon 7 mg/L.

A good agreement between nominal and actual phosphate
concentration was always obtained after water renewal
(Table 1 and Figure 1). Phosphate concentrations declined
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after 3–4 days in all the aquaria. Consequently, phosphate
concentrations before water renewals were 20–45% of the
nominal values. Changes in pH were also observed (Table 1).
Atrazine concentration after water renewal was 46% above

nominal concentration and showed small changes over time.
The remaining atrazine concentration before water renewal
was always above 80% of the measured initial concentration
(Table 1).

Table 1. Measured phosphate and atrazine concentration and pH in the water of different (duplicate) treatments after water renewal and
phosphate and/or atrazine addition (initial conditions), and 2–3 days later before water renewal (final conditions)

Experiment 1

Control P-1 (300 lg P/L) P-2 (600 lg P/L)

Initial Final Initial Final Initial Final

Phosphate (lg P/L) 74 (23) 33 (6) 320 (74) 62 (10) 579 (37) 185 (34)
pH 7.6 (0.2) 8.7 (0.2) 7.7 (0.2) 9.5 (0.4) 7.7 (0.2) 9.7 (0.4)

Experiment 2

Control P (300 lg P/L) ATR (100 lg/L) P + ATR

Initial Final Initial Final Initial Final Initial Final

Phosphate (lg P/L) 114 (106) 45 (35) 341 (118) 95 (65) 114 (103) 46 (38) 349 (114) 135 (67)
Atrazine (lg/L) 146 (25) 138 (8) 146 (24) 137 (12)
pH 7.6 (0.3) 9.3 (1.1) 7.7 (0.3) 9.5 (1.2) 7.7 (0.3) 8.8 (1.0) 7.7 (0.3) 8.8 (1.0)

Values are means (standard deviation) throughout the experiment (seven times).

Fig. 1. Phosphate concentration
after water renewal in experiment
1 and experiment 2. Values are
means (standard deviation) of
seven samples taken throughout
the experiment (upper graphs).
Algal biomass (measured as
chlorophyll concentration) and
photosynthesis (measured as the
incorporation of 14C-HCO3).
Values are means (standard error)
of 10 replicates obtained from two
aquaria after 3 weeks of treatment.
Different letters indicate
significant differences between
treatments analyzed post hoc by
one- and two-way analysis of
variance
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Periphyton Communities

In exp 1, controls and P-enriched aquaria differed in their algal
growth. When the experiment started (day 0), the chlorophyll
concentration was 0.29 (€ 0.12) lg/cm2. Temporal changes in
chlorophyll concentration were not significant in the controls
(Table 2) but showed a marked (three- to fourfold) increase
over time in both P treatments (ANOVA, factor time:
F = 116.89, p < 0.00001; factor phosphate: F = 60.2, p <
0.00001). Post-hoc comparison between treatments for each
sampling date gave the following results. Chlorophyll was not
enhanced by P-addition after 1 week of treatment, but it was
higher in both P-treatments than in the controls from week 2
onwards (week 2: factor phosphate: F = 37.7, p < 0.00001;
week 3: factor phosphate: F = 32.3, p < 0.00001). Treatment
effects on photosynthesis were similar to the effects on algal
biomass (Table 2 and Figure 1). After 3 weeks of exposure, P-
addition also caused a significant enhancement of photosyn-
thesis (factor phosphate: F = 48.5, p < 0.00001). Algal bio-
mass and carbon uptake were between three and four times
higher in both P-treatments than in the controls (Fig. 1). EC50
values obtained by dose–response curves ranged between 216
and 308 lg/L atrazine and did not respond to P-addition
(Fig. 2).

When exp 2 started (day 0), the chlorophyll concentration
was 0.30 (€ 0.07) lg/cm2, The chlorophyll concentration in-
creased in all the aquaria over time. It did not change in re-
sponse to P-addition, and the increase was smaller in the
aquaria with atrazine (Table 2). This was shown by the results
of the ANOVA (factor time: F = 87.8, p < 0.00001; factor
phosphate: F = 4.63, p = 0.03 and factor atrazine: F = 65.6,
p < 0.00001). A post-hoc comparison showed that the effect of
atrazine was significant from week 1 onwards (week 1:
F = 21.8; p < 0.001; week 2: F = 25.2; p < 0.00001; week 3:
F = 46; p < 0.0001). After 3 weeks of exposure, atrazine
treatment caused a 40% reduction of algal biomass in com-
parison with the nonexposed communities (Figure 2), At the
same time, a significant enhancement of C uptake in response
to P-treatment was detected (factor phosphate: F = 8.44,
p = 0.006) (Table 2, Figure 1). Atrazine reduced carbon
uptake in the aquaria with P supply (P and P + ATR treat-
ments), but the effects of atrazine were not significant in the
aquaria with no P supply (control and ATR treatment, Fig-
ure 2). EC50 values for short-term atrazine exposure obtained
from periphyton communities growing in aquaria without
atrazine (Control and P treatment) did not differ significantly
(293 and 235 lg/L, respectively) and were of the same mag-
nitude as in experiment 1 (Figure 2). The long-term addition of

