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Pesticides represent an important threat for natural
populations. While their effects are assessed on short
terms acute exposure, some of their harmful consequences
may only become apparent when combined with other
stressors, notably natural ones, such as predation. Here,
we investigated in a laboratory experiment how exposure to
a common fungicide (fenpropimorph) would affect the
responses to predation in the common frog Rana temporaria.
The concentrations of fungicide we used were comparable
to those found in nature (0, 2, or 11 µg/L). The higher
concentration of fungicide reduced tadpole activity late in
the experiment, and only 7% of the tadpoles reached
metamorphosis. In the lower concentration, the ability to
respond adaptively to predator presence was not affected,
but the costs (delayed metamorphosis, smaller relative
body size) of this response were increased. Our results
highlight the need to investigate sublethal effects of pesticides
on organismal performance if assessment of pesticides
real impact is to be obtained.

Introduction
Agricultural intensification has led to declines in many animal
populations and resulted in the decrease of species richness
in aquatic and terrestrial farmland communities (1-3).
Pesticides are widely used in agriculture and can have adverse
effects on nontarget populations through their negative
effects on the behavior, growth, development, reproduction,
and physiology of individuals (4-6). These effects can
decrease the fitness of individuals and, if drastic enough,
lead to population declines (5).

Pesticides occur in nature together with other abiotic and
biotic stressors, such as fertilizers, pathogens, and predators,
and these may alter the effects of pesticides on organisms
(7-10). Spatially and temporally variable natural stressors
(e.g. competition, predation, temperature, drought) often
select for phenotypic plasticity as an adaptive response to
environmental variability (11). Inducible defenses in aquatic
organisms are an example of such responses and include
alterations in both morphology and behavior (12-14). While
the ability to respond to a predator is crucial for survival, the
defenses often, but apparently not always, incur costs such

as a decreased growth rate, delayed maturity, or reduced
fecundity (15, 16). As both defenses and pesticides can have
negative effects on growth and development, the resulting
energetic tradeoff may compromise induction of defenses
under pesticide stress (i.e. cost of being insufficiently
protected vs cost of the defense). In general, it is not known
how pesticides affect these defenses (but see ref 17).

Pesticides are likely to constitute a threat to the aquatic
developmental stages of amphibians as they are typically
applied at the time amphibians undergo their embryonic
and larval development. Tadpoles also have permeable skin,
which makes them highly susceptible to the chemical
conditions of the aquatic environment (18). Indeed, pesticides
are known to have various negative effects on tadpoles:
decreased survival, delayed metamorphosis or decreased size
at metamorphosis, increased abnormality rates (e.g. de-
formed tail, extra legs), lower activity levels and swimming
abilities, and altered immune response (19-23). The few
studies investigating the simultaneous impact of the presence
of pesticides and predators have found that the stressors
often act synergistically to decrease tadpole survival (8, 24).
However, pesticides may also affect the ability of amphibian
larvae to respond adaptively to predator stress through
nonlethal effects on antipredator defenses.

In this paper, we investigated the interacting effects of
long-term exposure to fenpropimorph, a widely used agri-
cultural fungicide, and predation risk (presence of caged
dragonfly larvae) on common frog Rana temporaria larvae
in a laboratory experiment. R. temporaria displays inducible
defenses in behavior and morphology typical to many ranid
frogs including modifications of behavior such as decreased
activity levels and increased refuge use as well as morpho-
logical defenses such as deeper tails and shorter bodies (e.g.
ref 14). While behavioral changes increase survival by
decreasing the risk of detection by the predator, the
morphological changes increase survival during predator
encounters, and, accordingly, induced morphology is a target
of strong natural selection by predators (12, 25). However,
investment in the defenses is costly in terms of decreased
competitive ability and reduced growth and development
rates (15, 26). We focused on the expression of inducible
defenses in behavior and morphology, larval mass and
developmental stage, and age and size at metamorphosis,
the latter four traits reflecting the potential costs of anti-
predator responses. If exposure to a pesticide has negative
effects on tadpoles’ antipredator defenses, two outcomes
are possible. First, the effects of the pesticide may impede
the inducible (behavioral and morphological) responses of
tadpoles to a predator. Second, the pesticide may increase
the cost of responding to a predator in terms of reduced
growth or development rates.

