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Abstract

Pesticides are one of the main drivers of the worldwide amphibian decline. Their actual tox-
icity depends on a number of factors, like the species in focus or the developmental stage of
exposed individuals. As ectothermic species, the metabolism of amphibians is influenced by
ambient temperature. Therefore, temperature also affects metabolic rates and thus pro-
cesses that might enhance or reduce toxic effects. Studies about the interactive effect of
temperature and toxicity on amphibians are rare and deliver contrasting results. To investi-
gate the temperature-dependent pesticide sensitivity of larvae of two European species we
conducted acute toxicity tests for the viticultural fungicide Folpan® 500 SC with the active
ingredient folpet at different temperatures (6°C, 11°C, 16°C, 21°C, 26°C). Sensitivity of Rana
temporaria and Bufotes viridis was highly affected by temperature: early larvae (Gosner
stage 20) were about twice more sensitive to Folpan® 500 SC at 6°C compared to 21°C.
Next to temperature, species and developmental stage of larvae had an effect on sensitivity.
The most sensitive individuals (early stages of R. temporaria at 6°C) were 14.5 times more
sensitive than the least sensitive ones (early stages of B. viridis at 26°C). Our results raise
concerns about typical ecotoxicological studies with amphibians that are often conducted at
temperatures between 15°C and 20°C. We suggest that future test designs should be per-
formed at temperatures that reflect the temperature range amphibians are exposed to in
their natural habitats. Variations in the sensitivity due to temperature should also be consid-
ered as an uncertainty factor in upcoming environmental risk assessments for amphibians.

1 Introduction

To improve crop yields about 360 million kg of pesticide formulations are used per year on
agricultural fields in the European Union (data from 2017 [1]). Only a small part of these pesti-
cides reaches their target organism [2], and due to spray drift and run-off they can get into
water bodies within or near agricultural fields [3, 4]. Such agricultural ponds can be important
breeding habitats for amphibians [5-7], which are therefore exposed to pesticides during their

PLOS ONE | https://doi.org/10.1371/journal.pone.0258631

August 11, 2022 1/13


https://orcid.org/0000-0002-7727-6246
https://orcid.org/0000-0003-1332-535X
https://orcid.org/0000-0001-7255-326X
https://doi.org/10.1371/journal.pone.0258631
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258631&domain=pdf&date_stamp=2022-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258631&domain=pdf&date_stamp=2022-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258631&domain=pdf&date_stamp=2022-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258631&domain=pdf&date_stamp=2022-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258631&domain=pdf&date_stamp=2022-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0258631&domain=pdf&date_stamp=2022-08-11
https://doi.org/10.1371/journal.pone.0258631
https://doi.org/10.1371/journal.pone.0258631
http://creativecommons.org/licenses/by/4.0/
http://www.dfg.de/

PLOS ONE

Temperature dependent toxicity of folpet

aquatic life stages. Pesticides were shown to have adverse effects on amphibians in several stud-
ies (e.g. [8-12]), and are consequently identified as one of the main drivers in the global
amphibian decline [13, 14]. The actual toxicity of pesticides for amphibians depends on a
number of factors, including the active ingredients [8], formulation additives [9, 10, 15], the
species in focus [12], a previous exposure to pesticides [10, 11] and the developmental stage
[10, 12, 16] of the tested individuals.

Also, water temperature during pesticide exposure of larvae has an impact on the toxicity.
Amphibians are ectothermic species and behavior and physiology are fundamentally influ-
enced by environmental temperature [17]. Therefore, metabolic rates and thus processes that
might enhance or reduce toxic effects, like the uptake of substances, the metabolic oxygen
demand, and detoxification processes are temperature-dependent [18]. However, studies on
the combined effects of temperature and pesticides on amphibians reveal contrasting results.
Some observed that higher temperatures increased toxicity [19-21], while others showed a
reduced toxic effect of pesticides on exposed amphibians [22-24]. For Oligosoma polychroma,
a skink (reptile) and thus also an ectothermic vertebrate species, heat-seeking behaviors were
observed, that can be interpreted as response to increase the metabolism to better deal with
stress after exposure to a glyphosate formulation [25].