Table 2. Algal biomass (chl) in lg chl-a/cm2 of five colonized substrata in the different aquaria after 1, 2, and 3 weeks of exposure (wk1, wk2,
and wk3, respectively)

Experiment 1

Control P-1 (300 lg P/L) P-2 (600 lg P/L)

Aqu. 1 Aqu. 2 Aqu. 1 Aqu. 2 Aqu. 1 Aqu. 2

Chl-wk1 0.59 (0.3) 0.41 (0.1) 0.81 (0.3) 0.61 (0.3) 0.43 (0.2) 0.20 (0.1)
Chl-wk2 1.0 (0.1) 1.1 (0.1) 2.5 (0.5) 2.4 (0.6) 2.5 (0.3) 2.1 (0.3)
Chl-wk3 0.95 (0.2) 0.93 (0.1) 4.0 (1.1) 3.3 (0.6) 3.5 (1.2) 2.4 (0,8)
PS-wk3 0.98 (0.1) 1.03 (0.1) 3.6 (0.4) 4.3 (0.5) 2.9 (0.4) 3.2 (0.7)

Experiment 2

Control P (300 lg P/L) ATR (100 lg/L) P + ATR

Aqu. 1 Aqu. 2 Aqu. 1 Aqu. 2 Aqu. 1 Aqu. 2 Aqu. 1 Aqu. 2

Chl-wk1 1.5 (0.1) 2.1 (0.4) 1.6 (0.2) 1.8 (0.0) 1.3 (0.2) 1.1 (0.2) 1.3 (0.1) 1.0 (0.3)
Chl-wk2 5.0 (0.5) 3.6 (0.3) 3.9 (0.5) 3.6 (0.3) 2.6 (0.5) 3.3 (0.4) 3.1 (0.4) 2.6 (0.1)
Chl-wk3 5.4 (0.6) 5.2 (0.8) 3.4 (0.6) 5.4 (1.1) 3.0 (0.6) 3.0 (0.3) 2.2 (0.7) 3.2 (0.9)
PS-wk3 2.2 (0.3) 3.3 (0.5) 2.7 (0.4) 5.6 (1.0) 1.9 (0.4) 2.4 (0.4) 2.1 (0.6) 3.2 (0.7)

Photosynthetic activity (PS) in lgC/cm2 h at the end of the experiment (after 3 weeks of exposure). Values are means (standard deviation).
Chl = chlorophyll concentration.

Fig. 2. Effective atrazine concentration (EC50)
obtained from short-term tests (2 h) of atrazine
(eight concentrations) versus the photosynthesis
of periphyton (measured as the incorporation of
14C-HCO3) after 3 weeks of treatment. Black and
white bars correspond to periphyton communities
from different aquaria. Different letters indicate
significant differences between treatments
obtained by analysis of variance
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atrazine reduced short-term toxicity (increased the EC50)
independently of P-supply (factor atrazine; F = 17.7;
p = 0.014).

Discussion

Interaction Between Phosphate and Atrazine Toxicity

This microcosm study shows that the sensitivity to atrazine in
periphyton communities limited by P does not differ from that
in nutrient-replete communities.

The enhancement of photosynthesis or the increase in algal
biomass after P-addition is indicative of P-limitation. In the
first experiment, P-addition caused an increase in photosyn-
thesis and algal biomass about four times higher than in the
controls. In the second experiment, P-limitation was also
detected, because photosynthesis was clearly enhanced after
P-addition. However, the effects were small and were not
observed as increased algal biomass. On this occasion, back-
ground phosphate concentration and initial algal biomass were
slightly higher than in the first experiment, indicating that
phosphate limitation was less evident.

P-supply could not reduce the inhibitory effect of atrazine
on periphyton and did not significantly influence tolerance
induction by atrazine exposure. When periphyton was exposed
to atrazine together with P-supply (P + ATR treatment), there
was no reduction in the toxic effects on algal biomass, which
were of the same magnitude as those observed under back-
ground P-concentration: 40% reduction in algal biomass in
both the P + ATR and the ATR treatments (Figure 1).

In contrast with the results obtained from other phytotoxic
compounds such as copper and zinc, which clearly demon-
strate that P addition reduces metal toxicity (Ivorra et al. 2002;
Paulsson et al. 2002; Guasch et al. 2004), there is no evidence
in the literature supporting the existence of an antagonism
between phosphate and the effect of herbicides such as atra-
zine. This difference is probably related to their different
modes of action (Guasch et al. 2003). Several studies indicate
that herbicides inhibiting photosynthesis (e.g., atrazine) are the
most toxic to carbon uptake, whereas herbicides interfering
with other cell metabolic processes (e.g., zinc, copper) are the
most toxic to phosphate and ammonium uptake. In the case of
atrazine, Brown and Lean (1995) reported effects on carbon
uptake at atrazine levels between two and three orders of
magnitude lower than those required to reduce the uptake of
phosphate and ammonia. Similar conclusions may be derived
from the results obtained by Barreiro and Pratt (1994) in a
mesocosm study with diquat. In this investigation, diquat
inhibited photosynthesis but did not cause significant changes
on the alkaline phosphatase activity of the community, in
contrast with the marked influence that zinc or copper may
cause on this metabolic endpoint (Paulsson et al. 2002).