Methods
Study Organisms. Rana temporaria is a widespread anuran
with a range extending from northern Spain up to the coast
of the Arctic sea (27). It is the most numerous amphibian
species in many areas of northern Europe and occurs also
commonly in agricultural landscapes. Pesticides are applied
particularly during the larval development of R. temporaria,
but pesticide residues may be present in the environment
throughout its aquatic development. As the common frog’s
breeding habitats (e.g. ditches) are often situated in agri-
cultural areas, the most likely routes of pesticide transporta-
tion in these areas are runoffs and accidental applications.

We collected 10 freshly laid egg clutches of R. temporaria
from a forest pond in central Sweden (Häggedal, Uppsala
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municipality 59°52′ N, 17°14′ E) in April 2003. The clutches
were collected from a nonagricultural area to avoid potential
genetic adaptation to pesticides (e.g. ref 28). The clutches
were transported to the laboratory in Uppsala and raised in
3 L vials (two vials per clutch) in 18 °C.

We used late-instar dragonfly larvae (Aeshna sp.) as
predators, which were collected from a pond near Uppsala.
They are voracious predators of tadpoles and common in
the breeding ponds used by R. temporaria. When not in the
experiment, the predators were maintained in individual 0.25
L vials in 18 °C and fed R. temporaria tadpoles every second
day.

Pesticide. Fenpropimorph is a morpholine fungicide
(chemical name (IUPAC): (()-cis-4-[3-(4-tert-butylphenyl)-
2-methylpropyl]-2,6-dimethylmorpholine) mainly used to
control fungal diseases in cereals. It is widely used in
Scandinavia (28.7 tons sold in Denmark in 1995 [http://
www.itass.dk/1pesti.htm] and 27.7 tons sold in Sweden in
2003 [http://www.kemi.se/Kemi/Kategorier/Statistik/Stats/
start.html]). In agricultural practices, typically 1-3 field
applications are made at rates of 0.3-0.75 kg active ingredi-
ent/ha. Measured concentrations in nature usually range
between 0 and 6 µg/L (29), but concentrations up to 12 µg/L
have been found in streams in Norway (30). The half-life of
fenpropimorph is above 64 days in water (at 50 °C) and
approximately 54 days in the sediment (31).

Fenpropimorph is known to inhibit the synthesis of sterols
in fungi, plants, and vertebrates (32). It is also known to
affect uracil and cytosine uptake in Saccharomyces cerevisiae
(33). The toxicity of fenpropimorph has not been tested for
amphibians, but the 48 h LC50 value for carp is 3.2 mg/L and
9.5 mg/L for rainbow trout. We had no data on the sensitivity
of dragonflies to fenpropimorph prior to our experiment.
However, in the present study the survival and appetite of
dragonflies was not affected by fenpropimorph. Similarly, in
an experiment carried out the following year a 10-day
exposure to fenpropimorph concentrations of 5 and 15 µg/L
did not affect the ability of Aeshna dragonfly larvae to prey
on R. temporaria tadpoles (Piha et al. unpublished).

Technical grade fenpropimorph was obtained from Sigma-
Aldrich Co. (PESTANAL, analytical standard, purity 93.6%).
A stock solution was made by dissolving 250 mg of fen-
propimorph into 500 mL of acetone. The concentration of
the stock solution was 460 mg/L, as determined by gas
chromatography (GC) with a MS-detector at the Department
of Environmental Assessment at the Swedish University of
Agricultural Sciences. The same stock solution was used
throughout the experiment. It was stored in a cold room (+4
°C) protected from light.

We prepared the test solutions by adding an appropriate
amount of stock solution directly into experimental tanks
filled with water. We used reconstituted soft water (RSW:
deionized water and NaHCO3 [48 mg/L], CaSO4 × 2H2O [30
mg/L], MgSO4 × 7H2O [61.4 mg/L], and KCl [2 mg/L] (34))
to avoid uncontrolled changes in water quality. To maintain
a sufficient level of oxygenation, and also because of pesticide
breakdown, test solutions in the experimental tanks were
changed every fifth day.

Experimental Design. Our experimental design was a 3
× 2 factorial design with three pesticide concentrations (C0:
0, C1: 2, and C3: 11 µg/L in a chronic exposure) and two
predator treatments (absence or presence of one Aeshna
larva) as factors. Each treatment combination was replicated
8 times resulting in a total of 48 experimental units. No
acetone controls were used, because earlier work found no
effects of chronic exposure to acetone concentrations of 2
mL/L on R. temporaria tadpoles (Johansson et al., unpub-
lished). Our acetone concentrations were much lower than
this, and also below the maximum allowable ASTM standards
<1.1% v/v (35), and 0.5 mL/L (36).