Detailed knowledge of the relationship of pesticide sensitivity and temperature is central
for two reasons. First, we are facing a global warming caused by climate change with more fre-
quent temperature extremes [26]. Understanding the combined effect of this temperature
increase and pesticides will help to better estimate the impact of climate change on amphibian
populations, to identify potential threats on species and to set mitigation measures. Second,
laboratory toxicity tests for pesticides with amphibian larvae are typically performed at tem-
peratures between 15°C and 20°C (e.g. [8, 9, 15, 27]). These standard temperatures might not
reflect the natural range of temperatures at which a species is exposed to pesticides in its habi-
tat. For example, larvae of Rana temporaria can be found in European ponds with water tem-
peratures only a few degrees above the freezing point [28]. In this study, the average water
temperature during the aquatic development was 9.7°C and the maximum temperature 23°C
[28]. However, in small water bodies the maximum water temperatures might be above 30°C,
as even in high-altitudes breeding ponds with temperatures of up to 26.5°C can be found [29].
Therefore, standard laboratory toxicity tests might lead to the underestimation of possible sub-
lethal or even lethal effects that occur at lower or higher temperatures. Thus, knowing the tem-
perature at which amphibians are most sensitive will allow a more reliable assessment of the
actual risk of pesticides.

In the present study, we conducted aquatic acute toxicity tests at temperatures between 6°C
and 26°C to investigate the effect of the temperature on the sensitivity of amphibian larvae to
the fungicide Folpan® 500 SC with the active ingredient folpet. With up to eight applications
per growing season, folpet is, next to sulfur, the most common fungicide in German vineyards
and is preventively used to protect plants primarily from mildew [30]. In general, fungicides
are underrepresented in ecotoxicological studies compared to other pesticide classes [31]. To
identify potential species and developmental stage specific differences in pesticide sensitivity,
we tested early and late larval stages of the common frog (Rana temporaria Linnaeus, 1758)
and the green toad (Bufotes viridis Laurenti, 1768), two temperate species that can be found in
breeding ponds in German vineyards [6]. Both species are listed as “least concern” by the
IUCN [32, 33] and are widespread in Europe. R. temporaria is discussed as a model organism
for European amphibian species in toxicological studies [27]. This species uses a variety of dif-
ferent water bodies for mating, which usually takes place in March, but can start as early as the
end of January [34] when water temperatures are above 5°C for some days [34, 35]. However,
even at temperatures only a few degrees above freezing point spawning can be observed [36]
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and early larvae can be found [28]. Preferred temperatures of early R. temporaria larvae from
Germany are between 14.8°C and 19.6°C, and between 16.5°C and 26.0°C of late larvae stages
[37]. In contrast to R. temporaria, B. viridis is considered to be a thermophile species with pre-
ferred spawning temperatures between 16°C and 20°C. The optimum thermal tolerance limits
for early larvae are between 12°C and 25°C [38].

The aim of the study was to get a better understanding about the temperature-dependent
pesticide sensitivity of two European amphibian species. We hypothesized 1) that the sensitiv-
ity of larvae to Folpan® 500 SC is highly affected by water temperature, 2) that early larvae are
more sensitive than late larval stages (see [16]), and 3) that pesticide sensitivity differs between
species.

2. Material and methods
2.1 Sampling and animal husbandry

Up to 300 eggs of eight and seven different clutches of R. temporaria and B. viridis, respec-
tively, were collected in March and May 2018. The spawning pond of R. temporaria is located
in the Palatinate Forest (Rhineland-Palatinate, Germany; 49.262433 N, 8.061896 E (WSG84),
242 m asl), distant from any pesticide use. The pond of the B. viridis population is located in a
vineyard dominated area (Rhineland-Palatinate, Germany; 49.317490 N, 8.129091 E
(WSG84), 194 m asl). Thus, the pond can be expected to be contaminated with various pesti-
cides. Eggs were transferred to glass aquaria (30 x 20 x 20 cm) filled with tap water and kept in
a climate chamber at 16°C with a 16:8 day-night-rhythm. For logistical reasons, not all acute
toxicity tests for the same developmental stage were conducted at the same time. Therefore,
parts of each clutch were kept at 10°C to slow down the development of the eggs for up to ten
days. After hatching, larvae were kept in groups of 50 individuals in aerated glass aquaria filled
with tap water at 21°C. As the larvae grew, we reduced their density to 20 larvae per aquaria.
Cleaning of the aquaria and water renewal took place every second day. Larvae were fed daily
ad libitum with commercial fish food, cooked organic lettuce, and organic cucumber.

