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Abstract: Designing a strategy based on toxicity evaluation to improve pesticide risk assessment
for terrestrial amphibians (TerAmphiTox)

Anthropogenic pollution is recognized as one of the major factors threatening amphibian
populations. Plant Protection Products (PPP) are among pollutants of major concern, despite of
which environmental risk assessment (ERA) conducted as part of the PPP authorization process
does not routinely consider risks to amphibians. Evidence has grown pointing that current ERA
protocols do not provide adequate protection to amphibians, in part because of the high
susceptibility of amphibians to dermal exposure to PPP. This is related to the high permeability
of amphibian tegument to diffusion of chemicals and to the variety of physiological functions
played by amphibian skin that could be affected because of direct exposure to PPP. To improve
the protectiveness of pesticide ERA to amphibians without requesting for in vivo testing, it is
necessary to consider effects of dermal exposures through a strategy supported by current
knowledge. This project aimed at increasing the knowledgebase of pesticide toxicity on
amphibian terrestrial stages to support the definition of a strategy for characterization of PPP
toxicity to amphibians exposed via dermal routes. We reviewed the information on the physico-
chemical properties of active substances that influence their toxicity to amphibians when
exposure happens through dermal contact. Then, we tested the toxicity on juvenile of an
amphibian frog model, Pelophylax perezi, via overspray and/or contact with treated soil of 16
PPP active substances, six formulations and two co-formulants. Significant mortality was caused
by three of the active substances (isoxaben, pirimicarb and lambda-cyhalothrin), as well as by
formulations containing tebuconazole and alpha-cypermethrin, which resulted more toxic than
their active ingredients alone. Histological analysis of skins revealed an epidermal thickening
caused by exposure to seven active substances, which in the case of alpha-cypermethrin
formulation was dose-dependent, and hyperplasia caused by an azoxystrobin-based
formulation. Amphibian sensitivity was compared to that shown by earthworms Eisenia andrei,
which were experimentally exposed to the same substances and concentrations as amphibians.
A correlation between sensitivity of amphibians and earthworms was found. The analysis of
potential coverage provided by current ERA schemes on amphibians was completed with the
evaluation of toxicological and physico-chemical properties explaining sensitivity shown by
amphibians tested in the present study. Whereas acute toxicity of PPP to terrestrial organisms
(mammals and bees) explained better the accumulation of pesticides in frog livers and skins,
amphibian toxicological sensitivity was associated with acute effects of PPP on Daphnia.
Regarding physico-chemical properties, more lipophilic substances showed higher potential to
compromise juvenile frog survival and growth. The results of the present project can support
regulatory decisions to prevent PPP impacts on amphibians because of dermal exposures and
contribute to the development of a test-free ERA for these animals. In particular, the combined
consideration of the results obtained here could serve to identify substances of high concern, on
which a special look regarding their risks to amphibians should be placed.

Kurzbeschreibung: Entwicklung einer auf Toxizitdtsbewertungen basierenden Strategie zur
Verbesserung der Risikobewertung von Pestiziden fiir terrestrische Amphibien

Anthropogene Umweltverschmutzung gilt als einer der Hauptfaktoren, die
Amphibienpopulationen bedrohen. Pflanzenschutzmittel (PSM) gelten als besonders
besorgniserregende Schadstoffe. Dennoch beriicksichtigt die im Rahmen des PSM-
Zulassungsprozesses durchgefiihrte Umweltrisikobewertung (ERA) die Risiken fiir Amphibien
nicht routinemafig. Es gibt jedoch immer mehr Hinweise darauf, dass die aktuellen
Risikobewertungsleitlinien Amphibien nicht ausreichend schiitzen. was auch an der hohen
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Anfalligkeit von Amphibien fiir eine dermale Exposition gegeniiber PSM liegt. Die
Amphibienhaut weist eine hohe Durchlassigkeit fiir Chemikalien durch Diffusion auf und hat
gleichzeitig verschiedene physiologische Funktionen. Diese konnen durch eine direkte
Exposition gegeniiber PPP beeintrachtigt werden. Damit Amphibien durch die Risikobewertung
fiir Pestizide wirksam geschiitzt werden kénnen, ohne in vivo-Tests zu verlangen, miissen die
Auswirkungen dermaler Exposition mithilfe einer von aktuellem Wissen gestiitzten Strategie
berticksichtigt werden konnen. Ziel dieses Projekts war es, die Wissensbasis zur Toxizitat von
Pestiziden gegeniiber terrestrischen Lebensstadien von Amphibien zu erweitern, um zur
Entwicklung einer Strategie zur Charakterisierung der Toxizitdt von PSM fiir Amphibien bei
Exposition iiber die Haut beizutragen. Dazu stellten wir Informationen zu physikochemischen
Eigenschaften von PSM-Wirkstoffen zusammen, die deren Toxizitat fiir Amphibien bei
Hautkontakt beeinflussen konnen. Anschlief3end testeten wir die Toxizitat von 16 Wirkstoffen,
sechs PSM-Formulierungen und zwei Beistoffen an Jungtieren der Modellspezies Pelophylax
perezi durch Uberspriihen und/oder Kontakt mit behandeltem Erdsubstrat. Drei der Wirkstoffe
(Isoxaben, Pirimicarb und Lambda-Cyhalothrin) verursachten eine signifikante Mortalitit,
ebenso die getesteten Formulierungen mit den Wirkstoffen Tebuconazol und Alpha-
Cypermethrin, die toxischer waren als ihre jeweiligen Wirkstoffe allein. Die histologische
Untersuchung der Haut zeigte Verdickungen der Epidermis durch die Einwirkung von sieben der
Wirkstoffe, die im Fall der Alpha-Cypermethrin-Formulierung dosisabhdngig waren, sowie eine
Hyperplasie hervorgerufen durch eine Azoxystrobin-haltige Formulierung. Die Empfindlichkeit
der Amphibien wurde mit der von Regenwiirmern der Art Eisenia andrei verglichen, die
experimentell den gleichen Substanzen und Konzentrationen wie Amphibien ausgesetzt wurden.
Es wurde eine Korrelation hinsichtlich der Empfindlichkeit zwischen den beiden Taxa
festgestellt. Die Analyse der Surrogat-Eignung verschiedener Organismengruppen wurde durch
eine Bewertung toxikologischer Eigenschaften ergianzt, die mit der Empfindlichkeit von
Amphibien korrelieren konnen. Wahrend die akute Toxizitdt von PSM fiir terrestrische
Organismen (Saugetiere und Bienen) die Anreicherung von Pestiziden in Froschlebern und -
hauten besser abbildete, korrelierte die toxikologische Empfindlichkeit der Amphibien mit den
akuten Auswirkungen von PSM-Wirkstoffen auf Daphnien. Hinsichtlich der physikochemischen
Eigenschaften zeigten lipophilere Substanzen ein héheres Potenzial, das Uberleben und
Wachstum juveniler Frosche zu beeintrachtigen. Die Ergebnisse des vorliegenden Projekts
konnen regulatorische Entscheidungen zur Vermeidung schadlicher Auswirkungen von PSM auf
Amphibien durch dermale Exposition unterstiitzen und zur Entwicklung einer Risikobewertung
fiir diese Tiere ohne zusatzliche Tierversuche beitragen. Insbesondere kénnte die Gesamtschau
der hier erzielten Ergebnisse dazu dienen, hinsichtlich ihrer Risiken fiir Amphibien besonders
besorgniserregende Stoffe zu identifizieren.
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3 Development of a test strategy

3.1 Amphibian model species

We used the Perez’s frog (Pelophylax perezi) as study model. This species belongs to the Ranidae
family, occupies the entire Iberian Peninsula and occurs also in southern France, being one of
the most common amphibian species within its geographical range (Egea-Serrano 2009), and
has a wide ecological range, appearing in all kinds of water bodies, either permanent or
temporal (Sanchez-Montes and Martinez-Solano 2011). Pelophylax perezi has a common
reproductive mode, with aquatic embryos and larvae, from which terrestrial juveniles emerge
after metamorphosis. It is closely linked to other European water frogs like the marsh frog
Pelophylax ridibundus (present from central France to Kazakhstan and from the Baltic Sea south
of the Gulf of Finland to the Balkans, minor Asia and south-eastern Iran) and the edible frog
Pelophylax Kl. esculentus (present from western France to Russia and from Estonia and Denmark
to northern Italy and north of the Balkans), which is in turn a hybrid of P. rididundus and the
pool frog Pelophylax lessonae (with a distribution similar to that of P. esculentus but reaching the
Gulf of Finland in northern Estonia and being absent from Denmark and northern Germany). All
these species form a hybridogenetic complex known as Pelophylax Kl. grafi (Crochet et al. 1995).
The study model, P. perezi, is therefore representative of a genetic lineage widely distributed
across Europe.

3.2 Selection of active substances

3.2.1 Elaboration of a pesticide database

The whole list of active substances included in the EU Pesticides Database! was downloaded on
September 7th 2020, containing 1429 records. The list was filtered as follows:

» Removal of the 940 substances that were not approved.
» Removal of the 15 substances that are not PPP.

» Removal of the 90 substances that are not registered as pesticides (i.e. attractants,
desiccants, elicitors, plant activators, plant growth regulators, repellents, safeners, soil
treatments and/or virus inoculation treatments).

» Removal of the 32 substances that, even if approved at EU level, were not authorized in any
Member State.

Out of the 352 remaining substances, 90 were not included in the Pesticides Properties Database
(PPDB) of the University of Hertfordshire (AERU 2020), which was the major source for physico-
chemical and toxicological properties that we included in our pesticide database. Despite this
source is not necessarily linked to data used for regulatory, it was preferred over evaluation of
each single assessment report because the access to information is quicker than in the reports.
Furthermore, data in the PPDB are labelled depending on the source they come from, hence it
was possible to filter only those values that were published by the European Commission or its
agencies as regulatory and evaluation data. When the value source was different from verified
data used for regulatory purposes, values were flagged as pending of confirmation. Those

L https://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/start/screen/active-substances
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flagged values were confirmed, revised or eliminated upon consultation of the corresponding
EFSA review report for the substance.

For the 262 substances that were in the PPDB, we collected information about the parameters
listed in Table 1. During the collection of data, we removed another 12 substances from which
almost no relevant information was available from any of the sources that we used. This left 250
substances finally considered for data analysis.

On top of these parameters, we collected information about three parameters not in the PPDB
list: the avian NOEC resulting from long-term exposure tests (collected from the EFSA review
reports), and the acceptable daily intake and the acceptable observed exposure level (collected
from the EU pesticides database). Those parameters for which information was missing relative
to more than 20% of the substances were excluded from the analysis (Table 1); which left the 23
physico-chemical or toxicological parameters considered for data analysis.

Besides data on these numerical physico-chemical and toxicological parameters, we collected
information about the use classes of each substance (herbicide, fungicide, insecticide,
rodenticide, bactericide, acaricide, nematicide, molluscicide), as stated in the EU pesticides
database.

Table 1: Reviewed physico-chemical and toxicological parameters

The list of reviewed physico-chemical and toxicological parameters includes the main sources from which
information was retrieved, and indication of whether they were included in the final data analyses.

Parameter description Units Comments Primary Included
source*

Molecular mass g/mol PPDB Yes

Solubility in water mg/| At 20°C PPDB Yes

Octanol-water partition At pH7, 20°C PPDB Yes

coefficient (Kow)

Dissociation constant (pKa) At 25°C PPDB Yes

Soil DTsp in the lab days In aerobic conditions at PPDB Yes
20°C

Soil degradation DT in the field days In aerobic conditions PPDB No

Dissipation rate RLsp on and in days PPDB No

plant matrix

DTso in water-sediment systems days PPDB Yes

for the whole system

DTso in water-sediment systems days PPDB Yes
for the water phase

Linear organic carbon partitioning PPDB No
coefficient in soil (Koc)

Freundlich organic carbon PPDB Yes
partitioning coefficient in soil
(Kfoc)
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euthanized 24 h later. The long-term test consisted of exposing 10-day-old juveniles, who were
euthanised 7 days later.

Both designs were identical in the treatments, replicate numbers and overspray protocol.
Animals were exposed to one of the following acetone or acetonitrile concentrations: 0
(controls), 0.5, 1, 1.5, 2.5 or 5 %. Each treatment was replicated three times. Spraying was
performed using the system described above. Juveniles were measured (snout-vent length, SVL,
measured only for the long-term test) and weighed right before overspray and again at the end
of the test, before euthanasia. Euthanasia was conducted by immersion in 6 g/1 solution of
tricaine methanesulfonate. A piece of the dorsal skin of all collected animals was extracted and
preserved in 10% formalin for fixation. After elimination of the water content by ethanol flux,
the skin pieces were embedded in paraffin, sliced using a microtome and stained using
haematoxylin and eosin. Preparations were observed under a 100x optical microscope with
objective immersion oil.

The LCso values and their respective confidence limits, at each 24 h exposure period, were
computed by adjusting a logistic model with three parameters to mortality data. Comparison of
larval biometric measurements (weight, total body length and inter-orbital distance) among
treatments was done using univariate analyses of the variance (ANOVAs) followed by the
multicomparison Dunnett’s test. In juvenile experiments, weight (for acute test) and body
condition (calculated as the residuals of the regression between SVL and body weight, for long-
term test) were compared among solvent concentrations using Generalized linear models
(GzLM) with the response variable adjusted to a gamma link function due to its lack of
normality.

