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Abstract

Background: Although debates about the assessment of potential effects of pesticides on amphibians are ongo-
ing, amphibians are not yet considered in the current EU environmental risk assessment of pesticides. Instead, the

risk assessment of potential effects on aquatic amphibian life stages relies on use of data of surrogate species like the
standard temperate fish species rainbow trout (Oncorhynchus mykiss). This assumption is mainly based on the com-
parison to amphibian species not native to Europe such as the aquatic African clawed frog (Xenopus laevis). It remains
unclear whether these surrogate species cover semi-aquatic Central European amphibian sensitivities. Therefore, we
assessed the acute sensitivity of aquatic stages of eight European amphibian species native in Germany (Bufo bufo,
Bufotes viridis, Epidalea calamita, Hyla arborea, Pelobates fuscus, Pelophylax sp., Rana dalmatina, R. temporaria) towards
commercial formulations of the fungicide folpet (Folpan® 500 SC, Adama) and the insecticide indoxacarb (Avaunt®
EC, Cheminova). The determined acute sensitivities (median lethal concentration, LC50) were included in species
sensitivity distributions and compared to experimentally determined LC50 values of X. laevis and literature values of O.
myKkiss.

Results: The results showed that native amphibian sensitivities differed between the tested pesticides with a factor
of 5and 11. Depending on the pesticide, X. laevis was five and nine times more tolerant than the most sensitive native
amphibian species. Comparing literature values of O. mykiss to the experimentally determined sensitivities of the
native amphibian species showed that the O. mykiss sensitivity was in the same range as for the tested amphibians for
the formulation Folpan® 500 SC. The comparison of sensitivities towards the formulation Avaunt® EC showed an eight
times lower sensitivity of O. mykiss than the most sensitive amphibian species.

Conclusions: A risk assessment using the 96-h LC50 values for fish covers the risk for the assessed aquatic stages of
European amphibians after the application of the recommended uncertainty factor of 100 and thus may be adequate
for lower tier risk assessment of the studied pesticides. If aquatic amphibian testing will be required for pesticide risk
assessment nevertheless, acute tests with the model organism X. laevis and the application of an appropriate uncer-
tainty factor might be a promising approach.
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Latest reports of the International Union for the
Conservation of Nature [24] suggest that 41% of all
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diseases, and climate change, exposure to anthropo-
genic pollutants such as agrochemicals is hypothesized
to be one of the main causes of amphibian decline [10,
36]. Although debates about the assessment of poten-
tial effects of pesticides on amphibians are ongoing,
amphibians are not yet considered in the current EU
environmental risk assessment (ERA) of pesticides.
Currently, the risk assessment of potential effects on
aquatic amphibian life stages relies on use of data of
standard test organisms such as fish [27]. Therefore,
it is important to assess the sensitivity of amphib-
ians to pesticides and compare their sensitivity to
other taxa such as the standard test species rainbow
trout (Oncorhynchus mykiss). Several meta-studies
and critical reviews have already compared the sensi-
tivities of larval amphibian stages and fish to environ-
mental toxicants. For example, Birge et al. [7], Fryday
and Thompson [16] and Weltje et al. [37] determined
in general lower sensitivities of amphibians than fish.
However, the majority of these comparisons is based
on pesticides that are no longer commonly used in the
EU (e.g., DDT, atrazine, carbaryl or chlorinated pesti-
cides like chlorpyrifos and lindane). Moreover, many
of these studies focus on model species not native
to Europe such as North American species or (sub-)
tropical species like the African clawed frog (Xeno-
pus laevis). X. laevis is often used as model species
for amphibians [5, 20] because it is easy to culture and
handle in laboratory and there is a wide knowledge of
its developmental biology [14]. However, there are few
comparative toxicity data for X. laevis relative to other
amphibian species. Several studies have found that X.
laevis is more tolerant to environmental pollutants
than other amphibian species [7, 20, 30]. In addition,
the European common frog (Rana temporaria) was
described as more sensitive than O. mykiss and X. lae-
vis towards heavy metals and industrial effluents [7]. It
remains unclear whether the sensitivity of tadpoles of
the aquatic species X. laevis to pesticides is also pro-
tective for semi-aquatic species native in Europe [27].