2.2 Test substance

The fungicide Folpan® 500 SC (ADAMA Deutschland GmbH, Germany; purchased from a
local distributor) with the active ingredient folpet (38-42% of weight; CAS number 133-07-03)
was used for all tests. Folpet is an organochlorine phthalimide with a molecular weight of
296.6 g/mol and is used as a protective, broad-spectrum fungicide against leaf spot diseases in
grapevines. Data on environmental contaminations are rare, but maximum measured concen-
trations of 50 ng/L in rivers [39] and 4.53 pg/L in ponds [40] have been reported. To assess the
environmental realistic toxicity effect, the formulation was tested instead of the pure active
ingredient. Other formulation ingredients are "alkylnaphthalensulfonic acid, polymer with
formaldehyde, sodium salt" (3.5-5%), fumaric acid (1-1.5%), methenamine (0.5-1%) and
1,2-Benzisothiazoline-3-one (<0.1%). The acute aquatic toxicity of the formulation leads to a
96-h LCs of 0.256 mg Folpan/L for the rainbow trout (Oncorhynchus mykiss) [41].

2.3 Experimental design

Acute toxicity of Folpan® 500 SC was determined in a full-factorial design with different tem-
perature conditions and two developmental stages of both species. Early larval stages (Gosner
stage 20; GS20; first hatchling stage with external gill circulation; see [42] for classification)
were tested at five different temperatures (6°C, 11°C, 16°C, 21°C, 26°C). Late larval stages
(Gosner stage 36-41; GS40; larvae with at least hindlimbs) were tested at three different
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temperatures (6°C, 16°C, 26°C). For each combination of temperature, species and develop-
mental stage (= 16 combinations in total), a 48 h static acute toxicity test was performed with
six different pesticide concentrations, ranging between 0 (control) and 4.2 mg Folpan/L (see
S1 Table). Fungicide concentrations were chosen based on range-finding tests and previous
studies with folpet [16, 43] to cover the concentration range at which ideally 0-100% mortality
of the test organisms should be observed. Range-finding tests were performed as 48 h tests
with three Folpan concentrations and a control group with three replicates of one individual
for each species/developmental stage and different temperatures. For final acute toxicity tests
25 (GS20) or 15 (GS40) individuals were used for each pesticide concentration, resulting in
150 and 90 individuals per test, respectively. At least one hour before a test, larvae from differ-
ent clutches of about the same size and developmental stage (GS20 or GS40) showing normal
swimming behavior were selected and placed in plastic boxes filled with FETAX medium [44].
Plastic boxes were then transferred to a climate chamber (WK 19’/+15-35, Weiss Technik
GmbH, Reiskirchen, Germany; MLR-351H SANYO Versatile Environmental Test Chamber,
SANYO Electric Co. Ltd., Moriguchi, Japan) set to the test temperature, resulting in a gradual
decrease/increase of the water temperature in the boxes in order to reduce the influence of
thermal shock on the physiology of the animals. Directly before each test, a 1 g Folpan/L stock
solution was prepared with FETAX medium. Tests were conducted in 1.7 L glass jars contain-
ing 1L FETAX medium that were cooled or heated to the test temperature in a climate cham-
ber. After temperature adjustment, corresponding amounts of stock solution were pipetted in
the jars to get the target pesticide concentrations. Solutions were mixed thoroughly with a
glass stirring rod. Afterwards five (GS20) or three (GS40) larvae were randomly placed in a test
jar, resulting in five replicates (i.e. jars) per pesticide concentration. For each jar, the mortality
of larvae was determined after 48 h of exposure, whereby dead larvae were removed after 2 h
and 24 h from the test jars. In accordance with the test guideline for acute toxicity testing in
fish (OECD test guideline No. 203, [45]), larvae were not fed during the experimental period.
Tests were performed in climate chambers set to the according test temperature with a 16:8
day-night-rhythm.