3.5.1.2 Solvent toxicity to larval amphibians

Figure 1: Weight of Pelophylax perezi tadpoles after 96-hour exposure to seven
concentrations of acetone

Box plots show the mean (x), median (central line), 25th and 75th percentiles (bottom and top of boxes) and 1.5
interquartile range (bottom and top of line), white circles outside the boxes represent outliers. Asterisks (*)
represent treatments significantly different from controls (p < 0.05). Source: own illustration, [University of
Aveiro].

Exposure of tadpoles to 5% acetone caused 100% mortality. No mortality was observed in the
control and the other tested acetone concentrations, except for 2.5%, where 5% mortality
occurred. A significant reduction in body weight was observed for tadpoles exposed to 1.5, 2 and
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1% of acetone or acetonitrile. Although the preferred option was to use the same solvent for all
products, the difference between solubility in acetone or acetonitrile of some of the active
substances was so large that we were forced to adapt each test to the best possible solvent. In
addition, in some cases we found that the maximum solubility in a given solvent was reachable
only after a long time of mixing, which could have affected the concentration in the experimental
broths. For this reason, we were forced to add surfactants (i.e. Triton® at a concentration of 1%)
to improve the solubility of some of the tested substances. When relevant, a solvent or a solvent
+ surfactant control was included in the test design.

3.5.2 Experimental concentrations used in the toxicity assays

The application rate used as reference was determined from the approved uses of the tested
substances. We prioritized application rates that were relevant to winter cereals, vineyards or
maize crops. From the application instructions of formulations containing the selected active
ingredients, we confirmed that the broth application volume was always 4001 / ha (i.e. 40 ml /
m?2). The application rates, combined with the broth application volume, determined the
concentration of active substances that was necessary to prepare the solutions that would be
sprayed.

Despite the initial intention was to test always a highest level of 10xAR (for overspray
treatments), the broth concentration necessary to achieve this level was not possible for all the
treatments if limited to 1% solvent concentration. In these cases, the highest treatment level
corresponded to that what could be achieved after diluting the active substances with 1%
solvent. Details on the experimental concentrations of active substances used during the project
are shown in Table 6. IN addition, the expected maximum concentration to be achieved based on
the substance solubility in solvents was not possible; in those cases, and as explained above, the
surfactant Triton® was added to the mixture, and to the solvent control, at a concentration of
1%.

In the case of formulations, we used the same treatment levels as for their corresponding active
substances, even if in the case of formulations the level of 10xAR was always achievable;
however, since our intention was to compare the toxicity between the active substance and its
formulation, we maintained the same experimental concentrations. Finally, the co-formulants
were tested at the concentrations that would exist if the formulations containing these co-
formulants were applied at 0.1xXAR, 1xAR or 10xAR.

There were, however, some exceptions to this general pattern; solubility problems prevented us
from setting the highest overspray treatment levels of MCPA, isoxaben, lambda-cyhalothrin and
N,N-dimethyldecanamid, while product shortage forced us to limit the pendimethalin assay to
the application rate treatment only.
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Table 6: Calculations to determine the experimental treatments used for overspray experiments
Type Substance Model Application Spraying Water Solvent Solubility of Maximum Experimental
crop rate (g experimental | solubility of | needed the active application rate application
active concentration the active ingredient in | reachable with rates used?
ingredient / | (mg/l) needed | ingredient the solvent 1% solvent®
ha) for 10x AR? (mg/1) (mg/1)°
Active Metrafenone Vineyard 150 3750 0.492 Acetone + 403000 13.9x 0.1x 1x 10x
ingredients surfactant®
Oxathiapiprolin Vineyard 16 400 0.1844 Acetone 162800 40.7x 0.1x 1x 10x
Benzovindiflupyr Cereals 75 1875 0.98 Acetone 350000 18.7x 0.1x 1x 10x
Azoxystrobin Cereals 250 6250 6.7 Acetonitrile 340000 5.44x 0.1x 1x 5.44x
Tebuconazole Cereals 250 6250 36 Acetone >200000 >3.2x 0.1x 1x 3.2x
MCPA Cereals 700 17500 29390 Nonef - - 0.1x 1x
Fluazifop-p-butyl Cereals 250 6250 0.93 Acetone >1000000 >16x 0.1x 1x 10x
Isoxaben Cereals 57,95 1448,75 0.93 Acetone 270000 18.6x 0.1x 1x
Pendimethalin Cereals 1600 40000 0.33 Acetone >1000000 >2.5x 1x
Metsulfuron-methyl Cereals 6 150 483 None - - 0.1x 1x 10x
Mesotrione Maize 150 3750 1500 Acetone + 93300 2.49x 0.1x 1x 2.49x
surfactant®
Pirimicarb Cereals 100 2500 3100 None - - 0.1x 1x 10x
Acetamiprid Vineyard 75 1875 2950 None - - 0.1x 1x 10x
Flupyradifurone Vineyard 96 2400 3200 None - - 0.1x 1x 10x
Alpha-cypermethrin Cereals 15 375 0.004 Acetone >250000 >66.7x 0.1x 1x 10x
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4 Laboratory tests with amphibians

4.1 Material and methods

4.1.1 Animal collection and husbandry
Embryos of Pelophylax perezi were collected from three different places with no known history

of pesticide use in the vicinities, by the two consortium partners:

» An artificial pool at El Chaparrillo agri-environmental centre, Ciudad Real, Spain (39,003°N,
3,961°W).

» A pond at Santa Quiteria, Ciudad Real, Spain (39,263°N, 4,369°W).

» Alake at Quinta da Boavista located in Gafanha de Aquem, Aveiro, Portugal (40°35'48.8"N
8°41'43.4"W).

In all cases, embryos were collected at development stages G8-G10 (Gosner 1960). Embryos
were transported to the laboratories of the Institute of Game and Wildlife Research (IREC) in
Ciudad Real, Spain, or of the University of Aveiro (UA) in Aveiro, Portugal, in water from the
water bodies they were collected. Upon arrival, the embryos were carefully separated without
damaging their protective membrane and kept in FETAX medium (renewed every two days) at
constant temperature (23 = 1°C) and photoperiod (14h light: 10h dark). Animals were
maintained (Figure 7) until the emergence of the forelimbs (stage G42). Larvae from GS25 until
GS42 were fed six times per week with a mixture of commercial TetraMin flakes and Sera Micron
powder. The feeding amounts were adjusted to the growth of the animals, conveying
approximately 2% of the biomass at each feeding event.

Figure 7: Detail on the aquaria where tadpoles were grown (left) and containers with
emerging individuals completing their metamorphosis (right)

Source: own illustration, [IREC-CSIC].

At stage G42, animals were moved to new containers with an immersed and an emerged section
in order to facilitate metamorphosis (Figure 7), where they were maintained until the
termination of metamorphosis, when the tail was completely reabsorbed (stage G46). During
this period, no feed was provided to animals as they obtain their nutrients from the mobilization
of reserves accumulated in the tails.
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After GS46, juveniles were placed in individual containers with 100 ml of soil with 30% water
content (Figure 8). During the first 10 days post metamorphosis, juvenile frogs were fed four
times with 0.6-1 cm crickets that were previously spiked with vitamin and calcium powder.
After day 10 post-metamorphosis, once experimental trials began, frogs were fed three times
during the first week of experiment with eight crickets of 0.6-1.0 cm size; from day 7 post-
exposure to the end of the experiments, frogs were fed with three times per week with six
crickets of 1.0-1.5 cm size.

Figure 8: Containers used for juvenile frog housing and experiments

Source: own illustration, [IREC-CSIC].

4.1.2 Experimental exposure and sample collection

4.1.2.1 Set up of the spraying system

A spraying system was set up to control the spraying volume with the purpose of establishing a
spraying scenario consistent with what happens in the field. The system (Figure 9) consisted of a
12-volt pump with an aspiration hose connected to a container and an impulsion system with
three sections:

» A solenoid valve connected to a digital temporizer that controlled the impulsion time of the
pump.

» A t-valve for purging and emptying the system.
» A nozzle fixed to an anti-drop holder.

The whole system was fixed to a stainless-steel structure in order to keep a stable distance
between the nozzle and the floor. Considering the target volume that we wanted to spray per
surface area unit (i.e. 4001 / ha, or 40 ml / m2), three variables were monitored to set up the
system:

> Nozzle type. We tested two types of full-cone nozzles, varying in the caudal they spray for a
given pressure. The tested nozzles corresponded to the green (lower caudal) and yellow
(higher caudal) colours according to the ISO 110 system.

» Pump impulsion time. This variable was controlled with the solenoid valve; the temporizer
allowed for a range of impulsion times from 0.1 to 99 seconds.
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» Distance from the nozzle to the floor, where items to be subject to overspray are placed. The
maximum distance that did not cause the spraying cone to lose uniformity was checked to be
approximately 50 cm. Taking this into account, several options for nozzle height were tested.

After combining these three parameters, we confirmed that the combination resulting in the
most accurate spraying volume relative to the target was that consisting of the yellow nozzle, an
impulsion time of 0.2 seconds and a nozzle height of 35 cm.

Spraying volume at each single flush was measured by placing 9-mm petri dishes with behind
the nozzle, and then measuring the volume within the dish by collecting the broth with a micro-
pipette. Assuming a petri dish surface of 63.6 cm? the expected volume to be picked up for a
spraying ratio of 40 ml / m2 was 0.2544 ml. The mean#SD collected volume in the different
spraying simulations (N=16) was 0.2591+0.0298 ml.

Figure 9: Spraying system

Source: own illustration, [IREC-CSIC].

;/ Aspiraﬁon

4.1.2.2 Chemicals

Active ingredients (Dr. Ehrenstorfer, purity = 97.34%) were purchased from LGC Standards Ltd
(Luckenwalde, Germany). Vivando, Quadris, Folicur 25EW, Fusilade Max and Sivanto Prime were
purchased at Agricoal Primer SL (Totana, Murcia, Spain) as Plant Protection Products registered
for marketing in Spain. Fasthrin 10 EC was purchased at Mimagro Digital (Cova da Beira,
Portugal) as a Plant Protection Product registered for marketing in Portugal. Solvent naphtha
(Molekula Group, CAS: 64742-94-5) was purchased from ChemoSapiens S.L. (A Coruna, Spain)
and N,N-dimethyldecanamid (Sigma-Aldrich, CDS001534) was purchased from Chemicalnor Lda
(Valongo, Portugal).

4.1.2.3 Exposure of juvenile amphibians to pesticides

We used a pseudo-factorial design to consider both exposure scenarios (overspray and soil
contact). This design allowed for testing not only the effects associated with each exposure type
separately, but also the effects resulting from the combination of overspray and further soil
contact (Table 7). As mentioned above, for the overspray assays we established three treatment
levels consisting of the application rate of the substance (1xAR) plus two treatments resulting
from multiplying and dividing such application rate by a factor of ten (i.e. 0.1xAR, 10xAR),
although, as explained in section 3.5.2, the highest treatment was modified in some cases
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because of the solubility of the pesticides (Table 6). For soil contact, we considered a unique
treatment level consisting of the application rate (1xAR) of the tested substances, which was
tested alone or in combination with the 1xAR via overspray. This design allowed for replicating a
realistic worst-case scenario in which the application rate of the pesticide is sprayed onto the
animal and onto the soil on which the animal would stay afterwards.

Table 7: Amphibian experimental set-up
Overspray
No pesticide | Solvent 1%
(negative (solvent 0.1xAR 1xAR 10xAR*
control) control)
Soil No pesticide | 10 replicates | 5 replicates | 5 replicates | 5 replicates | 5 replicates
contact 1xAR 5 replicates - 5 replicates -

*Modified for some substances depending on their solubility, see detail in Table 6.

Both the negative and solvent controls were, for some of the experiments that were run
simultaneously in the same laboratory, shared, in order to minimize the number of animals to be
used. Each replicate consisted of a single container with two P. perezi juveniles inside, given that
the dimensions of the containers were appropriate to house two small-sized individuals
according to the specifications of the Directive 2010/63/EU.

Overspray was be conducted on frogs ten days after the end of their metamorphosis. This time
allowed us for checking that animals were feeding and growing without apparent problems, thus
minimizing the risk for confounding effects due to impoverished condition or health of the
analysed individuals. Frogs were placed on Petri dishes within a 2 x 2 m area outdoors, which
was sprayed with the corresponding treatment using the automatic spraying system described
in section 4.1.2.1. Negative control frogs were be sprayed with FETAX medium, while solvent
control animals were sprayed with a 1% dilution of the relevant solvent in FETAX medium.
Frogs were collected from the dishes immediately after overspray and placed in individual
containers of the same characteristics as those where they had been housed since
metamorphosis (Figure 8). Previously to the inclusion of the treated (or control) frogs,
containers were filled with a 1-cm deep layer of pesticide-free LUFA standard soil 2.2 containing,
previously moistened by spraying FETAX medium onto it to reach a 10% of water content. The
organic carbon content of this soil (1.82 + 0.483), and the 90% humidity of the chambers where
the experiments were carried out ensured that animals would maintain an appropriate
moisture. For the soil contact scenario, containers with a 1-cm-deep layer of LUFA standard soil
2.2 with a 10% added water were placed within a 2 x 2 m area outdoors, which was then
sprayed with the corresponding treatment. Frogs were then placed on the treated soils right
after pesticide application. Soil samples (1 g) were collected right after pesticide application and
two more times on days 1 and 7 after pesticide application to analyse residue levels in soils.
Also, during each pesticide trial, a subsample of the overspray product was collected to confirm
pesticide concentrations. The methodology used to perform these analyses is explained in
section 4.1.4. The samples collected from the experiments conducted with MCPA, mesotrione,
acetamiprid and alpha-cypermethrin (both the active ingredient and the formulation Fasthirn 10

3 https://www.lufa-speyer.de/images/stories/V7_Analyses_Datashet _for_Standard_Soils_30.01.2024Formular.pdf
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EC) could not be analysed because of sample lost.