These shortcomings question the assumption that
standard test species such as O. mykiss and X. laevis
might be protective surrogates also for Central Euro-
pean amphibian species. Therefore, the aim of the pre-
sent study was (i) to assess the sensitivity of larvae of
eight native Central European species towards com-
mercial formulations of the two pesticides folpet and
indoxacarb and (ii) to compare the sensitivity of these
native species with the sensitivity of X. laevis using
experimentally derived sensitivities of X. laevis, and
to the sensitivity of O. mykiss using values from the
literature.
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Material and methods

Pesticide formulations

The tests were performed with commercial formula-
tions of the viticulturally used fungicide folpet (Folpan®
500 SC, 38-42% a.i., hereafter Folpan) and insecticide
indoxacarb (Avaunt® EC, 15.84% a.i., hereafter Avaunt).
Viticulture is one of the most pesticide-intensive cul-
tures in Central Europe and both pesticides are the most
common German viticultural fungicide and insecticide,
respectively [35]. Formulations were used instead of
technical grade active ingredients because it represents a
more realistic scenario as non-target organisms such as
amphibians are exposed to these products, not merely to
active ingredients. Moreover, previous studies showed
that formulation co-formulants may affect the toxicity to
amphibians [8, 32].

Folpet is an organochlorine phthalimide and used as
a protective, broad-spectrum fungicide against leaf spot
diseases in grapevines. The acute aquatic toxicity leads to
96-h LC50 values of 0.233 mg folpet/L [4] and 0.256 mg
Folpan/L for O. mykiss [1]. The oxadiazine indoxacarb is
effective against early life stages of Lepidoptera, Orthop-
tera, Hemiptera and Coleoptera via contact or ingestion
with a 96-h LC50>0.17 mg indoxacarb/L [4]] and 7.0 mg
Avaunt/L for O. mykiss [9].

Test species

In total, nine amphibian species were tested. Besides the
standard laboratory species X. laevis (Daudin, 1802),
we investigated the Central European native species
common toad Bufo bufo (Linnaeus, 1758), green toad
Bufotes viridis (Laurenti, 1768), natterjack toad Epi-
dalea calamita (Laurenti, 1864), common tree frog Hyla
arborea (Linnaeus, 1758), common spadefoot toad Pelo-
bates fuscus (Laurenti, 1768), water frog Pelophylax sp.
(Fitzinger, 1843), agile frog Rana dalmatina (Fitzinger,
1839), and common frog Rana temporaria (Linnaeus,
1758). Between April 2018 and May 2019, parts of three
to five egg clutches of each native test species except for
E. calamita were collected from breeding ponds in South
Germany (Additional file 1: Table S1). E. calamita indi-
viduals were found only as early hatched tadpoles. Native
species were collected from non-agricultural breeding
ponds to reduce the potential of evolutionary adaption
to pesticides [11, 23] except for B. viridis because no
populations from non-agricultural sites were available. A
definite differentiation between P. ridibundus, P. lessonae
and the hybridized form of both (P esculentus) was not
possible. Thus, we refer to Pelophylax sp. as a water frog
species. X. laevis were obtained from the in-house cul-
ture of Eurofins Agroscience Services EcoChem GmbH
(Niefern-Oschelbronn, Germany). Information about the
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threat status and used habitats of the selected test species
in Germany and Europe can be found in the supplemen-
tary material (Additional file 2: Table S2).

Housing and experiments were performed in a cli-
mate chamber (WK 19’/ 4+ 15-35, Weiss Technik GmbH,
Reiskirchen, Germany) with a 16:8-h light:dark rhythm
at 21+1 °C. The collected egg clutches were distributed
to aerated 15-L aquaria (32 x24x20 cm) filled with
FETAX medium [12]. Medium renewal took place every
other day. Developmental stages were assigned accord-
ing to Gosner [17] for native species and Nieuwkoop und
Faber [26] for X. laevis. Native species were tested in the
non-feeding, freshly hatched larval Gosner stage (GS) 20
because Adams and Briihl [2] showed higher sensitivity
of GS20 in comparison to the commonly used GS25 of R.
temporaria to the fungicide folpet. E. calamita had to be
tested in the free-swimming GS25 because no embryos
were found in nature and individuals had already devel-
oped to GS25 after the performance of range-finding
tests. X. laevis was tested in the freshly hatched Nieu-
wkoop—Faber stage (NF) 41-45.