2.4 Statistical analysis

For each test the median lethal concentration causing 50% mortality of test organisms (LCs
value) was determined using different concentration-response models (log-normal functions
—LN.2, LN.3, LN.4; log-logistic functions—LL.2, LL.3u, LL.4, LL.5; and Weibull-functions—
W1.2, W1.3, W1.4, W2.2, W2.3, W2.4) calculated with the R package “drc” [46]. To get the
most accurate LCs, value, the model that best describes the observed mortality of larvae was
selected based on the lowest Akaike’s Information Criterion for each test. LCs, values between
different test temperatures for the same species and development stage were compared by a
confidence interval overlap test [47] with the function “comped” implemented in “drc”. As we
hypothesised a correlation between temperature and toxicity, we tested the LCs, of a species/
developemental stage at a temperature only against the LCs of the next higher temperature to
reduce the probability of an alpha error accumulation. In case the difference was not signifi-
cant, we also tested against the two steps higher temperature. Confidence interval overlap tests
were also used to compare LC50 values between species and developement stages at the same
test temperature. For all comparisons, p-values were calculated following the method
described by Altman & Bland [48]. When testing the same species and developmental stage at
different temperatures, or the same species or developemental stage at different temperatures,
p-values were adjusted with a Bonferroni correction. All statistical analyses were carried out in
R (version 3.4.3; [49]).
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2.5 Animal welfare

The study design and animal welfare compliance efforts were approved by the Institutional
Animal Care and Use Committee at the University of Koblenz-Landau and the Landesunter-
suchungsamt in Koblenz (Germany; approval number G18-20-009). The collection of clutches
and the husbandry of larvae were permitted by the”Struktur- und Genehmigungsdirektion
Stid Referat 42—Obere Naturschutzbeh6rde” (Neustadt an der Weinstrafle, Germany;
approval number: 42/553-254/455-18). The mentioned institutions also ensured that all
involved persons had experience in handling the study species and were trained to perform
toxicological tests. There are no established clinical signs to predict the death of our study spe-
cies when exposed to folpet. Thus, humane endpoints were not used, as the clear identification
if an individual is or will be dead is crucial to calculate LC5, values. Immediately after a 48-h
acute toxicity test all test organisms were euthanized with a buffered 0.1% MS-222 solution.

3 Results

The calculated LCs values of Folpan® 500 SC ranged between 0.30 and 2.90 mg Folpan/L for
R. temporaria and 0.64 and 4.35 mg Folpan/L for B. viridis (Table 1). Toxicity decreased (i.e.
increasing LCs, values) with increasing temperature for both tested species and developmental
stages (see Fig 1). In particular, the LCso of GS20 at 21°C, the temperature at which toxicity
tests are often conducted, was 2 (R. temporaria) and 2.3 (B. viridis) times higher than the low-
est observed LCs, value. A temperature increase from 6°C to 16°C resulted in 1.7 to 2.0 and an
increase from 16°C to 26°C in 1.2 to 3.8 times higher LCs, values. A temperature increase of
5°C (GS20) or 10°C (GS40) resulted always in a significantly higher LCs, value (all p < 0.038,
see Table 1), except for the comparison of 6°C and 11°C in GS20 in both species and 11°C and
16°C in GS20 R. temporaria. In general, the most sensitive stage and temperature (R. tempor-
aria GS20 at 6°C) was 14.5 times more sensitive than the least sensitive (B. viridis at GS20
26°C). Our analysis revealed that early larvae were more sensitive than late larvae, with the
exception of B. viridis at 26°C (Table 2). Comparing LCs, values between species showed that

Table 1. Calculated Folpan® 500 SC 48h-LCs, values for two developmental stages of R. temporaria and B. viridis at different temperatures with 95% confidence
intervals and the used dose-response models. P-values show results from confidence interval overlap tests when testing against the next higher temperature. In case the
difference was not significant, it was also tested against the two steps higher temperature. Significant differences after Bonferroni-correction are presented in bold.