One of the frogs from each container was be maintained there for seven days after pesticide

application, while the second frog was be kept in the container for additional 14 days (i.e. total
21 days), in order to monitor effects of slow-acting substances.

4.1.2.4

All animals were weighed and its SVL. measured at the beginning of the experiments, right before

Measures and sample collection

exposure. The experiments were conducted in seven batches, four at UA lab and three at IREC
lab. Initial measures were summarized per experimental batch (Table 8).

Table 8: Weight and snout-vent length (SVL) of juvenile forgs from each batch at the
beginning of the experiments
Laboratory Batch Year Initial weigh Initial SVL Substances tested
tested (mg, mean % (mm, mean +
SD) SD)
IREC 1st 2021 729.2 £199.7 18.13+1.51 Metsulfuron-methyl*
Alpha-cypermethrin
Quadris
Folicur 25 EW*
Fasthrin 10 EC
2nd 2021 1927 +374.1 2430+1.51 Azoxystrobin
Tebuconazole
Metsulfuron-methyl*
Folicur 25 EW*
3rd 2022 937.1+263.8 19.32+1.62 Metrafenone
Oxathiapiprolin
Benzovindiflupyr
Flupyradifurone
Vivando
Sivanto Prime
UA 4th 2021 357.9+180.3 14.15+2.29 Pirimicarb
Acetamiprid
Folicur 25 EW*
5th 2021 440.1+£128.2 14.08 £ 1.14 Pendimethalin
Metsulfuron-methyl*
Mesotrione
6t 2022 293.1+68.63 14.79 £ 1.22 MCPA
Isoxaben
7t 2023 345.4+74.51 15.74+1.30 Fluazifop-p-butyl

*Included in more than one batch
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On day 7 after treatment, one of the animals per replicate was removed from the container,
while the other one was kept until day 21 after treatment. Individual survival was monitored
daily. Animals removed from the containers, either on day 7 or 21, were measured and weighed
(SVL), and their body condition was calculated from body mass and SVL measurements
according to the scaled mass index (Peig and Green 2009).

After measuring, animals were euthanised by immersion in a 6 g/1 solution of tricaine
methanesulfonate whose pH was neutralized with 2N sodium hydroxide. For the animals
removed on day 7 of experiments, a section consisting of the posterior part of the mid-trunk and
hind limbs was separated and fixed by immersion in 10% neutral buffered formalin (pH 7.0) for
further histopathological analysis. From the rest of the trunk, fresh pieces of skin and liver were
separated and stored at -80°C for further pesticide residue analysis.

Total food intake was recorded by annotating the number of eaten crickets and a daily food
intake rate (FIR) was calculated. While there were two frogs in the containers, the FIR was
calculated assuming that both animals had ingested the same number of crickets.

4.1.3 Histological analysis

Histological analyses were conducted on animals removed on day 7 of experiment and coming
from overspray or control treatments. Samples separated for histology were maintained in 10%
neutral buffered formalin for 24 hours at room temperature. To facilitate subsequent processing
steps, the body was further sectioned along the pelvic region, ensuring the legs remained
attached to the trunk to prevent detachment of the skin from underlying tissues. The sectioned
tissues were placed in labelled histology cassettes, which were immersed in 5% nitric acid for 2
hours to decalcify bones and soften the tissue for easier sectioning. Following decalcification, the
cassettes were transferred back into 10% formalin and stored for at least 12 hours to ensure
proper fixation before processing. The decalcified tissues were dehydrated and cleared in an
automated tissue processor (STP 120, Myr), programmed to run overnight (~12 hours).
Dehydration was achieved through immersion in a graded ethanol series (70%, 80%, 95%, and
100%), followed by clearing with xylene to facilitate paraffin infiltration. The tissues were
subsequently infiltrated with molten paraffin under vacuum at 60°C to prepare them for
embedding.

The paraffin-infiltrated tissues were embedded in paraffin blocks using a tissue embedding
system (EC 350-1, Myr), ensuring correct orientation to obtain transverse sections that included
the chosen anatomical region of reference, which was the region where ileum and caudal
vertebrae or sacrum-urostyle are encountered (Figure 10). In this region the skin is tightly
anchored to the underlining muscles, permitting a better quality of the sectioning. Moreover, the
standardized sectioning of this region allows for minimizing biases in the downstream analysis.
Histological pictures from this region should contain the dorsal plicae and the abovementioned
bony structures, as well as a prominent pair of enlarged subcutaneous lymphatic spaces,
dorsally on either side of the urostyle, as usual in many terrestrial anurans (Wright and
Whitaker 2001).

The blocks were allowed to cool, after which they were removed from the moulds. If necessary,
blocks that were improperly oriented or defective were remelted and re-embedded. Cold
paraffin blocks were chilled on ice prior to sectioning. Chilling allowed for the sectioning of
thinner, high-quality tissue slices, providing better support for harder tissue elements. After
securing the microtome blade with a clearance angle of 2 to 4°, the paraffin blocks were trimmed
to a depth of 10-30 pm using an old blade. Sections of 5 um thickness were cut from the
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trimmed blocks and floated on a 40°C water bath containing distilled water. The sections were
carefully transferred to glass slides using a brush and allowed to air dry briefly. The slides were
then placed in an oven at 37°C and left to dry overnight.

Histological examination was performed using a light microscope (ECLIPSE Ci, Nikon), focusing
on the identification and characterization of the epidermis, dermis, glands, and associated
structures. The analysis focused on dorso-lateral plicae because epidermis, dermis and glands
are always identified in this structure (Figure 11). This choice permitted to standardize the
region of interest (ROI) to be evaluated. The selected ROI allows for the evaluation of epidermis,
dermis, glands and any existing inflammatory reactions (e.g. extravasated leukocytes and
pigmented melanomacrophages).

Photographs of the ROI were captured for imaging analysis using a microscope-mounted camera
(DS-Ri1, Nikon), providing detailed images for histological assessment. The microphotographs
were all captured at the magnification of 10x, trying to maintain the same light conditions.

Figure 10: Anatomical region of reference identified to design a standardized histological
analysis for overspray exposures

Left: Reference region highlighted on the anuran skeletal system, consisting of ileum, sacral vertebrae and
urostyle (image from https://quizlet.com/). Right: Microphotographs of the histological region of reference.
lleum and caudal vertebrae or sacrum-urostyle with dorso-lateral plicae must be present in the section to
analyse. Source: own illustration, [IREC-CSIC].

63



TEXTE Designing a strategy based on toxicity evaluation to improve pesticide risk assessment for terrestrial amphibians
(TerAmphiTox)

Figure 11: The dorso-lateral plicae at level of the anatomical region of reference

Left: Microphotographs of the anatomical region of reference highlighting a dorso-lateral plica. Right: Types of
glands found in the dorsolateral plica and stained with Periodic acid—Schiff (PAS) and Alcian Blue (AB); MG I:
mucous glands type I; MG Il: mucous glands type Il; SG: serous glands. Source: own illustration, [IREC-CSIC].

PAS AB
<,}§\ :\\
Mol SIS AL YR
Wy PSS
A
3 _
MGIl e s
o N R

sc (4

-
oo R

Epidermis was used to perform digital image analysis with QuPath v.0.5.1 software (Bankhead
et al. 2017). The pixel size was identical for all images and was transformed to micrometers by
setting the pixel size from a known bar of 100 um. The annotation of epidermis was performed
manually, utilizing both the wand and brush tools to define ROI on the tissue sections.
Annotations of skin gland necks were specifically omitted from the epidermal ROI to ensure that
only epidermal tissue was included in the subsequent analysis. Care was taken to avoid any
artifacts, such as folds or out-of-focus tissue. The operator was blinded by using mask image
name function in QuPath. The ROI were classified as Region* to be later analysed in batch
through script-based workflows. The variability in light exposure and staining intensity across
the images presented challenges for consistent cell detection. To address this, two cell detection
methods were designed to operate independently of variations in haematoxylin staining and
light intensity, allowing for more robust cell identification despite the heterogeneity in image
quality. The two cell analysis methods used in this study were based on automated detection
processes: (i) QuPath built-in Watershed Cell Detection, and (ii) a machine-learning-based
approach using the StarDist plugin. Each of these methods was implemented through script-
based workflows designed for consistent and accurate identification of cells within annotated
epidermal regions. The set parameters were optimized based on visual inspection of cell
detection in several sample slides.

The first cell analysis method utilized QuPath’s built-in Watershed Cell Detection. In this method,
cells were detected by running a plugin script that applied watershed segmentation to separate
individual cells based on their optical density. The script parameters were customized to fine-
tune the detection: the pixel size was set to 0.5 um to ensure adequate resolution, and a
background radius of 13 pm was defined to enhance contrast between cells and their
surroundings. Additionally, a median filter (1.1 um) was applied to smooth the image and reduce
noise, while Gaussian blurring (o = 1.5 pm) further improved segmentation accuracy. The cells’
minimum and maximum size limits were set at 10 and 100 pm?, respectively, to filter out debris
and large artifacts.
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The second cell analysis method employed the StarDist deep-learning-based plugin for cell
detection (Schmidt et al. 2018), which was specifically tailored for nuclear segmentation in
histological images, such as those stained with haematoxylin and eosin. The model used for this
detection was trained on images of similar tissue types and included a custom neural network
model (he_heavy_augment.pb), which was preloaded into QuPath. The StarDist algorithm
normalized the input images by adjusting the pixel intensity between the 1st and 99t percentiles
to reduce the impact of outliers in staining intensity. The detection threshold was set at 0.45,
meaning that only regions with a high probability of representing nuclei were segmented. The
pixel size was adjusted to 0.4 um. This method was computationally more advanced than the
watershed-based detection one, relying on neural network inference to handle more complex
cell shapes and overlapping structures.

Both methods were applied within the predefined annotated ROI (Region* - see Scripts in
Appendix B). To ensure accuracy, each image's cell count was validated by visualization.
Typically, both QuPath’s built-in Watershed Cell Detection and StarDist methods produced
similar results, and in these cases, the final cell count was determined as the arithmetic mean of
both automated methods. However, if one method significantly outperformed the other in terms
of accuracy (based on visual inspection), the result from the better-performing method was used
as the final count. For a small subset of annotations where neither automated method produced
reliable results, manual cell counting was the only method used, and this count was considered
the final cell count for that region.

Two indices were calculated based on the annotated epidermal regions and their associated cell
counts:

» Epidermal Index 1 (EI1) reflects histological abnormalities that affect cell size, cell number
or overall cellular density in a certain area. This index might be affected by atrophy,
hyperplasia, hypertrophy, vacuolization, or intracellular oedema/spongiosis, which alter the
overall area occupied by cells. Furthermore, it might be influenced by changes in the
epidermal area, leading to variations in cellular density. Increases in EI1 indicate a larger
average area per cell or reduced cellular density, suggesting either an increase in cellular
size or a reduction in cell numbers. In contrast, decreases in EI1 indicate a smaller average
area per cell or a higher cellular density, suggesting an increase in the number of cells or a
decrease in cell size.

Bl = Area of annotation (um?)

Number of nuclei detected (nr)

» Epidermal Index 2 (EI2) serves as an approximation of epidermal thickness and reflects
morphological changes affecting epidermal structure and shape regularity. It can capture
morphological changes that alter the epidermal structure, such as tissue thickening and
surface irregularities (e.g., indented or folded margins). Increases in EI2 indicate greater
epidermal thickness and/or a more compact or regular shape. Conversely, decreases in EI2
suggest a thinner and/or more irregular epidermal structure (surface irregularities that
disproportionately increase the perimeter relative to area).

B2 — Area of annotation (um?)
"~ Perimeter of annotation (um)/2

4.1.4 Pesticide residue analysis

Pesticide residue analyses were conducted on soils samples of those experiments in which
pesticides were applied to soils, with the exception of lambda-cyhalothrin, for which no soil
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sample was stored. In addition, liver and skin samples of frogs exposed as part of these
experiments (including that with lambda-cyhalothrin) were also analysed for the presence of
pesticide residues. Also, and as explained in section 4.1.2.3, sprayed broth levels were confirmed
for all tested pesticides except MCPA, mesotrione, acetamiprid and alpha-cypermethrin, whose
samples were lost during storage. Pesticide concentrations were determined using liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) with the exception of
lambda-cyhalothrin, which was determined using gas chromatography coupled to tandem mass
spectrometry (GC-MS/MS).

41.4.1 Sample extraction

Frog sections that were stored for pesticide residue analysis were unfrozen and placed under a
magnifying glass to be dissected and collect at least 10 mg skin and liver pieces. Skin and liver
pieces were weighed inside 1.5 ml vials and spun down from the walls of these vials using a
Quickspin Mini Centrifuge. The average (SD) weight of collected samples was 97.1+57.9 mg of
skin and 66.1+55.1 mg of liver.