Acute toxicity tests

The study design was derived from the OECD TG 203
(Fish, Acute Toxicity Test; [29]) and TG 202 (Daphnia
sp. Acute Immobilisation Test [28]). To provide guidance
on the final test concentrations, 48-h range-finding tests
with three concentrations of each pesticide formulation
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and a control group with three replicates of one indi-
vidual were performed for each species. In the final tests,
96-h median lethal concentrations (LC50) of each species
were determined in a static dose—response set-up with
six concentrations (Table 1). Tests were conducted in
1.7 L glass jars filled with 1 L test solution prepared with
FETAX medium. Per concentration, five replicates with
five randomly chosen individuals were used resulting in
150 tadpoles per test. No feeding took place during the
tests and dead tadpoles were removed every 24 h. After
96 h, the experiments were terminated, mortality was
determined, and all surviving tadpoles were euthanized
with a 0.1% buffered MS-222 solution. Concentrations
at the beginning of the test and at test termination were
analysed for indoxacarb (n=9, Additional file 3). Due to
the rapid degradation of folpet in aquatic environments
(DT50=1.2 h at pH 7, DT50=1 min at pH 9; values
extracted from Agriculture and Environment Research
Unit of the University of Hertfordshire [4]), concentra-
tion measurements would have not increased the explan-
atory power of this study as no reliable concentrations
would have been generated.

Statistical analyses

For statistical analyses the software R for Windows [33],
Version 4.0.2) was used. The extension package “drc” [34]
was used to fit a dose—response model for each amphib-
ian species and pesticide formulation (Additional file 4:

Table 1 Intended test concentrations of Folpan (38-42% folpet) and Avaunt (15.84% indoxacarb) used in acute toxicity tests

Pesticide Species Test concentration (mg formulation/L)
1 2 3 4 5 6

Folpan Bufo bufo 0 1.0 1.5 20 2.5 30
Bufotes viridis 0 0.7 09 1.1 13 1.5
Epidalea calamita 0 0.5 1.0 15 20 2.5
Hyla arborea 0 1.5 1.7 1.9 2.1 23
Pelobates fuscus 0 1.2 1.3 14 1.5 1.6
Pelophylax sp. 0 03 04 0.5 06 0.7
Rana dalmatina 0 1.2 1.5 1.8 2.1 24
Rana temporaria 0 04 0.5 0.6 0.7 0.8
Xenopus laevis 0 14 1.7 20 23 26

Avaunt Bufo bufo 0 04 0.6 08 1.0 1.2
Bufotes viridis 0 2.0 25 3.0 35 4.0
Epidalea calamita 0 1.0 1.2 14 1.6 1.8
Hyla arborea 0 20 25 30 35 4.0
Pelobates fuscus 0 25 30 35 4.0 4.5
Pelophylax sp. 0 838 9.0 9.2 94 9.6
Rana dalmatina 0 22 25 2.8 3.1 34
Rana temporaria 0 1.5 2.0 2.5 3.0 35
Xenopus laevis 0 7.0 7.2 74 76 7.8
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Table S3). Candidate models were 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,
W22, W23, W2.4). Models were selected by using
Akaike information criterion (AIC). Afterwards, LC50
values were calculated for each species and formulation.
All amphibian species were ordered from most to least
sensitive towards the pesticide formulations and pairwise
comparisons via LC50 ratio test after Bonferroni correc-
tion [38] were performed to assess significant differences
in sensitivity between species. If 95% lower and upper
confidence intervals of the calculated differences did not
include zero, the differences were judged statistically sig-
nificant (Additional file 5: Table S4).

Generation of species sensitivity distributions

and derivation of risk assessment parameters

Species sensitivity distributions (SSDs) can be used as
an ecotoxicological tool for the derivation of quality
criteria in ERA. They represent the variation in species
sensitivities to a specific contaminant by a statistical dis-
tribution function of responses for a sample of species
[31]. SSDs were computed with the package “fitdistrplus”
[13] for both formulations using the 96-h LC50 values of
the European amphibian species to compare their sen-
sitivities. By fitting a suitable statistical distribution to
the data, the concentration at which 5% of species were
affected by the formulations (HC5, hazard concentra-
tion) was derived as the 5th percentile of the SSDs [31].
To determine whether O. mykiss and X. laevis are suit-
able surrogate species for European amphibians, the 96-h
LC50 literature values for O. mykiss and the determined
96-h LC50 values for X. laevis were compared to the
European amphibian. Moreover, regulatory acceptable
concentrations (RACs) which are determined in the cur-
rent tier 1 risk assessment for fish by dividing their LC50
values by an assessment factor of 100 were compared
to the calculated HC5 values derived from the native
amphibian SSDs.

Results

Amphibian sensitivities

No mortality was observed in any of the control groups.
Sensitivity towards the pesticide formulation Folpan var-
ied between all tested amphibian species in the decreas-
ing order Pelophylax sp.>Rana temporaria>Bufotes
viridis= Epidalea  calamita= Pelobates  fuscus>Hyla
arborea > Rana dalmatina= Xenopus laevis=Bufo bufo
(“>” denotes significant difference, “=" denotes no dif-
ference; Additional file 5: Table S4). Native amphibian
sensitivities ranged from 0.44 to 2.19 mg Folpan/L with a
sensitivity range of a factor of five (Fig. 1, Table 2). The
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Bufo bufo

Rana dalmatina
Hyla arborea
Pelobates fuscus
Epidalea calamita

Bufotes viridis

Potentially affected fraction

Rana temporaria

Pelophylax sp.