Developmental stage

Rana temporaria | GS20

GS40

Bufotes viridis GS20

GS40

https://doi.org/10.1371/journal.pone.0258631.t001

T (°C) Model LCs, (mg Folpan/L) 95% CI (mg Folpan/L) P (to next temperature)

6 W2.2 0.30 0.28-0.31 0.172 (11°C) / < 0.001 (16°C)
11 W2.2 0.39 0.29-0.49 0.120 (16°C) / < 0.001 (21°C)
16 W2.2 0.52 0.44-0.59 0.001
21 W2.2 0.68 0.66-0.70 < 0.001
26 WI1.2 1.12 1.10-1.15

6 W2.2 1.29 1.22-1.36 < 0.001
16 W2.2 2.37 2.20-2.53 0.004
26 W2.2 2.90 2.79-3.00

6 W2.2 0.64 0.57-0.71 0.528 (11°C) / < 0.001 (16°C)
11 W2.2 0.69 0.61-0.76 < 0.001
16 LN.2 1.15 1.09-1.21 0.038
21 Ww2.2 1.28 1.20-1.36 < 0.001
26 W2.2 4.35 4.19-4.50 -

6 LN.2 1.04 0.95-1.14 < 0.001
16 W2.2 2.06 1.87-2.26 < 0.001
26 W1.2 2.56 2.32-2.80 -
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Fig 1. Calculated Folpan® 500 SC 48h-LCs5, values (+ 95% CI) of early (GS20) and late (GS40) developmental
stages of R. temporaria and B. viridis at different temperatures. For detailed values and differences between
temperatures see Table 1.

https://doi.org/10.1371/journal.pone.0258631.9001

R. temporaria is more sensitive in early and less sensitive in late developmental stages than B.
viridis (Table 3), suggesting an interaction between developmental stage and species. However,
the difference was not significant when comparing late developmental stages at 16°C and 26°C
after a Bonferroni correction. Across all temperature treatments in both developmental stages
and species the control and lowest concentration of 0.1 mg Folpan/L did not lead to any mor-
tality in tested larvae.

4 Discussion

In the present study, we demonstrated that the pesticide sensitivity of two European amphib-
ian species is highly affected by temperature, with individuals of both tested developmental
stages and species being more sensitive at lower temperatures. As we did not observe mortality
at any temperature in controls, the tested temperatures are within a range that allows survival.

Table 2. Comparison of Folpan® 500 SC 48h-LCs5, values between developmental stages. Significant differences
after Bonferroni-correction are presented in bold.

Species T (°C) GS20 vs. GS40

R. temporaria 6 < 0.001
16 < 0.001
26 < 0.001

B. viridis 6 < 0.001
16 < 0.001
26 < 0.001

https://doi.org/10.1371/journal.pone.0258631.t1002
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Table 3. Comparison of Folpan® 500 SC 48h-LCs, values between species. Significant differences after Bonfer-
roni-correction are presented in bold.

Developmental stage T (°C) R. temporaria vs. B. viridis
GS20 6 < 0.001
11 < 0.001
16 < 0.001
21 < 0.001
26 < 0.001
GS40 6 0.002
16 0.088
26 0.063

https://doi.org/10.1371/journal.pone.0258631.t1003

Therefore, observed mortalities are caused by Folpan® 500 SC, where the lethal concentration
depends on the temperature. Explanations for the relationship between temperature and sensi-
tivity are diverse and depending on the pesticide and organism in focus, but exact mechanisms
often remain unknown. In our study, higher temperatures might be nearer to the optimal tem-
perature of the tested individuals, allowing effective metabolism and detoxification. Likewise,
low temperatures might be below the optimal temperature range and result in additional
stress, limiting the ability to cope with Folpan® 500 SC. Observed results might also be caused
by the characteristics of folpet, the active ingredient of the tested formulation Folpan® 500
SC. In general, folpet degrades rapidly in aquatic environments and shows a half-life (DT50)
of 0.7h at 25°C and 0.178 h at 40°C (both pH 7; EFSA, 2009). Further, the degradation
depends on the pH of the medium (DT50 pH 4, 25°C = 6.5 h; DT50 pH 4, 40°C = 1.06 h;
DT50 ph 9, 25°C and 40°C = too rapid to measure; [50]). Thus, the alkaline FETAX medium
(ranging between pH 7.7 and 8.29 in our study) may accelerate the degradation. Although
information about the degradation below 25°C is lacking, a temperature-dependent degrada-
tion that could have caused the observed effects can be expected. Because of the overall fast
degradation, no analysis of the actual folpet concentration at the start and the end of a test was
possible. It remains also unknown if the degradation of the formulation Folpan® 500 SC is
similar to its active ingredient folpet, as additives could increase the stability of the formula-
tion. Additives might also influence the toxicity of the formulation [9, 10, 15, 51]. Regardless
whether the lower sensitivity at higher temperatures is caused by a more effective metabolism
and detoxification, and thus reduced bioaccumulation, or by an increased degeneration of fol-
pet, Folpan® 500 SC is more toxic for the two tested amphibian species at lower
temperatures.