For liquid chromatography analyses, 150 pl of acetonitrile and 30 pl of water were added to each
sample vial, along with 20 pl of a mixture of deuterated Tebuconazole-d9 and Thiametoxam-d3
(both at a concentration of 0.05 pg/ml in acetonitrile), which were used as internal standards.
Then, two steel balls were added to the vials and to grind and homogenize samples using a ball
mixer mill (Retsch MM301, Haan, Germany) for 1 minute, followed by 5 minutes of sonication.
The liquid phases were recovered after centrifugation for 10 minutes at 10000 rcf and 4°C and
transferred to amber glass vials with inserts to be injected into the liquid chromatograph.

Levels of pesticide residues in soil samples from the experimental assays were extracted using
similar protocols as frog tissue samples. The soil sample weights were approximately 250 mg,
and the extraction solvent volumes were adjusted proportionally to the amount of sample. Final
extracts were diluted 1:100 in acetonitrile before injection.

For gas chromatography analyses, the tissue samples were placed in a glass tissue homogenizer
with 275 ul of ethyl acetate and 25 pl of triphenyl phosphate at a concentration of 100 mg/l in
acetone, the latter being used as internal standard. Samples were ground for 2 minutes and
filtered using glass wool and sodium sulphate anhydrous into amber vials with inserts to be
injected into the gas chromatograph.

Sprayed broths were diluted in MilliQ-grade water to achieve a theoretical concentration of 0.5
ng/ul. The diluted samples were transferred to amber glass vials and directly analysed by liquid
chromatography.

4.1.4.2 Quantification and quality controls

All pesticides but lambda-cyhalothrin were determined using LC-MS/MS with an Agilent UHPLC
Serie 1290 Infinity II coupled to a triple quadrupole mass spectrometer (Agilent 6470 LC/TQ).
Separation was performed using a Zorbax Eclipse-Plus-C18 column (2.1 x 50 mm, 1.8 um).
Selected chromatographic conditions included a flow of 0.250 ml/min, and a column
temperature of 40°C. Elution was performed with (A) H20 and (B) methanol 2mM, pH 7.6 + 0.1%
formic acid. Initial conditions were 95% A and 5% B for 1 min, followed by gradual changes to
reach 80% A and 20% B at minute 2, 60% A and 40% B at minute 4, 15% A and 85% B at minute
12, 100% B at minute 15, back to the initial conditions at minute 22 and maintenance of initial
conditions until minute 25. Injection volume was 1 pL and vials were kept at 4°C in the
autosampler. Calibration standards and samples were analyzed using dynamic multiple reaction
monitoring in positive mode, using one transition for detection and at least two additional
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4.1.5 Data analysis

Cumulative survival during the 21 days following exposure was analysed using Kaplan-Meier
survival analysis. Differences in cumulative survival among pairs of treatments were analysed
using Log-Rank tests. In addition, individual survival differences among treatments on either
day 7 or day 21 post exposure were analysed using GzLM using binomial distributions of the
dependent variable. Body conditions on days 7 or 21 were analysed also with GzLM using
continuous distributions of the dependent variables. Prior to analyses, normality of body
condition variables was checked and those variables not fitting to a normal distribution were
adjusted to a gamma distribution with logarithmic link for GzLM.

Both survival and body condition models included the pesticide treatment as fixed factor. In
addition, for pesticides that were tested using individuals from different batches, the interaction
of pesticide treatment with the batch of origin of the animals was included as an additional
factor in the models. For body condition analysis, the body condition at the beginning of the
experiment and the FIR were added as covariates to the models (although FIR was not
considered in the analysis of experiments conducted during 2023 because it was similar for all
frogs from those experiments). Then the interactions initial body condition*treatment and initial
body condition*FIR*treatment were added to the models. All models initially incorporated all
the considered terms (i.e. factors, covariates and interactions). Then, a model selection was
performed by removing those factors or covariates providing non-significant effects or
interactions, except for pesticide treatment that always remained in the models. The final model
selection was performed based on the lowest Akaike’s Information Criterion value. Specific
differences among treatments were confirmed using pairwise comparison through the Least
Significant Difference method.

Histological data from the same active ingredient were included in a single analysis, regardless
of whether they came from exposure to the active ingredient or the formulation. As no
significant differences between control batches were observed in EI1 or EI2, controls were
pooled for the statistical analysis of histological data. EI1 and EI2 data were checked for
normality using Kolmogorov-Smirnov tests. For each active ingredient (co-formulants were not
analysed for histopathology), the effects of the overspray treatment on either EI1 or EI2 were
checked using GzLM with the response variables (epidermal indices) adjusted to a linear (if
normal) or a gamma (if non-normal distribution). Specific treatments among which histological
differences existed were checked through the comparison of GzLM’s marginal means using the
Least Significant Difference procedure.

For body residue analysis, samples with concentrations below the limit of detection were
assigned a value equal to half the limit of detection for the corresponding pesticide. Pesticide
levels were log-transformed and used as dependent variable in a GzLM whose fixed factors
included sampling day (day 7 or day 21), tissue (liver or skin) and treatment. In addition, for
those substances that were tested as active ingredient or as formulation, the presentation
format (active ingredient or formulation) was also included as a factor in the GzLM. The GzLM
was run using the factorial approach, with all individual terms and interactions being included in
the analysis.
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4.2 Results

4.2.1 Apical endpoints

Detailed descriptive results for sublethal effects (i.e. body condition and FIR) as well as best-
fitted GzLM to explain the effects of pesticide treatments on P. perezi body condition on days 7
and 21 after treatment are shown in Appendix C.

4.2.1.1 Active ingredients tested by overspray only

The active ingredients tested by overspray only (excluded those that were included in the
comparisons with their formulations) were oxathiapiprolin, MCPA, metsulfuron-methyl,
mesotrione, pirimicarb and acetamiprid.

42.1.1.1 Oxathiapiprolin

Oxathiapiprolin experiment was conditioned by a high mortality among both negative and
solvent controls (40%) that happened from day 12 post-exposure onwards. Despite of this
effect, the mortality caused by the pesticide treatments was higher than of non-exposed animals
(Figure 12), although the differences among treatment levels were not significant (model for
survival on day 21: Wald’s X2=2.107, 4 d.f,, p=0.716).

A reduction in body condition of frogs exposed to the two highest oxathiapiprolin levels, as well
as to acetone control, was noted relative to negative control frogs on day 7 (Figure 13). By
contrast, on day 21 the body condition of frogs exposed to the recommended application rate of
the pesticide was higher than that of frogs exposed to the rest of the treatments. This would
suggest that mortality of exposed frogs occurring during the second part of the experiment
would have affected mostly the smaller individuals. The differences in body condition on day 7
were explained by the body condition at the beginning of the experiment, while those on day 21
were explained by the food intake rate (Appendix C.2).

Figure 12: Cumulative survival of Pelophylax perezi juveniles exposed to oxathiapiprolin

Source: own illustration, [IREC-CSIC].
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Figure 13: Body condition of Pelophylax perezi juveniles exposed to oxathiapiprolin on days 7
(top) and 21 (bottom) after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.1.2 MCPA

Exposure to MCPA did not affect survivorship of animals, despite an increase of mortality
associated with the solvent control (Figure 14). The herbicide caused no effects on body
condition.

Figure 14: Cumulative survival of Pelophylax perezi juveniles exposed to MCPA

Source: own illustration, [IREC-CSIC].
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4.2.1.1.3 Metsulfuron-methyl

Metsulfuron-methyl was tested at both laboratories. No significant lethal effects were observed

in any case (p = 0.414), despite the increased cumulative mortality recorded at both laboratories
in animals exposed to the 10x AR treatment (Figure 15).

Frogs exposed to metsulfuron-methyl showed increased body condition relative to the initial
values when compared with controls. On day 7, this was especially evident for frogs exposed to
10x AR at UA (Figure 16) and those exposed to 1x AR at IREC, although the lowest overspray
treatment also increased body condition among frogs treated at IREC (Figure 17). The selected
models show an interaction of body condition at the beginning of the experiment and food
intake rate in determining treatment effects on body condition on day 7 at IREC, while at UA an
interaction between treatment and initial body condition was observed (Appendix C.2). On day
21, body condition could not be analysed in the IREC experiment due to low sample size of some
treatments, whereas at UA no differences among treatments were observed.

Figure 15: Cumulative survival of Pelophylax perezi juveniles exposed to metsulfuron-methyl
at both laboratories

Source: own illustration, [IREC-CSIC].
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Figure 16: Body condition of Pelophylax perezi juveniles exposed to metsulfuron-methyl at UA
lab on day 7 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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Figure 17: Body condition of Pelophylax perezi juveniles exposed to metsulfuron-methyl at

IREC lab on day 7 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.1.4 Mesotrione

Mesotrione caused no significant lethal effects to frogs (Figure 18) but reduced their body
condition on day 7 (Figure 19). The selected model included a significant interaction with the
body condition at the beginning of the trials (Appendix C.2). Exposure to any of the tested
concentrations reduced body condition of frogs at day 7 compared to controls, among which the
solvent one (mixture of acetone and Triton®,) resulted in an increased body condition as
compared to the negative control 7 days after overspray. On day 21, no differences among
treatments were noticed in body condition of frogs (Figure 19).
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Figure 18: Cumulative survival of Pelophylax perezi juveniles exposed to mesotrione

Source: own illustration, [IREC-CSIC].
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Figure 19: Body condition of Pelophylax perezi juveniles exposed to mesotrione on day 7 after

treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.1.5 Pirimicarb

A reduction of cumulative survival was detected in frogs treated with pirimicarb via overspray
(Figure 20), although this effect was statistically significant only at the treatment corresponding
to 1x AR (X2=5.055; p=0.025). The highest application dose (10x AR), even if also reduced
survival, did not cause such a significant effect (X2=1.184; p=0.277). The GzLMs confirmed that
lethal effect of pirimicarb happened on day 7 (Wald’s X2=9.920, 3 d.f., p=0.027), but not on day
21 (Wald’s X2=3.097, 3 d.f,, p=0.377).

Body condition on day 7 was higher among frogs exposed to 0.1x AR than for any other
treatment (Figure 21). On day 21, body condition compared to controls was higher in frogs
exposed to 10x AR and lower in frogs exposed to 1x AR (Figure 21). The selected models
revealed a significant influence of the initial body condition in the effect of treatments on body
condition measured on both day 7 and day 21. In addition, on day 21, a significant interaction
with the food intake rate was also observed (Appendix C.2).
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Figure 20: Cumulative survival of Pelophylax perezi juveniles exposed to pirimicarb

Source: own illustration, [IREC-CSIC].
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Figure 21: Body condition of Pelophylax perezi juveniles exposed to pirimicarb on days 7 and

21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis (lower case for day 7 data, caps for day 21 data). Source: own illustration, [IREC-
csicy.
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4.2.1.1.6 Acetamiprid
Acetamiprid caused no lethal effects (Figure 22) or affected body condition of the exposed frogs.

Only a marginally significant reduction of the cumulative survival was noticed among
individuals exposed to the 0.1x AR treatment (X2=2.8; p=0.094).
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Figure 22: Cumulative survival of Pelophylax perezi juveniles exposed to acetamiprid

Source: own illustration, [IREC-CSIC].
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4.2.1.2 Active ingredients tested by overspray and contact with contaminated substrate

The active ingredients tested by overspray only (excluded those that were included in the
comparisons with their formulations) were benzovindiflupyr, isoxaben, pendimethalin and
lambda-cyhalothrin.

4.2.1.2.1 Benzovindiflupyr

Benzovindiflupyr caused no significant effects on survival (Figure 23). Body condition on day 7
was affected by the interaction between the treatment and the initial body condition, but not by
the treatment itself (Appendix C.2). On day 21, however, we observed an effect of the treatment
alone, and in interaction with the initial body condition and with the food intake rate, on frogs’
body condition (Appendix C.2). Body condition of exposed animals was increased at all
treatments relative to both negative and solvent controls (Figure 24).

Figure 23: Cumulative survival of Pelophylax perezi juveniles exposed to benzovindiflupyr

Source: own illustration, [IREC-CSIC].
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Figure 24: Body condition of Pelophylax perezi juveniles exposed to benzovindiflupyr on day
21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.2.2 Isoxaben

The combined exposure through soil and especially the combination of overspray and soil
contact routes caused a significant increase of mortality compared to controls (Figure 25).
Although the GzLM was not significant overall (Wald’s X2=2.495, 5 d.f,, p=0.777), pairwise
comparisons showed significant different of these treatments compared to controls on days 21

(for exposure through contact soil only, p=0.014) and 7 (for the combination of exposure routes,
p=0.010).

Model's marginal means

Significant models for isoxaben effects on body condition were found on days 7 and 21 after
exposure (Appendix C.2). Body condition of animals exposed to isoxaben through contact with
treated soils or via overspray with the application rate was significantly higher than for control
frogs on day 7 of the experiment. On day 21, increased body condition was observed for frogs
exposed to the lowest overspray treatment (Figure 26).

Figure 25: Cumulative survival of Pelophylax perezi juveniles exposed to isoxaben

Source: own illustration, [IREC-CSIC].
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Figure 26: Body condition of Pelophylax perezi juveniles exposed to isoxaben on days 7 and 21
after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.23 Pendimethalin

Pendimethalin caused no significant effects on survival (Figure 27). Body condition on day 7 was
reduced in individuals exposed through soil contact, both at the soil only and at the
soil+overspray treatments (Figure 28). This effect was significant when comparing treatments
with the negative control, but not when comparing them with the solvent control. The selected
model revealed that the treatment effect was significant only when the interaction with initial
body condition and food intake rate was considered (Appendix C.2). Body condition on day 21
was reduced at the same two treatments as above, but also lower at the solvent treatment
respect the negative control (Figure 28). The selected model in that case also included a
significant effect of the treatment alone (Appendix C.2).