0.1 1.0 10.0

96-h LC50 Folpan (mg/L), a.i. folpet

Fig. 1 Species sensitivity distribution of Folpan (38-42% a.i. folpet)
calculated from European amphibian sensitivities (red line). Black
filled circles denote 96-h LC50 values of European amphibian
species. For better comparison, the determined 96-h LC50 values
of Xenopus laevis (yellow filled square) and the 96-h LC50 literature
value of Oncorhynchus mykiss (orange filled circle) were included
for the formulation Folpan. Species names are aligned in ascending
order from bottom to top on the same y-axis coordinate as their
respective LC50 value. Dashed lines represent parametric bootstrap
95% confidence intervals (1000 iterations) of native amphibian
species. Blue lines display all parametric bootstrap samples of native
amphibian species. White filled diamond marks the HC5 value for
native amphibian species

Table 2 Formulation LC50 values of studied amphibian species
and literature LC50 values of Oncorhynchus mykiss

Species Folpan LC50 [mg/L] Avaunt
LC50
[mg/L]
Bufo bufo 2.19 0.86
Bufotes viridis 1.18 262
Epidalea calamita 1.39 1.26
Hyla arborea 1.79 243
Pelobates fuscus 142 331
Pelophylax sp. 044 943
Rana dalmatina 2.02 2.26
Rana temporaria 0.60 2.50
Xenopus laevis 2.14 7.59
Oncorhynchus mykiss 0.256 7.0

HC5 of Folpan for European amphibians was determined
to be 0.52 mg Folpan/L.

Sensitivities towards Avaunt decreased in the order
Bufo bufo > Epidalea calamita>Rana dalmatina > Hyla
arborea= Rana temporaria= Bufotes viridis> Pelobates
fuscus>Xenopus laevis>Pelophylax sp. and ranged
from 0.86 to 9.43 mg Avaunt/L, thus revealing 11-fold
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Pelophylax sp.
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Rana temporaria
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Fig. 2 Species sensitivity distribution of Avaunt (15.84% a.i.
indoxacarb) calculated from European amphibian sensitivities
(red line). Black filled circles denote 96-h LC50 values of European
amphibian species. For better comparison, the determined 96-h
LC50 values of Xenopus laevis (yellow filled square) and the 96-h
LC50 literature value of Oncorhynchus mykiss (orange filled circle)
were included for the formulation Avaunt. Species names are
aligned in ascending order from bottom to top on the same y-axis
coordinate as their respective LC50 value. Dashed lines represent
parametric bootstrap 95% confidence intervals (1000 iterations) of
native amphibian species. Blue lines display all parametric bootstrap
samples of native amphibian species. White filled diamond marks the
HC5 value for native amphibian species

sensitivity differences (Fig. 2, Table 2). The SSD of Avaunt
revealed a HC5 of 0.83 mg Avaunt/L.

Comparison of European amphibians to O. mykiss and X.
laevis

Xenopus laevis was the second most tolerant species
towards Folpan with a nearly five times lower sensitiv-
ity than the most sensitive amphibian species Pelophylax
sp. O. mykiss showed the highest sensitivity towards Fol-
pan (0.256 mg Folpan/L) with a 1.8-fold higher sensitiv-
ity than Pelophylax sp. For the formulation Avaunt, X.
laevis was the second most tolerant amphibian species
with a nearly nine times lower sensitivity than the most
sensitive species B. bufo. The formulation LC50 of 7.0 mg
Avaunt/L for O. mykiss leads to the second lowest sensi-
tivity with an 8.1-fold lower sensitivity than the most sen-
sitive amphibian species B. bufo.

Discussion

Suitability of standard test species like O. mykiss and the
model amphibian species X. laevis as surrogate species
for European native amphibian species was questioned by
EFSA [27]. For interpretation of the results, it needs to be
taken into account that only one population of each spe-
cies was investigated, thus representing limited genetic
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variability. Moreover, individuals were collected from
natural ponds. Thus, exposure and adaptation to poten-
tially present pesticides cannot be excluded. Because B.
viridis embryos were collected from an agricultural pond,
tadpoles might have been less sensitive than individuals
from non-agricultural sites [11, 23]. As the water frog
species was not identifiable definitely, our study might
not cover sensitivity variations within the water frog spe-
cies complex. It further needs to be mentioned that E.
calamita was the only species tested in the feeding stage
GS25. However, sensitivity differences to earlier stages
are expected to be in the same range because R. tem-
poraria tadpoles in GS20 showed a LC50 of 1.01 mg/L
and tadpoles in GS25 a LC50 of 1.22 mg/L for a folpet
formulation [2]. Therefore, we expected sensitivity dif-
ferences between GS20 and GS25 for E. calamita to be
neglectable compared to differences to other species and
decided to consider the sensitivities of E. calamita in our
comparisons. However, as stage dependent toxicity such
as potential starvation stress might occur, the results for
E. calamita need to be considered with caution.