The experiment was conducted in a single laboratory room
(constant 18 °C, D:L ) 7:17) in opaque plastic tanks (38 ×
28 × 13 cm) filled with 10 L of water. Because of a known
temperature gradient in the laboratory room, we divided the
experiment into three vertically ordered blocks; the mean
temperature differences between blocks varied between 0.2
and 0.5 °C. Each block contained two to three randomly
placed replicates of each treatment combination.

The experiment was started on May 2, 2003 (day 0), when
tadpoles had reached stage 25 ((37) initial mass: mean( SE:
15 ( 1 mg), and terminated after 57 days, at the time when
all individuals from the control and lower pesticide treatment
had metamorphosed. Each tank received 10 tadpoles (one
from each family) and either one (predator present) or no
(predator absent) dragonfly larva. The predator was placed
in a cylindrical cage (diameter 11 cm, height 21 cm) made
of transparent plastic film with a double net bottom (mesh
size 1.5 mm) and plunged into the tank to a depth of 3 cm.
Hence the predator was not able to catch the tadpoles, but
the tadpoles were able to receive both visual and chemical
cues from the predator. In the no-predator treatment the
cage was left empty. Predators were fed R. temporaria
tadpoles (ca. 300 mg) every other day. Tadpoles were fed
every day ad libitum with chopped, boiled spinach.

Response Variables and Analyses
Tadpole Behavior. We recorded activity level over 3 days at
three separate times: days 2-4 (time period 1), days 7-9
(time period 2), and days 17-19 (time period 3). During these
3-day periods, the number of tadpoles active in each tank
was recorded three times a day (at 09:00 a.m., 10:30 a.m.,
and 12:00 p.m.). Activity level was estimated as the number
of active tadpoles divided by the total number of tadpoles
per tank. The nine activity measurements taken per time
period were averaged into one value per tank, which was
used as the response variable for each experimental unit.
The data were arcsin-squareroot transformed before the
analyses. To investigate the effect of different time periods
on tadpole behavior, we first performed a factorial repeated
measures ANOVA followed by factorial ANOVAs for each time
period.

Tadpole Morphology, Mass, and Development. On day
20 of the experiment, we sampled approximately half of the
tadpoles from each tank and preserved them in alcohol (70%)
for later measurements. Because of differences in survival
between tanks, we sampled 4-5 tadpoles from each tank so
that five tadpoles remained in each tank. Adjustment of
sample size was done in order to keep the density constant
for the subsequent rearing. Tadpole morphology was mea-
sured with a digital caliper to the nearest 0.01 mm from
preserved animals. Five variables involved in morphological
defenses were measured: body length, maximum tail fin
depth, maximum body depth, tail length, and maximum tail
muscle depth. Size was estimated by individual scores on
the first axis of a principal component analysis (PC1) run on
these five variables. All traits loaded strongly positively on
the first axis revealing this axis to be a size component. PC1
was then used as a covariate in all morphological analyses.
We performed a MANCOVA on all the morphological traits
followed by univariate ANCOVAs with pesticide concentra-
tion, predator presence, and block as fixed factors. The
interactions between the covariate and the factors were not
significant.

Wet mass of tadpoles was weighed to the nearest 0.1 mg
and developmental stage was assessed according to Gosner
(37). Both variables were analyzed first with a MANOVA and
then separate ANOVAs. In initial analyses no significant block
× treatment interactions were found, and these interactions
were omitted from the final models.
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Metamorphic Traits and Survival. Tadpoles remaining
in the tanks were submitted to the same predation risk and
pesticide exposure as they had experienced during the first
part of the experiment. Metamorphs (appearance of at least
one forelimb, stage 42 (37)) were checked daily. For each
metamorph, date of metamorphosis was recorded, and body
length and mass (to the nearest 0.1 mg) were measured at
stage 42. The data on metamorphic traits were analyzed with
factorial MANOVA followed by ANOVAs. Because survival
and successful metamorphosis in the highest pesticide
concentration were very low, this treatment was excluded
from the analyses of metamorphic traits. To control for
unequal survival among the experimental units, survival from
day 20 onward was used as a covariate in the analysis of
metamorphic traits. All the analyses of variance were
conducted with the GLM procedure in SAS (version 8.02).