Figure 27: Cumulative survival of Pelophylax perezi juveniles exposed to pendimethalin
Source: own illustration, [IREC-CSIC].
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Figure 28: Body condition of Pelophylax perezi juveniles exposed to pendimethalin on days 7
and 21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant

Difference post-hoc analysis (lower case for day 7 data, caps for day 21 data). Source: own illustration, [IREC-
csicy.
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4.2.1.2.4 Lambda-cyhalothrin

The survival analysis showed that the combined application of lambda-cyhalothrin to frogs and
soil caused a less-than-significant (p=0.083) reduction in survival of individuals relative to
controls, being this different significant (p=0.018) when survival under that treatment was
compared to that of the solvent control individuals (Figure 29). Although the overall results of
the GzLM did not show significant lethal effects either on day 7 (Wald’s X2=2.833, 5 d.f,, p=0.726)
or on day 21 (Wald’s X2=0.027, 5 d.f,, p=1.000), pairwise comparisons of the analysis conducted
on day 7 confirmed the results from the survival analysis, with a less-than-significant difference
in mortality occurrence between controls and animals exposed via overspray and soil contact

(p=0.069) and a significant difference when exposed animals were compared with solvent
controls (p=0.010).

A reduction in body condition of frogs exposed to the two lowest overspray rates of lambda-
cyhalothrin was noted relative to negative control frogs on day 21 (Figure 30). This differences
in body condition on day 21 were explained by the body condition at the beginning of the
experiment (Appendix C.2).

Figure 29: Cumulative survival of Pelophylax perezi juveniles exposed to lambda-cyhalothrin
Source: own illustration, [IREC-CSIC].
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Figure 30: Body condition of Pelophylax perezi juveniles exposed to lambda-cyhalothrin on
day 21 after treatment
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4.2.1.3 Comparison of active ingredients and formulations

4.2.13.1 Metrafenone and Vivando

Neither metrafenone nor its commercial formulation Vivando, caused significant lethal effects to
frogs (Figure 31). Exposure to metrafenone affected body condition of animals on day 21 after
exposure; the selected model retained all the initially introduced terms (Appendix C.2). Control
frogs showed a higher body condition than those exposed to the two lowest pesticide levels but
lower than that of frogs exposed to 10 x AR (Figure 32). Unlike the active ingredient alone, body
condition was unaffected by the exposure to Vivando.

Figure 31: Cumulative survival of Pelophylax perezi juveniles exposed to alpha-cypermethrin
and to its formulation Fasthrin 10 EC

Source: own illustration, [IREC-CSIC].
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Figure 32: Body condition of Pelophylax perezi juveniles exposed to metrafenone active
ingredient on day 21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.3.2 Azoxystrobin and Quadris
Neither the active ingredient azoxystrobin nor its formulation Quadris caused significant effects
to frog survival (Figure 33) or body condition on day 7. However, a less-than significant increase

in cumulative mortality was observed for animals exposed to the application rate of Quadris on
day 21 (X2=3.559; p=0.059).

On day 21 after exposure, body condition of animals exposed to the active ingredient was higher
at the overspray treatment corresponding to 5.44x AR but lower in those animals exposed
simultaneously through overspray and soil (Figure 34). The selected model showed significant
effects of the treatment, as well as of their interaction with the initial body condition and with
the initial body condition*food intake rate (Appendix C.2). In the case of the formulation, no
effects on body condition were observed on day 21 either, although it must be noticed that the
active ingredient and the formulation were tested on different batches. This could add a source
of variability to the effects, despite of which the differences in effects on body condition between
azoxystrobin and Quadris have been quite limited.

81



TEXTE Designing a strategy based on toxicity evaluation to improve pesticide risk assessment for terrestrial amphibians
(TerAmphiTox)

Figure 33: Cumulative survival of Pelophylax perezi juveniles exposed to alpha-cypermethrin
and to its formulation Fasthrin 10 EC

Source: own illustration, [IREC-CSIC].
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Figure 34: Body condition of Pelophylax perezi juveniles exposed to azoxystrobin active

ingredient on day 21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis (lower case for day 7 data, caps for day 21 data). Source: own illustration, [IREC-
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4.2.1.3.3 Tebuconazole and Folicur 25 EW

At the IREC laboratory, two different batches of animals were used to test both the active
ingredient tebuconazole and its formulation Folicur 25 EW. This was preferred over using
different batches for the formulation and the active ingredient, which would have impaired the
comparisons. In addition, Folicur 25 EW was tested also at the UA laboratory.

The active ingredient caused no significant mortality to exposed frogs (Figure 35). However, the
formulation Folicur 25 EW reduced cumulative survival, although with different outputs in the
two laboratories (Figure 36). At IREC, significantly reduced survival was noted in frogs exposed
to the application rate either as overspray (X2=6.995; p=0.008) or through soil contact
(X2=7.709; p=0.005), but not in the combined treatment or in the highest overspray application
rate (although survival in this combined treatment was clearly lower than that of controls).
GzLMs showed that increased mortality was not significant on either day 7 (Wald’s X2=3.784, 5
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d.f, p=0.581) or day 21 after exposure (Wald’s X2=7.548, 5 d.f,, p=0.183). At UA, cumulative
survival was reduced after the combined exposure to soil and overspray (X2=19.000; p<0.001),
but 100% mortality occurred before day 7, hence it was not possible to confirm through GzLM.

Figure 35: Cumulative survival of Pelophylax perezi juveniles exposed to tebuconazole active
ingredient

Source: own illustration, [IREC-CSIC].
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Figure 36: Cumulative survival of Pelophylax perezi juveniles exposed to the tebuconazole
formulation Folicur 25 EW at both laboratories

Source: own illustration, [IREC-CSIC].
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The solvent control was excluded from body condition analysis of tebuconazole as active
ingredient because the body condition was considered for the second batch of animals while
acetone was tested on first batch animals only. For the active ingredient experiment, body
condition on day 7 was slightly lower at 0.1x and 1xAR, and less-than-significantly lower
(pairwise comparison’s p-value <0.1) at 3.2xAR and at the combination of soil+overspray
exposure (Figure 37). The selected model revealed a close-to-significant effect of the treatment
alone, with no effects of the interactions with the initial body condition and the food intake rate

(Appendix C.2). On day 21, body condition of individuals exposed to the active ingredient did not
differ among treatments.
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For the formulation experiments, body condition on day 7 at IREC was reduced after exposure to
overspray with 1x and 3.2x the application rate, as well as after combined exposure through soil
and overspray (although only among individuals from the first batch, Figure 38). In these
animals, the selected model showed that only when the initial body condition was taken into
account, the effect of the treatment was significant (Appendix C.2). At this exposure time, no
treatment-related differences in body condition were noted in either the second batch at IREC or
at UA.

On day 21, exposure to Folicur 25 EW resulted in increased body condition with respect to
controls in both laboratories, although the treatments causing such effects were not fully
coincident because of differences between laboratories in experimental outputs. Thus, increased
body condition was found at 1x AR, 3.2x AR and the combined soil-overspray treatment at IREC
(second batch animals, Figure 38). The only treatment out of this three that was tested at UA (1x
AR) also resulted in increased body condition, as did also the exposure through soil (Figure 39).
The soil+overspray treatment was not analysed for body condition at UA because of 100%
mortality (Figure 36) while the 3.2x AR was not tested at UA because of experimental
constrictions. The selected models revealed significant interactions with both the initial body
condition (at both IREC and UA) and the combination of initial body condition and food intake
rate (only at UA) in the determination of body condition differences among treatments on day
21.

Figure 37: Body condition of Pelophylax perezi juveniles exposed to tebuconazole active
ingredient on day 7 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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Figure 38: Body condition of Pelophylax perezi juveniles exposed to Folicur 25 EW at IREC lab
on days 7 (top) and 21 (bottom) after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis (lower case for day 7 data, caps for day 21 data). Source: own illustration, [IREC-
csicl.
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Figure 39: Body condition of Pelophylax perezi juveniles exposed to Folicur 25 EW at UA lab

on day 21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.3.4 Fluazifop-p-butyl and Fusilade Max

Neither fluazifop-p-butyl nor its commercial formulation, Fusilade Max, caused significant lethal
effects to frogs (Figure 40).

Exposure to Fusilade Max affected body condition of animals on day 21 after exposure
(Appendix C.2). Control frogs showed a higher body condition than those exposed to the
formulation application rate via overspray (Figure 41). In the case of the active ingredient alone,
body condition was increased following 21 days of overspray with the lowest tested application
rate of fluazifop-p-butyl (Figure 41) compared to controls, which could indicate that the few

mortality cases registered under this treatment would have differentially affected the smaller
individuals.

Figure 40: Cumulative survival of Pelophylax perezi juveniles exposed to fluazifop-p-butyl and
to its formulation Fusilade Max

Source: own illustration, [IREC-CSIC].
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Figure 41: Body condition of Pelophylax perezi juveniles exposed to fluazifop-p-butyl (top)
and to its formulation Fusilade Max (bottom) on day 21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.3.5 Flupyradifurone and Sivanto Prime

Neither the active ingredient flupyradifurone nor its formulation Sivanto Prime caused significant
effects to frog survival (Figure 42).

Figure 42: Cumulative survival of Pelophylax perezi juveniles exposed to flupyradifurone and
to its formulation Sivanto Prime

Source: own illustration, [IREC-CSIC].
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Body condition of animals exposed to the active ingredient was affected by the treatment on day
21 post-exposure. The model retained also the interactions with initial body condition and with
food intake rate as significant terms (Appendix C.2). However, the direction of the effect was
unclear; compared to controls, frogs exposed by overspray showed better condition at 0.1x AR
and poorer condition at 1x AR, while soil exposed frogs also had a lower condition than controls.
By contrast, neither the highest overspray treatment nor the combination of the exposure routes
caused any effect on body condition relative to controls (Figure 43). Unlike the active ingredient
alone, body condition was unaffected by the exposure to Sivanto Prime.

Figure 43: Body condition of Pelophylax perezi juveniles exposed to flupyradifurone active
ingredient on day 21 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.1.3.6 Alpha-cypermethrin and Fasthrin 10 EC

The exposure to the active ingredient alpha-cypermethrin increased accumulated mortality over
time, especially at the highest overspray treatment level (Figure 44). However, such increase
was not statistically significant (X2=0.943; p=0.332). On the contrary, cumulative survival of
frogs exposed to the alpha-cypermethrin-based formulation Fasthrin 10 EC was reduced after
overspray with 0.1x (X2=5.822; p=0.016) and 10x (X2=5.248; p=0.022) the application rate
(Figure 44). GzLMs showed that increased mortality was not significant on day 7 after exposure
(Wald’s X2=4.194, 3 d.f,, p=0.241), while was close to significance on day 21 (Wald’s X2=6.613, 3
d.f, p=0.085).

Body condition on day 7 was increased in individuals exposed to the active ingredient at the
application rate, but only when compared to the negative control, and no differences were found
when comparing treated frogs with the solvent treatment (Figure 45). Likewise, exposure to
Fasthrin increased body condition on day 7 of frogs exposed to 0.1x and 10x the application rate
(Figure 45). The selected models showed a significant interaction between the treatment and
the initial body condition for the body condition effects of alpha-cypermethrin, and a significant
interaction between the treatment, the initial body condition and the food intake rate for both
the active ingredient and the formulation (Appendix C.2).

On day 21, body condition was reduced by the treatment corresponding to the application rate
in frogs exposed to the active ingredient (Fig. 10), while no differences relative to controls were
observed in body condition on day 21 for any of the Fasthrin 10 EC treatments (Figure 45). The
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selected models showed a significant interaction between the treatment and the initial body
condition for the body condition effects of alpha-cypermethrin on day 21 (Appendix C.2).

Figure 44: Cumulative survival of Pelophylax perezi juveniles exposed to alpha-cypermethrin
and to its formulation Fasthrin 10 EC

Source: own illustration, [IREC-CSIC].
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Figure 45: Body condition of Pelophylax perezi juveniles exposed to alpha-cypermethrin active
ingredient (top) and Fasthrin 10 EC formulation (bottom) on days 7 and 21 after
treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis (lower case for day 7 data, caps for day 21 data). Source: own illustration, [IREC-
csic.
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4.2.1.4 Co-formulants

4.2.1.4.1 Naphtha

Although overspray of frogs with increased naphtha concentrations resulted in higher
percentages of dead individuals (Figure 46), no significant lethal effects of the exposure to this
solvent were detected. Nevertheless, the pairwise comparison of mortality occurrence on day 21
between controls and animals subject to overspray at ten times the application rate revealed a
close to significant increase in lethality caused by naphtha (p=0.068).

Body condition of frogs exposed to Naphtha was unaffected on both day 7 and day 21 post-
exposure.
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Figure 46: Cumulative survival of Pelophylax perezi juveniles exposed to naphtha

Source: own illustration, [IREC-CSIC].
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4.2.1.4.2 N,N-Dimethyldecanamid

The experiment with the additive N,N-dimethyldecanamid was conditioned by the high
mortality among solvent controls (close to 80%) that happened from day 13 post-exposure

onwards. Apart from this effect, no significant mortality caused by the substance was observed
(Figure 47).