Our study shows that no general conclusion can be
drawn for amphibian sensitivity differences and the use
of surrogate species for all pesticide classes because
amphibian sensitivities varied between the tested pesti-
cides with 5- to 11-fold differences. The detected sensi-
tivity differences may be due to different modes of action
and physiological properties of the species because the
fungicide folpet acts as cell division inhibitor of many
microorganisms with a multi-site activity [4] whereas the
insecticide indoxacarb is a sodium channel blocker that
acts via contact and stomach action [4]. Interestingly, the
most sensitive species towards Folpan Pelophylax sp. was
the least sensitive species towards Avaunt. On the other
hand, B. bufo was the most sensitive species towards
Avaunt but the least sensitive species towards Folpan
indicating a complete reversal of these two species in
sensitivity. Also other studies found contrasting results.
Harris et al. [19] observed a lower sensitivity of B. ameri-
canus embryos towards the fungicide mancozeb than R.
pipiens embryos, but reverse results for the insecticide
endosulfan. These different results show that amphibian
sensitivity differences cannot be defined only by family or
pesticide class.

In the present study, X. laevis was five to nine times
more tolerant than the most native amphibian species.
In contrast to our results, comparisons of the sensi-
tivities of X. laevis to Pelophylax ridibundus revealed
X. laevis tadpoles to be more sensitive towards the
insecticide methidathion and the herbicide glyphosate
[18]. However, based on our findings, X. laevis can be
used as surrogate for acute risk assessments of Cen-
tral European aquatic amphibian stages when applying
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a minimum uncertainty factor of at least 9 that covers
higher sensitivities of the tested native species.

Sensitivity of O. mykiss towards Folpan seems to be
in the same range as for the tested amphibian species
thus indicating a suitable surrogate for aquatic stages
of European amphibian species. The LC50 of 7.0 mg
Avaunt/L for O. mykiss indicates an 8.1-fold lower sen-
sitivity than the most sensitive species B. bufo. Assum-
ing an aquatic tier 1 risk assessment, the recommended
uncertainty factor of 100 for fish acute toxicity tests
[15] leads to RACs of 2.56 x 10> mg Folpan/L and
0.07 mg Avaunt/L. These RACs would cover the sensi-
tivity of all tested amphibian species. They also cover
the determined HC5 values which are 200 and 12 times
higher than the determined RACs. Thus, consider-
ing the assessment factor of 100 which is used in the
tier 1 risk assessment, the assumption of Birge et al.
[7], Fryday und Thompson [16], and Weltje et al. [37]
that acute toxicity data of standard fish species (here O.
mykiss) are suitable to cover the sensitivity of aquatic
amphibian stages was confirmed for the investigated
European amphibian species in an early hatchling stage
for two current-use pesticides. It needs to be noted that
all tests were carried out under laboratory conditions
at stable temperatures of 21 °C. Temperature and other
environmental conditions are co-stressors which might
change the amphibian sensitivity [6, 25]. Additionally, it
remains unclear whether fish and amphibians are simi-
larly sensitive to formulation co-formulants [21, 22].
Especially terrestrial stages seem to be very sensitive
to co-formulants in formulations [3, 8] which might be
particularly toxic to the permeable skin of terrestrial
amphibians.

Conclusions

For the first time the present study assessed aquatic sen-
sitivity differences of Central European amphibian spe-
cies in comparison to standard test organisms such as
O. mykiss and X. laevis. The results of our study support
the notion of preceding reviews that acute toxicity data
generated using standard aquatic test species meet the
requirements for acute aquatic amphibian risk assess-
ment after the application of the assessment factor of
100. If aquatic amphibian testing will be required for pes-
ticide risk assessment nevertheless, test methods with
the model organism X. laevis considering the applica-
tion of a reliable uncertainty factor might be a promising
approach. Substantial research on interaction of tem-
perature and pesticide stress, formulation and terrestrial
toxicity is still necessary to derive standardized acute tox-
icity tests and a protective ERA for amphibians.
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