Tadpole mortality was analyzed with type III general linear
models with a logit link function and binomial error structure
as implemented in the GENMOD procedure of SAS (38). At
the end of the experiment, the 12 tadpoles that had not

reached metamorphosis in the highest pesticide treatment
were very small and underdeveloped, and their future survival
was more than unlikely. They were therefore considered as
dead in the survival analyses. Removal of these 12 tadpoles
from the analyses did not change the results. No significant
block × treatment interactions were found in initial analyses,
and these were omitted from the further analyses.

Results
Tadpole Behavior. Pesticide and predator treatments affected
tadpole activity differently during the different time periods
(Table 1, Figure 1).

While predator presence strongly decreased activity levels
during all time periods, pesticide concentration affected
activity levels only in the third observation period (Table 2).
During this period, a significant pesticide × predator
interaction arose because pesticide presence reduced activity
levels only in the absence of predators (Figure 1).

Tadpole Morphology, Mass, and Developmental Stage.
MANCOVA showed significant effects of predator presence,
pesticide and their interaction on tadpole traits (Table 3 A).
Predator presence affected tadpole morphology (Table 3,
Figure 2a,b), decreasing their relative body size and increasing
their tail depth, whereas there were no effects on tail muscle,
tail length, and body depth (Table 3). Exposure to the pesticide
decreased relative tail length, tail fin depth, and body length
(Table 3, Figure 2a-c). Moreover, tadpole body length
decreased at the lower pesticide concentration in the
presence of predator, whereas there was no change in the
absence of predator, resulting in a significant pesticide ×
predator interaction.

MANOVA revealed both significant effects of pesticide
and predator presence on tadpole mass and developmental
stage. Pesticide presence significantly decreased tadpole
mass. The highest pesticide concentration strongly decreased
tadpole mass and developmental stage (Table 4, Figure 2d,e).

Moreover, we found a significant pesticide × predator
effect on developmental stage (Table 4), because predator
presence had a highly significant effect only in the lower
pesticide concentration (one-way ANOVA; predator effect in
C0: P ) 0.066, C1: P ) 0.008, C2: P ) 0.987; Figure 2e).
Predator treatments did not affect tadpole body mass (Table
3, Figure 2d). The significant block effect (Table 4) reflected
the slight temperature differences within the laboratory room
(increased mass and stage at higher temperature).

Metamorphic Traits. MANOVA showed significant effect
of predator presence and marginally significant effect of
pesticide concentration (Table 5).

Age at metamorphosis was the most sensitive trait to the
experimental treatments with both pesticide and predator
presence interacting to increase the time to reach meta-
morphosis (Table 5, Figure 3a). The delaying effect of predator
presence was roughly 4 days (or 10% of the larval period)
longer when the tadpoles were exposed to the pesticide,
suggesting a more than additive effect (Table 5, Figure 3a).
Predator presence and pesticide also decreased body length

FIGURE 1. Tadpole activity level (least-squares means ( SE) in the
pesticide and predator treatments during the three observation
periods (early, middle, and late in the development). Circles: no
pesticide; squares: 2 µg/L; triangles: 11 µg/L. Open symbols stand
for the absence of predator, filled symbols for the presence of
predator.

TABLE 1. Repeated Measures ANOVA Table for the Activity
Level of Rana temporaria Tadpoles during Three Time
Periods (Early, Middle, and Late in the Development) in the
Pesticide and Predator Treatments

source df Wilks’ λ F P

period 2, 39 0.243 60.91 <0.001
period × pesticide 4, 78 0.775 2.65 0.040
period × predator 2, 39 0.683 9.07 <0.001
period × block 4, 78 0.907 0.98 0.424
period × pesticide × predator 4, 78 0.736 3.24 0.016

TABLE 2. Activity Level of Tadpoles in Response to Pesticide and Predator Treatmentsa

period 1 period 2 period 3

source df F P F P F P

pesticide 2 0.77 0.469 1.82 0.175 6.86 0.003
predator 1 98.10 <0.001 207.45 <0.001 98.03 <0.001
block 2 0.44 0.649 0.78 0.463 0.66 0.521
pesticide × predator 2 1.77 0.183 0.70 0.502 6.58 0.003
error 40

a Separate tests were conducted for each period (early, middle, and late development because of a significant interaction between period,
pesticide, and predator treatments.
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at metamorphosis (Table 5, Figure 3b), resulting in an additive
negative effect of both stressors. Finally, pesticide decreased
mass at metamorphosis (Table 5, Figure 3c).