Body condition on day 7 of frogs exposed to acetone was significantly higher than that of frogs
from the other treatments (Wald’s X2=10.053, 2 d.f,, p=0.007; Figure 48), although this effect
was explained by differences in body condition at the beginning of the experiment (Appendix
C.2). On day 21, differences between treatments in body condition had disappeared, probably

because of the strong effect of mortality registered under the acetone treatment during the
second part of that experiment.

Figure 47: Cumulative survival of Pelophylax perezi juveniles exposed to N,N-
dimethyldecanamid

Source: own illustration, [IREC-CSIC].
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Figure 48: Body condition of Pelophylax perezi juveniles exposed to N,N-dimethyldecanamid
on day 7 after treatment

Bars represent mean (+SD) values for the marginal means per treatment resulting from the generalized linear
model. Different letters indicate significantly different (p<0.05) treatments according to Least Significant
Difference post-hoc analysis. Source: own illustration, [IREC-CSIC].
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4.2.2 Histological analysis

The majority (79.6%) of epidermal cell counts used for analysis was obtained from the
arithmetic mean of counted cells through the QuPath’s built-in Watershed Cell Detection and
StarDist methods. The rest of the options were used in a much lower proportion of cases;
Watershed Cell Detection was used as the only method for 7.1% of cases, StarDist was the only
method for 4.4% of cases, and manual cell count was used for 8.8% of cases (Figure 49).

For some of the tests, it was not possible to include all treatments in the histological analysis,
either because of the mortality of frogs prior to day 7, the loss of sample integrity while
processing or the bad quality of the stained products. Nine out of the 16 tested pesticides caused
some effect on any of the epidermal indices (Table 10). In general, exposure to pesticides
reduced EI1 and increased EI2 when compared to control samples, although there were some
exceptions to this general pattern.

92



TEXTE Designing a strategy based on toxicity evaluation to improve pesticide risk assessment for terrestrial amphibians
(TerAmphiTox)

Figure 49: Example images comparing the cell count methods used

a: StarDist (SD) vs. QuPath’s built-in Watershed Cell Detection (CD); the visual inspection confirms the highest
accuracy of CD compared to SD, due to the ability of CD to count nuclei based on optical density. b: QuPath’s
built-in Watershed Cell Detection (CD) vs. StarDist (SD); in this case the SD significantly outperformed CD since
the latter method counts as nuclei the outer epidermis with higher optical density values. c: StarDist (SD) vs.
Manual Cell Count (MCC); in this case both SD and CD (not shown) lacked acceptable detection, and MMC
(vellow dots) was used.
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Table 10: Results of the overall generalized linear models to test the overall effects of
pesticides on epidermal indices
Substance Treatments included Ell El2
in the analysis (XAR)
Wald’s d.f. p Wald'’s d.f. p
X? X?
Metrafenone (including 1,10, 1%, 10* 10.677 4 0.030 10.409 5 0.034
Vivando)
Oxathiapiprolin 0.1,1,10 7.677 3 0.053 4.775 3 0.189
Benzovindiflupyr 0.1,1,10 4.684 3 0.196 6.931 3 0.074
Azoxystrobin (including 0.1, 1, 5.44, 1*, 5.44* 30.459 5 <0.001 35.490 5 <0.001
Quadris)
Tebuconazole (including 1,3.2,0.1%, 1%, 3.2* 12.658 5 0.027 9.054 5 0.107
Folicur 25 EW)
MCPA 01,1 3.126 2 0.209 13.600 2 0.001
Fluazifop-p-butyl 0.1,1,0.1%, 1% 10* 5.065 5 0.408 18.594 5 0.002
(including Fusilade Max)
Isoxaben 01,1 4.509 2 0.105 4331 2 0.115
Pendimethalin 01,1 2.059 2 0.357 1.995 2 0.369
Metsulfuron-methyl 1,10 0.097 2 0.953 6.282 2 0.043
Mesotrione 1,249 1.706 2 0.426 8.006 2 0.018
Pirimicarb 1,10 13.839 2 <0.001 2.936 2 0.230
Acetamiprid 0.1,1,10 0.708 3 0.871 2.071 3 0.558
Flupyradifurone 0.1,1,10, 1% 10* 7.322 5 0.198 8.046 5 0.154
(including Sivanto Prime)
Alpha-cypermethrin 0.1,1, 10, 0.1*, 1*, 10* 5.077 6 0.534 63.290 6 <0.001
(including Fasthrin 10
EC)
Lambda-cyhalothrin 01,1 4.542 2 0.103 1.992 2 0.369

Bold characters indicate epidermal indexes that were significantly affected by each pesticide.
* referred to the formulation.

Among fungicides, metrafenone, azoxystrobin and tebuconazole caused effects on epidermal
indices. Azoxystrobin exposure increased the EI2 at the highest treatment level (5.44xAR) of
both the active ingredient and the formulation Quadris. In addition, overspray with the
application rate of Quadris also increased EI2, but at this exposure level such effect was not
detected for the active ingredient alone (Figure 50). Metrafenone also increased EI2, although
only at 1xAR, and in this case the formulation Vivando had no effects on this index (Figure 51).
The effects of these two fungicides on EI1 were unclear; azoxystrobin reduced EI1 at 1xAR of the
active ingredient while caused an increase in this index at 5.44xAR of Quadris when compared to
controls (Figure 50). On the other hand, metrafenone exposure reduced EI1 values relative to
controls, but only among frogs exposed to the highest application rate of the formulation
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Vivando (Figure 51). The changes in epidermal thickness and/or harmony, as reflected by the
effects on EI2, probably influenced the EI1 measures as well. Similar results were found with the
effects of tebuconazole on EI1, which were only evident at low concentrations of both the active
ingredient and the formulation Folicur 25 EW (Figure 52).

Figure 50: Epidermal indices 1 and 2 measured in Pelophylax perezi juveniles exposed via
overspray to azoxystrobin or its formulation Quadris on day 7 after treatment

Bars represent mean (+SE) values for the epidermal index. Different letters indicate significantly different
(p<0.05) treatments according to Least Significant Difference post-hoc analysis. Source: own illustration, [IREC-
csicy.
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Figure 51: Epidermal indices 1 and 2 measured in Pelophylax perezi juveniles exposed via
overspray to metrafenone or its formulation Vivando on day 7 after treatment

Bars represent mean (+SE) values for the epidermal index. Different letters indicate significantly different
(p<0.05) treatments according to Least Significant Difference post-hoc analysis. Source: own illustration, [IREC-
csic.
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Figure 52: Epidermal index 1 measured in Pelophylax perezi juveniles exposed via overspray
to tebuconazole or its formulation Folicur 25 EW on day 7 after treatment

Bars represent mean (+SE) values for the epidermal index. Different letters indicate significantly different

(p<0.05) treatments according to Least Significant Difference post-hoc analysis. Source: own illustration, [IREC-
csicy.
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Herbicides also affected epidermal indices, especially EI2. With the exception of isoxaben, the
herbicides that were tested only as active ingredients increased the EI2 values compared to
controls; the effects were observed for MCPA at application rates from 0.1xAR, for mesotrione at
2.49xAR and for metsulfuron-methyl from 10xAR (Figure 53). With regards to fluazifop-p-butyl,
that was tested as active ingredient and formulation, we observed a different pattern depending
on the format; the active ingredient increased EI2 compared to controls, while exposure to the
formulation Fusilade Max caused no effect on this index (Figure 54).
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Figure 53: Epidermal index 2 measured in Pelophylax perezi juveniles exposed via overspray
to the herbicides MCPA, mesotrione and metsulfuron -methyl on day 7 after
treatment

Bars represent mean (+SE) values for the epidermal index. Different letters indicate significantly different
(p<0.05) treatments according to Least Significant Difference post-hoc analysis. Source: own illustration, [IREC-
csicl.
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Figure 54: Epidermal index 2 measured in Pelophylax perezi juveniles exposed via overspray
to fluazifop-p-butyl and its formulation Fusilade Max on day 7 after treatment

Bars represent mean (+SE) values for the epidermal index. Different letters indicate significantly different

(p<0.05) treatments according to Least Significant Difference post-hoc analysis. Source: own illustration, [IREC-
csicy.
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The effects of insecticides on epidermal indices were variable. Acetamiprid, flupyradifurone and
lambda-cyhalothrin caused no effects, although the latter was not evaluated in this context at its
higher overspray level (10xAR). Pirimicarb reduced EI1 values compared to controls at
treatments from 1xAR (Figure 55). Finally, alpha-cypermethrin was the tested substances with
clearest effects on EI2 (Figure 56); an increase in EI2 values linked to the exposure of this
insecticide and its formulation Fasthrin 10 EC was observed, with a dose-dependent response in
both cases. Furthermore, the effects were stronger when frogs were exposed to Fasthrin 10 EC
than when they were exposed to the active ingredient alone (Figure 57).

Figure 55: Epidermal index 1 measured in Pelophylax perezi juveniles exposed via overspray
to pirimicarb on day 7 after treatment

Bars represent mean (+SE) values for the epidermal index. Different letters indicate significantly different

(p<0.05) treatments according to Least Significant Difference post-hoc analysis. Source: own illustration, [IREC-
csic.
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Figure 56: Epidermal index 2 measured in Pelophylax perezi juveniles exposed via overspray
to alpha-cypermethrin and its formulation Fasthrin 10 EC on day 7 after treatment

Bars represent mean (+SE) values for the epidermal index. Different letters indicate significantly different

(p<0.05) treatments according to Least Significant Difference post-hoc analysis. Source: own illustration, [IREC-
csic.
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Figure 57: Comparison of epidermal area and cell count (StarDist method) between example

samples from control and Fasthrin 10 EC samples

The resolution of the QuPath viewer is matching (all the images are represented at the same magnification to
make them comparable). The statistically significant different between treatments in EI2 seems influenced by
the annotation thickness and the irregularity of the perimeter.
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The analysis of haematoxylin and eosin-stained histological sections from some frogs on day 7
after different pesticide exposure and concentration showed an intense dark stain. This
increased dark brown/blackish pigment is compatible with accumulation of melanocytes and/or
pigmented melanomacrophages (Figure 58).

Figure 58: Examples of sections of pesticide exposed frogs with evident clusters of pigmented
melanomacrophages

Pictures correspond to frogs on day 7 after overspray with flupyradifurone active ingredient (10xAR), Sivanto
Prime (10xAR) and oxathiapiprolin (1xAR and 10xAR). Clusters of pigmented melanomacrophages are located in
the caudal lymphatic space surrounding the urostyle, and within the skeletal muscles, tunicae of vessels and/or
subdermal space, likely subsequently to extratissutal migration and penetration of melanomacrophages or
precursors. Bars: 100 um.
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Melanomacrophage centres (MMC) in poikilotherms can be found in various organs, specifically
in spleen, kidney and liver, and are specialized aggregates of pigmented macrophages involved
in immunological and non-immunological functions (Steinel and Bolnick 2017). In fish, one of
their non-immunological functions is to primarily act as “metabolic dumps” by storing
indigestible and effete materials such as degraded erythrocytes and hemosiderin, which
supports iron recycling (Agius 1979, Agius 1980, Fulop and McMillan 1984). Additionally, MMC
accumulate exogenous substances, including metals and inert materials, highlighting their role
in debris clearance and long-term storage of indigestible or toxic substances (Steinel and Bolnick
2017). MMC in amphibians and other poikilotherms play also a key role in both innate and
adaptive immunity. They are highly phagocytic, engulfing pathogens like bacteria, fungi, and
parasite eggs, and also act as antigen retention sites by storing antigens within immune
complexes, potentially aiding in adaptive immune responses (Steinel and Bolnick 2017).
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Furthermore, MMC increase in size or number following infection or immunization, reflecting
their active involvement in immune processes (Agius 1979, Secombes 1982, Herraez and Zapata
1986, Steinel and Bolnick 2017). MMC alterations have been also related to environmental stress
and chemical exposure (Agius and Roberts 2003, Franco-Belussi et al. 2016, Steinel and Bolnick
2017). Clusters of pigmented melanomacrophages can be found also in ectopic locations. In
salmons, it is assumed that melanocytes, pigmented melanomacrophages or potential
precursors are summoned within the skeletal muscles in case of inflammation (Larsen et al.
2012). In mammals, the deposition of melanin in visceral organs, facilitated by migrating
melanophages, is a well-documented phenomenon (Plonka et al. 2005). Thus, the increase of
pigmented melanomacrophage, melanocytes and melanin could be a physiological response to
damage directly or indirectly produced by the pesticides in amphibians.

Hereinafter we report few qualitative data of large clusters of pigmented melanomacrophages
found during the observation within the anatomical region of reference. Evident clusters of
pigmented melanomacrophages (Figure 58) were found in histological sections of some
individual 7 days after overspray at 10xAR with flupyradifurone, both as active ingredient and
its formulation Sivanto Prime, and 7 days after overspray at 1xAR and 10xAR with
oxathiapiprolin, and were not observed in the control animals. The anatomical location of these
clusters is detailed in Figure 59. Clusters of pigmented melanomacrophages were found in the
caudal lymphatic space around the urostyle, as well as within the skeletal muscles, in the wall of
blood vessels, and subdermal areas. This likely results from the migration and infiltration of
melanomacrophages or their precursors beyond their original tissue boundaries. We observed
that these clusters seem not related to melanocytes are normally found in the layer of basal cells
of the epidermis of the studied frog (e.g., see Figure 49). Nonetheless, dermal melanocytes might
change after exposure to xenobiotics and have a significance in the inflammatory and immunity
processes.