Thus, increasing environmental temperatures might seem to have a positive effect on
amphibians in terms of a reduced folpet toxicity. However, climate warming will also cause a
shift in the breeding season to an earlier time of the year in temperate species [52]. Lotters
et al. [53] showed that a shift of one month could decrease the glyphosate exposure risk during
their migration to the breeding pond to about 50% for R. temporaria. Thus, the exposure risk
of larvae might be reduced. However, increased temperatures will also result in an earlier vege-
tation period of crops [54, 55] and pesticides might be applied earlier. Consequently, the gen-
eral exposure risk, but also the temperature at which amphibians will be exposed to pesticides
in their aquatic habitats, will probably not change fundamentally. However, also more frequent
temperature extremes can be expected [26], resulting in regional and temporary temperature
drops also in late spring and early summer, so that also later larvae might be exposed to low
temperatures. Climate change will also cause more frequent pesticide applications [56, 57],
resulting in higher overall pesticide loads in water bodies. Already today, many different
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pesticides can be found in ponds within agriculture [58, 59]. Although higher temperatures
might result in a lower sensitivity to folpet, contrary effects are possible for other pesticides
and pesticide mixes. In vineyards, folpet is usually applied first in late May [60], when R. tem-
poraria larvae occur in late development stages. At this time, B. viridis is still spawning and
thus early larvae can be found. Only few data on actual environmental contamination with fol-
pet are available and maximum measured concentrations of folpet (50 ng/L [39]; 4.53 pg/L,
[40]) are a factor of at least 66 below the lowest LCs, value obtained in our study. We can
therefore conclude that this pesticide will most likely not lethally affect the two tested amphib-
ian species at the larval stage, but sublethal effects cannot be excluded. Thus, future studies
should also focus on the effect of the temperature on sublethal endpoints like development or
behavior.

Our results are in contrast to most studies that investigated the effect of temperature on pes-
ticide toxicity for amphibian larvae in acute toxicity studies. In Materna et al. [20] leopard frog
larvae (Lithobates sp.; former R. pipiens complex) showed higher mortalities in 96-h acute tox-
icity tests for the pyrethroid insecticide esfenvalerate at 22°C than at 18°C. Boone and Bridges
[19] found the same relationship for L. clamitans (former R. clamitans) as the 96h-LCs, at
17°C was two times higher than at 27°C. Lau et al. [21] calculated 96h-LCs, values for the pes-
ticide methomyl for three Asian amphibian species (Duttaphrynus melanostictus, Polypedates
megacephalus, Microhyla pulchra) at temperatures between 15°C and 35°C, and observed
lower 96h-LCs, values at higher temperatures. However, Chiari et al. [24] showed that
increased temperature can also reduce the toxicity of a pesticide in 96-h acute toxicity tests by
comparing published LCs, values for copper sulfate of various amphibian species. In contrast
to most 96-h tests, reduced toxic effects of pesticides at higher temperatures can also be found
in studies with tests running over several weeks or until metamorphosis. Baier et al. [23] found
that the effects of the glyphosate formulation Roundup® PowerFlex on mortality, growth and
tail deformation of the common toad (Bufo bufo) were more pronounced at 15°C than at
20°C. In a study on the glyphosate formulation Roundup® LB Plus, Baier et al. [22] also
found increased effects on the development of common toad larvae at lower temperatures
(15°C compared to 20°C) when exposure occurred from the embryo stage. Rohr et al. [61]
reported that an increased temperature reduced the time to the metamorphosis of larval
Ambystoma barbouri exposed to the herbicide atrazine. Hence, the total exposure to atrazine
was also reduced in this study, which ameliorated increased adverse effects of the pesticide
[61].