Survival. Survival was strongly affected by the pesticide
but not by predator treatment (Table 6, Figure 4). Only 7%
of the individuals reached metamorphosis in the highest
pesticide concentration. There was no survival difference
between control (89%) and low pesticide concentration (87%).

Discussion
We found that a widely used pesticide decreased the survival,
mass, and development of R. temporaria tadpoles. It also
increased costs of the antipredator defense. Several previous
studies have stressed the importance of studying the

simultaneous impact of natural and anthropogenic stressors
and revealed stronger negative impacts of pollutants on
survival and life history traits than expected from studies
using a single stressor (8, 39-42). Our study reinforces this
view by highlighting that pesticides can increase the costs
of inducible defenses.

Effects of Fenpropimorph. At 11 µg/L, fenpropimorph
strongly increased the mortality of the tadpoles. This is
important as the concentrations we used represent less than
1% of 48 h LC50 found in fish, the standard vertebrate model
in aquatic toxicology. The concentrations we used are also
ecologically relevant since concentrations up to 12 µg/L have
been found in streams (30). Our results suggest that the 48
h LC50 may tell little about the toxicity of fenpropimorph for
tadpoles, as much lower concentrations had sublethal to
lethal effects in chronic exposure. Because fenpropimorph
has been found in streams at detectable concentrations even
7 months after its application (29), it is possible that this
pesticide may have negative impacts on natural populations.
However, we are not aware of studies investigating the impact
of fenpropimorph on multicellular organisms in the wild
(but see refs 43 and 44 for unicellulars).

In contrast with other studies (8, 24), we found no
significant pesticide concentration × predator effect on
survival. However, in the highest concentration, the mortality

TABLE 3. (A) MANCOVA and (B) Univariate ANCOVA Results for Morphology of Tadpoles in the Pesticide and Predator Treatments

(A) MANCOVA
source df F P

size 5, 35 162.33 <0.001
pesticide 10, 70 4.60 <0.001
predator 5, 35 14.76 <0.001
block 10, 70 1.15 0.339
pesticide × predator 10, 70 2.41 0.016

(B) Univariate ANCOVA
body length tail fin depth body depth tail length tail muscle depth

source df F P F P F P F P F P

size 1, 39 68.09 <0.001 56.35 <0.001 111.19 <0.001 33.04 <0.001 38.19 <0.001
pesticide 2, 39 6.21 0.004 4.34 0.020 0.34 0.714 14.36 <0.001 0.24 0.786
predator 1, 39 17.17 <0.001 34.06 <0.001 0.43 0.515 2.45 0.125 0.52 0.476
block 2, 39 0.67 0.518 0.3 0.741 0.56 0.575 2.03 0.145 0.04 0.961
pesticide × predator 2, 39 4.30 0.021 2.08 0.139 1.16 0.323 1.76 0.186 0.89 0.421

TABLE 4. MANOVA and Univariate ANOVA Results for Mass and Developmental Stage of Tadpoles in the Pesticide and Predator
Treatments

MANOVA mass
developmental

stage

source df F P df F P F P

pesticide 4, 78 40.70 <0.001 148.83 148.83 <0.001 85.01 <0.001
predator 2, 39 4.52 0.017 1.77 1.77 0.192 9.09 0.004
block 4, 78 3.25 0.016 6.72 6.72 0.003 4.13 0.024
pesticide ×

predator
4, 78 1.94 0.111 1.96 1.96 0.155 4.06 0.025

TABLE 5. ANOVAs Results for Age and Size (Body Length and Mass) of Tadpoles at Metamorphosis in the Pesticide and Predator
Treatments

MANOVA age body length mass

source df F P df F P F P F P

pesticide 3, 21 2.63 0.077 1, 23 5.86 0.039 3.69 0.067 5.19 0.032
predator 3, 21 11.67 <0.001 1, 23 36.28 <0.001 9.05 0.006 1.80 0.193
survival 3, 21 1.84 0.171 1,23 2.39 0.136 1.78 0.195 4.01 0.057
block 6, 42 2.35 0.048 2, 23 6.71 0.005 0.60 0.554 0.27 0.762
pesticide × predator 3, 21 1.77 0.183 1, 23 4.64 0.042 0.58 0.453 0.9 0.353