Figure 59: A transverse section of a musculoskeletal digital model of Xenopus laevis
illustrating the anatomical reference regions used in this study, highlighting the
areas where clusters of pigmented melanomacrophages were most frequently
observed

Asterisks indicate areas where enlarged clusters of pigmented melanomacrophages were most frequently
observed; 1: caudal vertebrae or sacrourostyle; 2: ilium; 3: kidneys; 4: longissimus dorsi muscle; 5:
intertransversarii dorsi muscle; 6: deep iliacus externus muscle; 7: coccygeoiliacus muscle. Model from Porro
and Richards (2017).
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4.2.3 Pesticide concentrations

4.2.3.1 Concentrations in sprayed broths

Average measured concentrations in experimental brother relative to nominal concentrations
were 56% for metrafenone, 158% for Vivando, 96% for oxathiapiprolin, 66% for
benzovindiflupyr, 48% for azoxystrobin, 114% for Quadris, 64% for tebuconazole, 80% for
Folicur 25 EW, 40% for fluazifop-p-butyl, 92% for Fusilade Max, 44% for isoxaben, 84% for
pendimethalin, 100% for metsulfuron-methyl, 52% for pirimicarb, 40% for flupyradifurone and
114% for Sivanto Prime. Differences were due in most cases to solubility issues, as revealed also
by the good adjustment when formulated products were used compared to their active
ingredients alone.

4.2.3.2 Concentrations in soils

Figure 60: Concentrations of four pesticide active ingredients measured in sprayed soils at
different times post-application

Bars represent mean (+ standard error) values as mg active ingredient per kilogram of soil wet weight. Day 0
corresponds to the spraying moment. Source: own illustration, [IREC-CSIC].
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Pesticide concentrations in soils were measured right after spray of the pesticides, and on days 1
and 7 post-application. In general, the applied products showed a certain level of stability along
the 7-day period. Only benzovindiflupyr and fluazifop-p-butyl presented a clear degradation
over the monitoring time, which was quicker for the former as a significant drop in measured
levels of benzovindiflupyr was observed already after 24 hours of application (Figure 60).
Regarding the comparative behaviour of pesticides depending on whether they were applied as
active ingredients or as formulations, there were no big differences in persistence, although the
levels when formulations were applied were clearly higher than when the active ingredient was
sprayed alone for the cases of azoxystrobin and tebuconazole (Figure 61). These differences can
be explained in part because of the better dilution of the substance when applied as formulation,
as reflected also by the differences observed in the concentrations measured in broths. However,
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especially for the case of azoxystrobin and Quadris, the difference in soil levels cannot be
explained solely by variations in the sprayed broth levels.

Figure 61: Concentrations of three pesticides measured in sprayed soils at different times
after application of the substances as active ingredients or as formulations

Bars represent mean (+ standard error) values as mg active ingredient per kilogram of soil wet weight. Day 0
corresponds to the spraying moment. To improve visualization, some axes are depicted in logarithmic scale.
Source: own illustration, [IREC-CSIC].
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4.2.3.3 Pesticide accumulation in frog tissues

Because the objective of the pesticide residue analyses in frogs was to determine the
accumulation resulting from a prolonged exposure via soil, the analysis of pesticide
concentrations in animals exposed to the lowest overspray application rate (0.1xAR) was not
performed in some cases, namely benzovindiflupyr, azoxystrobin (both as an active ingredient
and as Quadris), tebuconazole (as active ingredient), flupyradifurone (as active ingredient) and
lambda-cyhalothrin on day 7, and the formulations Folicur 25EW and Sivanto Prime on days 7
and 21. In addition, samples collected on day 21 of the experiment with lambda-cyhalothrin
corresponding to the treatment with 1xAR via overspray only were lost and could not be
analysed. By contrast, we did analyse in all cases the frogs exposed to higher overspray
application rates (21xAR) to compare with the treatments involving exposure via soil contact.

No detectable levels of fluazifop-p-butyl and of isoxaben were detected in any of the frogs from
the experiments conducted with these two active ingredients.
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Benzovindiflupyr residue levels in exposed frogs were higher on day 7 of experiment than on day
21 (X2=43.151, 1 d.f,, p<0.001). The effect of the day was also found in interaction with the sample
type (X2=3.955, 1 d.f,, p=0.047). In general, concentrations of benzovindiflupyr in frog tissues on
day 21 were low in all cases. On day 7, however, concentrations in liver responded to the applied
doses regardless of the exposure route, whereas in the skin there was a slightly stronger effect of
overspray than of exposure via soil contact in accumulated levels (Figure 62).

Figure 62: Concentrations of benzovindiflupyr measured in juvenile Pelophylax perezi tissues
after exposure to this substance

Bars represent mean (+ standard error) values as ng active ingredient per gram wet weight. Values below the
limit of detection are represented with a thin line above the horizontal axis; the absence of such a line or a bar
indicates that no samples were analysed for that specific group. Source: own illustration, [IREC-CSIC].
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Figure 63: Concentrations of azoxystrobin measured in juvenile Pelophylax perezi tissues after

exposure to this substance as active ingredient or as its formulation Quadris

Bars represent mean (+ standard error) values as ng active ingredient per gram wet weight. Values below the
limit of detection are represented with a thin line above the horizontal axis; the absence of such a line or a bar
indicates that no samples were analysed for that specific group. Source: own illustration, [IREC-CSIC].
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Azoxystrobin was accumulated by frogs exposed to either the active ingredient or the
formulation Quadris, although the latter resulted in pesticide residues significantly higher than
those measured in frogs exposed to the active ingredient alone (difference active ingredient vs.
formulation: X2=43.151, 1 d.f,, p<0.001). Day of experiment also had a significant effect on
azoxystrobin residues measured in frogs (X2=21.057, 1 d.f., p<0.001); for both the active
ingredient and Quadris, levels on day 7 were higher than those measured on day 21, In fact, in
the active ingredient experiment, all analysed samples from day 7 showed detectable levels of
the azoxystrobin in both liver and skins, whereas on day 21 the fungicide was detected only in
livers and skins of frogs exposed to the highest overspray treatment and in skins of frogs
exposed via soil contact. When comparing treatments subjected to the application rate, there
was a clear influence of exposure route, with soil contact being more determinant than
overspray for accumulation of azoxystrobin in the skin at any sampling time and in the liver on
day 21 of experiment (Figure 63).

The level of tebuconazole measured in exposed frogs varied depending on the format (active
ingredient vs Folicur 25 EW formulation, X2=26.636, 1 d.f., p<0.001), sampling day (day 7 vs 21,
X2=94.958, 1 d.f,, p<0.001), analysed tissue (liver vs skin, X2=17.223, 1 d.f,, p<0.001) and
treatment (X2=48.049, 3 d.f,, p<0.001). As it happened with azoxystrobin, the formulation led to
highest residue levels than the active ingredient alone, and the concentrations were higher in
frogs measured after 7 days than after 21 days of experiment; however, this difference between
sampling days was detected mostly for overspray treatments. When exposure happened via soil
contact, in the case of Folicur 25 EW, no differences were found in accumulation on day 7 or 21
of experiment. Residues measured in liver were higher than those measured in skins, but this
difference was detected mostly within treatments in which the exposure happened via soil
contact, whereas for overspray-only treatments the difference between sample types was not so
clear. Soil contact tended to be more determinant for pesticide accumulation than overspray
when treatments involving the application rate were compared (Figure 64).

Figure 64: Concentrations of tebuconazole measured in juvenile Pelophylax perezi tissues
after exposure to this substance as active ingredient or as its formulation Folicur 25
EW

Bars represent mean (+ standard error) values as ng active ingredient per gram wet weight. Values below the
limit of detection are represented with a thin line above the horizontal axis; the absence of such a line or a bar
indicates that no samples were analysed for that specific group. Source: own illustration, [IREC-CSIC].
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The levels of pendimethalin measured in exposed frogs were clearly dependent on the exposure
route; exposure via soil contact was the main determinant of accumulation of the herbicide
(X2=131.752, 21 d.f,, p<0.001), and a significant effect of the sampling day was also detected for
pendimethalin body residues (X2=8.430, 1 d.f.,, p=0.004). In fact, for animals exposed via
overspray detection of pendimethalin was restricted to the skin of frogs analysed on day 7 of
experiments, although it must be reminded that the highest overspray treatment was not used in
this experiment. No overall differences between tissues were detected in the accumulation of
pendimethalin under the tested conditions (Figure 65).

Figure 65: Concentrations of pendimethalin measured in juvenile Pelophylax perezi tissues
after exposure to this substance

Bars represent mean (+ standard error) values as ng active ingredient per gram wet weight. Values below the
limit of detection are represented with a thin line above the horizontal axis; the absence of such a line or a bar
indicates that no samples were analysed for that specific group. Source: own illustration, [IREC-CSIC].
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Residues of flupyradifurone determined in frog samples varied depending on the format (active
ingredient vs Sivanto Prime, X2=8.119, 1 d.f,, p=0.004), sampling day (day 7 vs 21, X2=102.773, 1
d.f, p<0.001), analysed tissue (liver vs skin, X2=8.901, 1 d.f,, p=0.003) and treatment (X2=65.014,
3 d.f, p<0.001). The effect of formulation on accumulation of flupyradifurone was not so clear as
with the previous pesticides that were tested as active ingredients and formulations. In general,
for treatments involving a single exposure route, residues were higher for frogs exposed to
Sivanto Prime, whereas for the treatment combining both exposure routes, higher levels were
detected in frogs exposed to the active ingredient. Also, in these experiments there was a clearly
higher concentration of flupyradifurone after 7 days of experiment than after 21 days, even in
treatments where exposure happened via soil. Soil contact resulted a more relevant source than
overspray for pesticide accumulation in the experiment with Sivanto Prime, but not in the
experiment with the active ingredient flupyradifurone (Figure 66).

The only factor affecting lambda-cyhalothrin levels in frogs exposed to the application rates
either by overspray, soil contact or the combination of routes was the tissue (X2=13.567, 1 d.f,,
p<0.001), with livers showing higher concentrations of the insecticide than skins (Figure 67).
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Figure 66: Concentrations of flupyradifurone measured in juvenile Pelophylax perezi tissues

after exposure to this substance as active ingredient or as its formulation Sivanto
Prime

Bars represent mean (+ standard error) values as ng active ingredient per gram wet weight. Values below the
limit of detection are represented with a thin line above the horizontal axis; the absence of such a line or a bar
indicates that no samples were analysed for that specific group. Source: own illustration, [IREC-CSIC].
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Figure 67: Concentrations of lambda-cyhalothrin measured in juvenile Pelophylax perezi

tissues after exposure to this substance

Bars represent mean (+ standard error) values as ng active ingredient per gram wet weight. Values below the
limit of detection are represented with a thin line above the horizontal axis; the absence of such a line or a bar
indicates that no samples were analysed for that specific group. Source: own illustration, [IREC-CSIC].
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5 Laboratory tests with earthworms

5.1 Material and methods

5.1.1 Earthworm model species

The epigeic earthworm species Eisenia andrei was chosen as an invertebrate model to evaluate
its suitability as a surrogate species for animal experimentation in assessing the risk of dermal
exposure to PPP in the terrestrial life stages of amphibians. This species, which dwells in the
organic layers of various soil types, is considered widespread and globally distributed. It has also
been extensively used as a bioindicator of soil health and for the ecotoxicological assessment of
chemicals in terrestrial ecosystems (Edwards and Bohlen 1996, Lee et al. 2008). Several factors
influenced the selection of this species for the present study: (i) E. andrei is native from
temperate regions, is abundant, easy to handle, and simple to maintain in laboratory conditions
(Friind et al. 2010); (ii) it is recommended by numerous standard guidelines for toxicity testing
(OECD 1984, 2004); (iii) represent a group of organisms widely used as bioindicators for
assessing the quality of the terrestrial environment (Lee et al. 2008); (iv) as an epigeic species,
living on the soil surface, it is a more appropriate surrogate for terrestrial amphibians compared
to other earthworms that dwell deeper in the soil; (v) its highly permeable skin allows for
respiration through the skin, similar to amphibians (Laverack 1963); and (vi) like many
amphibian species, E. andrei commonly inhabits agricultural environments and may be exposed
to PPP (Miglani and Bisht 2019).

5.1.2 Origin and maintenance of earthworms in the laboratory

Adults of E. andrei, with clitellum, were purchased to the company CloverStrategy, Lda (Coimbra,
Portugal), to initiate lab-cultures of this species. The identification of the species was confirmed
by this company through barcoding. The age of the acquired earthworms was synchronized by
CloverStrategy, Lda, being all less than seven months old when the culture was initiated in the
laboratory.

Once in the laboratory, the cultures of E. andrei were maintained in dark plastic containers filled
with a 1:1 mixture of Sphagnum peat and cow manure, the latter serving as a food source for the
earthworms. The cow manure was sourced from the Escola Superior Agraria de Coimbra (ESAC),
where no chemicals, such as antibiotics or PPP, are used in livestock farming, ensuring a
chemical-free food source for the earthworms. Upon collection at ESAC and arrival at the
laboratory, the manure was defaunated by undergoing two freeze-thaw cycles at -20°C. The
substrate’s moisture content was kept between 70% and 80%, and the containers were covered
with dark plastic bags to reduce water evaporation. The cultures were kept in a room at a stable
temperature of 23 + 1°C, with the substrate being replaced every month.