With the exception of B. viridis at 26°C, early larval stages were 1.6 to 4.5 times more sensi-
tive than late stages in both tested species. This is in line with the results from Adams and
Briihl [16], where early larvae of R. temporaria (Gosner stage 20) were two times more sensi-
tive than late larvae (Gosner stage 36) to the fungicide Folpan® 80 WDG with the same active
ingredient folpet. Also Wagner et al. [10] found late larval stages of R. temporaria to be less
sensitive in acute tests with two herbicides. Interestingly, in our study early larvae of B. viridis
at 26°C were least sensitive. Bufotes viridis is a thermophilic species, and the highest tested
temperature is at the upper limit of its optimal thermal range for development of early larvae
(12°C—25°C; Derakhshan and Nokhbatolfoghahai, 2015). Hence, 26°C might allow optimal
detoxification without causing temperature stress for early stages. In late larval stages addi-
tional stress caused by processes linked to metamorphosis could countervail the advantages of
high temperatures, resulting in late larvae of B. viridis being more sensitive than early larvae.
Further, the optimal temperature of late B. viridis larvae could be even higher than 26°C. This
might also explain why late larvae of R. temporaria (with assumed lower optimal temperature)
were less sensitive than B. viridis, although R. temporaria is more sensitive in early stages. In
general, species [12] and even population [10, 11] specific differences in pesticide sensitivity
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are known. For example, Adams et al. [43] showed that out of eight central European amphib-
ian species, the most sensitive species was five-times more sensitive than the least sensitive spe-
cies towards the pesticide folpet. Therefore, differences in the sensitivity in our study species
are not surprising. However, the original breeding pond where B. viridis eggs were obtained
was situated within viticulture. Thus, it cannot be ruled out that differences in the sensitivity
are the result of an adaption of the population to pesticides and not a species effect.

Folpet is, next to sulfur, the most common fungicide in German vineyards and thus under-
standing its toxicity on non-target organisms is of high relevance. However, the fast and tem-
perature dependent degradation of folpet limits the conclusions drawn from our study. Thus,
we recommend that future studies on the relationship of temperature and sensitivity of
amphibians should focus on pesticides with a longer degradation time, not influenced as much
by temperature. It might also be worth considering pesticide mixtures, as often several formu-
lations are applied at the same time [60] and a mixture of pesticides can be found in agricul-
tural ponds [40]. It has recently been shown that the developmental temperature prior to
ecotoxicological tests can have an influence on the organisms” sensitivity to a test substance
[62] and should consequently also be considered in future amphibian tests.

To date, no standard test guideline for acute toxicity tests of European amphibian species
exists and amphibians are also not explicitely considered in the environmntal risk assessment
of pesticides. The results of our study raise concerns about typical ecotoxicological studies
with amphibians that are often conducted at temperatures between 15°C and 20°C, because
early larvae at 6°C were about two times more sensitive to Folpan® 500 SC as at 21°C. There-
fore, adverse effects in temperate amphibian species might only be observed at lower or,
depending on the tested pesticide, higher temperatures. Based on the results we obtained in
our study we conclude that an additional temperature related factor needs to be incorporated
in an uncertainty factor of an upcoming environmental risk assessments for amphibians in the
EU that reflects variations in pesticide sensitivity due to temperature. Additionally, we agree
with recommendations of previous studies [19, 21-23] that future test protocols should con-
sider temperature as an important factor. Tests should be performed at temperatures that are
reflecting the temperature range amphibians are exposed to in their natural habitats, possibly
also including natural daily temperature fluctuations.

Supporting information

S1 Table. Tested concentrations of Folpan® 500 SC in the acute toxicity tests for two
developmental stages of R. temporaria and B. viridis at different temperatures.
(PDF)

$2 Table. Number of dead individuals after 48 hours for each replicate in each test.
(PDF)
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