TABLE 6. Logistic Regressions of Tadpole Survival on
Pesticide and Predator Treatments

survival

source df "2 P

pesticide 1, 38 171.66 <0.001
predator 1, 38 2.48 0.116
block 2, 38 0.13 0.937
pesticide × predator 1, 38 1.24 0.539
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was 87%, whereas survival was unaffected in the lower
concentration. Thus it seems that the effects of fenpropi-
morph can change dramatically within a relatively small
concentration range (between 2 and 11 µg/L), and an
additional intermediate concentration could perhaps have
revealed such effects. Indeed, in a study by Relyea (24) the
tadpoles were exposed to 0, 0.03, 0.3, 1.6, 3.2, and 6.5 mg/L
of carbaryl. The effects of interactions between pesticide and
predator presence were most evident in 1.6 mg/L.

Fenpropimorph exposure led to decreased mass and
developmental stage of tadpoles, mainly due to higher
pesticide concentration. Moreover, we found effects of the
lower pesticide concentration (2 µg/L) on metamorphic traits
(decreased size, increased time to metamorphosis). The
clearly negative impacts of fenpropimorph on development
suggest that fenpropimorph concentrations occurring in
nature can have negative effects on tadpole fitness in the
wild.

At the highest concentration and after 2 weeks of exposure,
fenpropimorph decreased tadpole activity, which is a com-
mon effect of pesticides (5, 8). This time lag is probably due
to the slowly deteriorating condition of the tadpoles in the
highest fenpropimorph concentration. Fenpropimorph did
not interact with the tadpoles’ ability to display decreased
activity level in the presence of predators at the lower pesticide
concentration. Predator presence induced a strong reduction
in tadpole activity, a response that decreases encounter rates
with predators and also makes tadpoles less conspicuous to
predators that use visual or tactile cues (e.g. ref 45). However,
as predator presence strongly decreased tadpole activity, it
is possible that an interaction may not have been detectable.
Also, other components of the behavioral response that were
not measured in the present study (e.g. escape behavior (19))
may be affected by pesticide treatments.

Effects of Pesticide × Predator Interaction. In the lower
pesticide concentration, the tadpoles’ ability to display an

FIGURE 2. Tadpole morphology (a, b, c) and mass and developmental stage (d, e; least-squares means ( SE) as a function of pesticide
and predator treatments. For statistical tests, see Table 3.
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adaptive antipredator response was not affected, but the costs
of antipredator defenses (i.e. decreased relative tadpole body
size, increased time to metamorphosis) were increased
compared to the no pesticide treatment. Decreased relative
body size has been interpreted as a cost of inducible defenses
(46). While this cost was not observable in the absence of
pesticide, it appeared at the lower pesticide concentration.

More, predator presence delayed metamorphosis, and
the delay was stronger in the lower pesticide concentration
than in the control treatment indicating a synergistic effect
between the two stressors. Delayed metamorphosis can have
direct consequences on the survival of tadpoles developing
in temporary ponds, which may dry up before tadpoles have
metamorphosed (47, 48). Delayed metamorphosis involves
carryover effects such as decreased growth and survival in
later life stages and lower fecundity (49-51). Through the
effects on metamorphic life history traits sublethal concen-
trations of pesticides may have long-term effects on individual
fitness and amphibian population dynamics.

Our results clearly show increased costs of developing a
defense, but we did not detect a decrease investment in the
defense. Two lines of evidence suggest it would be interesting
to test the antipredator responses along a more detailed

gradient of pesticide concentrations. First, although there
are still very few studies on this subject, there is at least one
study in Daphnia showing that the pesticide endosulfan can
prevent the full expression of neckteeth protecting them from
predation (17). Second, fenpropimorph decreased growth
rate even at low concentrations, and recent work suggests
that under low resource (and low growth) conditions tadpoles
exhibit weak morphological induction by predators (52, 53).

Our results show that even very low pesticide concentra-
tions can be lethal in a chronic exposure and suggest that
LC50 doses may tell only little about the chronic toxicity of
a given compound and the risk it presents for natural
populations. Furthermore, in combination with another
stressor, very low pesticide concentrations can have negative
effects on the fitness of nontarget organisms. This reinforces
the view that synergistic effects of multiple stressors are
important and suggest that pesticides may disrupt adaptive
responses to natural stressors. Further studies in long-term
pesticide-stress interactions in more natural settings are
needed for evaluating the effects of pesticides on natural
populations.
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