In contrast with the negative interaction between phosphate
and zinc or copper toxicity described above, a positive inter-
action or an absence of interaction between phosphate and other
phytotoxic compounds has been observed at different levels of
biological organization. Mohapatra and Mohanty (1992)
investigated the differential effect of dimethoate on Anabaena
doliolum with change in nutrient status. Herbicide toxicity was

reduced by the addition of N2, and this was attributed to the
mode of action of dimethoate inhibiting nitrogen fixation.
However, phosphate addition increased the toxic effect of the
herbicide, and this was associated with an additional stress
caused by phosphate. Similarly, Shabana et al. (2001) found
that with increasing relative concentration of phosphate (N:P <
1), the effect of the herbicide pendimethalin on the green algae
Protosiphon botryoides increased. Battah et al. (2001) found
that the addition of phosphate did not influence the inhibition of
Anabaena variabilis growth by thiobencarb.

Investigations performed at the community level produce
results that are in agreement with those obtained with cultures.
Detenbeck et al. (1996) observed that the effect of atrazine on
the algal communities growing in wetland mesocosms was
higher with the addition of phosphate (positive interaction),
whereas Barreiro and Pratt (1994) and Pratt and Barreiro
(1998) exposed periphyton communities to diquat under dif-
ferent nutrient regimes and obtained similar effects on the
structure and function of periphyton (no interaction).

Tolerance Induction

Atrazine exposure induced an increase in community tolerance
(determined by short-term toxicity tests) and this induction
was not influenced by P-supply. Induction of atrazine toler-
ance after a few weeks of exposure has also been described for
periphyton and phytoplankton (Nystrom et al. 2000; Seguin
et al. 2002), but the role of nutrients in tolerance induction has
not previously been addressed. In our microcosms, 3 weeks of
exposure to atrazine reduced the algal biomass, but this
reduction was relatively small (less than 50%) and the pho-
tosynthetic rate of the community was not inhibited (Table 2),
indicating that a part of the community could overcome the
inhibitory effect of this toxicant. These results indicate that the
process of tolerance induction to atrazine does not require
P-supply, supporting the view that P-enrichment will not
influence atrazine toxicity in the long term.

Comparison Between Experimental and Field Data on the
Sensitivity of Stream Periphyton to Atrazine

The results of atrazine toxicity obtained in this laboratory
experiment were compared with atrazine toxicity measure-
ments on stream periphyton communities with the aim of
supporting the hypothesis that atrazine pre-exposure may in-
duce tolerance in the field and that nutrient availability will not
interfere with this tolerance induction. These field observa-
tions were part of a larger study on European streams (Guasch
et al. 1998), and only local observations in the same river
system (nonshaded sites of the R. Meuse) are reported here for
comparison. The EC50 values measured in these stream
periphyton communities (377 € 113 lg atrazine/L) are in
the same range as those obtained in our microcosm experi-
ments (392 € 173 lg atrazine/L). In addition, periphyton
communities growing in river sites with higher background
atrazine concentration, but also high nutrient loads, had lower
sensitivity to atrazine than those communities growing in
pristine river sites. Background atrazine concentration was
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always low (< 0.5 lg atrazine/L, but the presence of traces of
atrazine in the river water was considered as an indication of
episodes of higher concentration that were not recorded be-
cause of the limited sampling. The River Keersop�s periphyton
community presented one of the lowest EC50 values (278 lg
atrazine/L), as did the less polluted rivers (302 lg atrazine/L in
the River Geul and 327 lg atrazine/L in the River Neerpelt).
At the opposite end of the scale were periphyton communities
growing in the most polluted rivers (i.e., the River Keizsesveer
and the River Eijsden) presenting traces of atrazine (01–0.2 lg
atrazine/L) and higher EC50 values (427 and 552 lg
atrazine/L, respectively).

In this experiment, periphyton communities exposed for
3 weeks at 130 lg atrazine/L became twice as tolerant to this
herbicide (EC50 = 631 € 50 lg atrazine/L) as the nonexposed
communities (EC50 = 296 € 20 lg atrazine/L). However, the
addition of phosphate alone did not cause any significant
change in the EC50: 338 € 76 and 268 € 35 lg atrazine/L in
the control and P-treatments, respectively. We can therefore
expect to detect pre-exposure to atrazine by tolerance induc-
tion in the fluvial periphyton community with no major
influence of nutrient supply.
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