5.1.3 Experimental exposure of earthworms to pesticides

Adults of E. andrei, with clitellum, that had been acclimatized to the laboratory, were exposed,
through overspray, to the same concentrations of the 16 active ingredients, six commercial
formulations and two co-formulants that were tested for amphibians. As with amphibians, these
tests were initially designed to evaluate the effect of three concentrations of each substance, but
for some of the substances, the highest concentration was not achievable even when using
solvents and solvents+surfactants, hence in those cases only the treatments corresponding to
0.1xAR and 1xAR were tested (Table 11). In addition, in the assay with acetamiprid only the
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lowest concentration (0.1xAR) was tested because it induced 100% of mortality in the
earthworms, and, thus, the following highest concentrations were not tested.

Table 11: Treatment levels as application rates (xAR) used in the toxicity experiments with
earthworms
Type Substance Experimental
application
rates used*

Active Metrafenone 0.1x 1x 10x

ingredients Oxathiapiprolin 0.1x 1x 10x
Benzovindiflupyr 0.1x 1x
Azoxystrobin 0.1x 1x
Tebuconazole 0.1x 1x
MCPA 0.1x 1x
Fluazifop-p-butyl 0.1x 1x
Isoxaben 0.1x 1x
Pendimethalin 0.1x 1x
Metsulfuron-methyl 0.1x 1x 10x
Mesotrione 0.1x 1x 2.49x
Pirimicarb 0.1x 1x 10x
Acetamiprid 0.1x
Flupyradifurone 0.1x 1x 10x
Alpha-cypermethrin 0.1x 1x
Lambda-cyhalothrin 0.1x 1x

Formulations Vivando 0.1x 1x 10x
Quadris 0.1x 1x 10x
Folicur 25 EW 0.1x 1x 10x
Fusilade Max 0.1x 1x 10x
Sivanto Prime 0.1x 1x 10x
Fasthrin 10 EC 0.1x 1x 10x

Co-formulants | Naphtha 0.1x 1x 10x
N,N-dimethyldecanamid 0.1x 1x
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For over-spraying the earthworms, approximately three to four hours before this procedure,
earthworms were washed with deionised water and placed in Petri dishes so they could void
their gut contents. Aspersion of organisms was made by using the same equipment as that used
for juveniles of P. perezi, at a rate of 40 ml/m2 for all concentrations and controls. After
aspersion, each earthworm was transferred to a Petri dish, filled with a filter paper of 85 g/m2,
0.2 mm thick, and a diameter of 70 mm, moistened with 1 ml of deionised water. One organism
was placed by Petri dish, which constituted a replicate. Five replicates were set per
concentrations and control. The assay took place for 72 hours at 23 + 1°C in total darkness.
Mortality of organisms was checked each 24 h, and an earthworm was considered dead when it
did not respond to a gentle mechanical stimulus for 15 seconds. At each 24 h deionised water
was added to the filter paper, to avoid its dryness. At the end of the assay (72 h) mortality was
registered and all alive earthworms were weighted (to the nearest 0.0001 g). The exposure
procedures were adapted from the guideline Earthworm, Acute Toxicity Tests (OECD 1984).

5.1.4 Data analysis

Cumulative survival was compared among treatments using a long-rank test. Weight values
were compared among treatments of the same compound and the respective controls by using
univariate analysis of variance. Normal distribution and homoscedasticity of the data was
checked with Kolmogorov-Smirnov and Bartlett’s tests, respectively. Significance was setat p <
0.05.

5.2 Results

5.2.1 Mortality and external lesions

Considering all the performed controls, both negative and solvent ones, no significant mortality
was registered in E. andrei exposed to these treatments.

Acetamiprid was among the most toxic tested active ingredients to E. andrei; the over-spray of
earthworms with 0.1xAR resulted in 60 and 100% of mortality after 24 h and 48 h of exposure,
respectively. Alterations in the skin (e.g. swelling, presence of structures filled with a liquid)
were observed 24 h after the over-spay with acetamiprid (Figure 68). Given such a high
mortality at 0.1xAR, the two other concentrations (1xAR and 10xAR) were not tested for this
substance.

Figure 68: Images of adults of Eisenia andrei, 24 h after being over-sprayed with deionised
water (a), and with 0.1xAR of acetamiprid (b and c)

Alterations observed in the skin of the organisms are indicated with yellow arrows. Cli: clitellum.
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For all the other tested active ingredients and co-formulants, no mortality was registered, except
for isoxaben and pirimicarb, where one organism died in each of the following treatments:
0.1xAR and 1xAR of isoxaben and 10xAR of pirimicarb. To note that although oxathiapiprolin
induced no mortality in E. andrei, it caused skin lesions in the organisms at 10xAR (Figure 69).

Figure 69: Images of adults of Eisenia andrei, 72 h after being over-sprayed with deionised
water (a), and with 10xAR of oxathiapiprolin (b and c)

Alterations observed in the skin of the organisms are indicated with yellow arrows. Cli: clitellum.

As for the commercial formulations, over-spray with Fusilade Max and Vivando did not impair
the survival of earthworms. As well, exposure to Quadris did not significantly impair the survival
of earthworms, even though one organism died at 0.1xAR and another one at 1xAR (Figure 70; p
= 0.550). Though, exposure to Fasthrin 10 EC, Folicur 25E W, and Sivanto Prime reduced the
survival of E. andrei (p < 1.25e-07), reaching mortality values of 75% for 10xAR of Fasthrin 10
EC, 100% at 10x AR of Folicur 25 EW, and 40% at 0.1xAR of Sivanto Prime (Figure 70).

Figure 70: Cumulative mortality of Eisenia andrei, 24, 48 and 72 hours after overspray with
0.1x, 1x and 10x of the application rate (AR) of four formulations

FAS: Fasthrin 10 EC, FO: Folicur 25 EW, QUA: Quadris, SIV: Sivanto Prime. Bars from light to dark blue show the

cumulative mortality at 24, 48 and 72 hours of exposure, respectively. CTR1 corresponds to the control of the

assay with FAS, FO and QUA, while CTR2 corresponds to the control of the assay done with SIV. Source: own

illustration, [University of Aveiro].
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5.2.2 Weight

Among co-formulants, naphtha had no effects on E. andrei weight. Earthworms over-sprayed
with 0.1xAR of N,N-dimethyldecanamid exhibited a higher body weight comparatively to those
from the negative and control solvents (p = 0.016), but those exposed to 1xAR showed body
weights not significantly different from the controls (p = 0.138) (Figure 71).

Figure 71: Weight of Eisenia andrei adults, 72 hours after overspray with 0.1x, 1x and/or 10x
of the application rate (AR) of two co-formulants

Box plots show the mean (x), median (central line), 25" and 75t percentiles (bottom and top of boxes) and 1.5
interquartile range (bottom and top of line). Ctr: Control (deionised water); Ctr-Sol: Control solvent with 1% of
acetone; Ctr-Sol-Trit: Control with 1% acetonitrile and 0.25% of Triton X. Asterisks indicate significant
differences from Ctr-Sol (at p < 0.05). Source: own illustration, [University of Aveiro]..
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Nine of the tested active ingredients (the fungicides metrafenone, azoxystrobin,
benzovindiflupyr and oxathiapiprolin, the herbicides fluazifop-p-butyl, isoxaben, MCPA and
metsulfuron-methyl, and the insecticide pirimicarb) caused no significant effects on the weight
of E. andrei (p 2 0.073). For the active ingredients that induced significant changes in weight of
E. andrei, a clear dose-response pattern was not always observed. Specifically, lambda-
cyhalothrin and pendimethalin caused a significant reduction in weight at 0.1xAR (p < 0.027)
but induced no significant weight changes at 1xAR (p = 0.057), comparatively to their
corresponding solvent controls (Figure 72).

A dose-response pattern was observed on the influence of alpha-cypermethrin and tebuconazole
on the weight of E. andrei. Earthworms over-sprayed with 0.1xAR and 1xAR of each these two
substances showed a significantly lower body weight comparatively to those exposed to the
respective solvent controls (p < 0.016; Figure 73). Contrarily to the pattern observed for
amphibians, where the effects of formulations were, in general, stronger than those of the active
ingredients, it is interesting to notice that, despite those effects induced by the active ingredients
alpha-cypermethrin and tebuconazole on the weight of earthwormes, their commercial
formulations (Fasthrin 10 EC and Folicur 25EW, respectively) caused no changes in exposed
earthworms at 0.1xAR and 1xAR compared to the controls (Figure 73). Flupyradifurone induced
a significant increase in body weight of E. andrei at 0.1xAR (p = 0.035), but no significant
alterations in weight were observed at 1x and 10xAR (p = 0.568); this pattern was also observed
in the weight of earthworms exposed to the flupyradifurone-based formulation Sivanto Prime,
with significant effects at low exposure treatments (0.1xAR and 1xAR) but not at 10xAR among
(p < 0.004; Figure 73).
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Figure 72:

Weight of Eisenia andrei adults, 72 hours after overspray with 0.1x, 1x and/or 10x

of the application rate (AR) of nine pesticide active ingredients

Box plots show the mean (x), median (central line), 25" and 75t percentiles (bottom and top of boxes) and 1.5
interquartile range (bottom and top of line). Ctr: Control (deionised water); Ctr-Sol: Control solvent with 1% of
acetone; Ctr-Sol-Trit: Control with 1% acetonitrile and 0.25% of Triton X. Asterisks indicate significant
differences from Ctr-Sol (at p < 0.05). Source: own illustration, [University of Aveiro].
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Figure 73:

Weight of Eisenia andrei adults, 72 hours after overspray with 0.1x, 1x and/or 10x
of the application rate (AR) of alpha cypermethrin, flupyradifurone, tebuconazole
and their formulations Fasthrin 10 EC, Sivanto Prime and Folicur 25 EW,

respectively

Box plots show the mean (x), median (central line), 25" and 75t percentiles (bottom and top of boxes) and 1.5
interquartile range (bottom and top of line). Ctr: Control (deionised water); Ctr-Sol: Control solvent with 1% of
acetone. Asterisks indicate significant differences from Ctr-Sol (for active ingredients) or from Ctr (for

formulations) (at p < 0.05). # indicates that the reported value refers to the length of only 1 organism). Source:
own illustration, [University of Aveiro].
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Regarding the weight of earthworms exposed to the rest of commercial formulations, Fusilade
Max caused a significant reduction of this parameter for organisms over-sprayed with 1xAR and
10x AR (p < 0.008; Figure 74). Neither Vivando nor Quadris induced significant effects on the
weight of exposed earthworms (p 2 0.602).
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Figure 74: Weight of Eisenia andrei adults, 72 hours after overspray with 0.1x, 1x and/or 10x
of the application rate (AR) of metrafenone, axoxystrobin, fluazifop-p-butyl and
their formulations Vivando, Quadris and Fusilade Max, respectively

Box plots show the mean (x), median (central line), 25" and 75t percentiles (bottom and top of boxes) and 1.5
interquartile range (bottom and top of line). Ctr: Control (deionised water); Ctr-Sol: Control solvent with 1% of
acetone; Ctr-Sol-Trit: Control with 1% acetonitrile and 0.25% of Triton X; Ctr-Sol-Acid: Control with 1%
acetonitrile and 0.1% orthophosphoric acid. Asterisks indicate significant differences from Ctrl (at p < 0.05).
Source: own illustration, [University of Aveiro].
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6 Synthesis and perspectives

6.1 Synthesis of experimental results

6.1.1 Inter-laboratory variability

One active substance and one formulated product were selected for inter-laboratory variability,
metsulfuron-methyl and Folicur 25 EW. Metsulfuron-methyl increased mortality among frogs
exposed to the highest overspray treatment (10xAR) in both laboratories, although in both cases
the increase was not enough to reveal significant effects (Figure 15). Body condition was
increased among frogs exposed to the herbicide in both laboratories, although the treatment
causing such effect differed among sites (10xAR at UA and 1x AR at IREC). Folicur 25 EW
reduced survival at both laboratories, despite some differences in the output across treatments
(Figure 36). At UA, it was the combined exposure to the fungicide through both overspray and
contaminated soil what caused a quick mortality of all exposed frogs, whereas at IREC, mortality
at this combined treatment was higher than that of controls although in a non-significant
manner. At IREC, however, the exposure to the same application rate as in the combined
treatment by any of the single exposure routes significantly increased juvenile frog mortality.
With regards to body condition of frogs exposed to Folicur 25 EW, the most noticeable effect was
the increase in body condition of exposed animals on day 21 post-exposure.

Although some differences in the output of the compared treatments are noted between the two
laboratories, there is a clear trend for repeatability of results. Metsulfuron-methyl increased
mortality in a non-significant manner, whereas Folicur 25 EW was clearly lethal to frogs exposed
to the application rates by either treatment in both labs, although small sample sizes can make
the results to fall within or outside statistical significance because of small variations in the
outcome of control or exposed treatments. Frogs exposed to both compared pesticides ended up
with increased body conditions at both laboratories, probably because of a size-biased mortality
towards smaller frogs in both cases (those with higher surface-to-volume ratio). In general, we
believe that toxicity patterns are comparable between laboratories and that the combination of
data generated from both sites is possible.

6.1.2 Apical endpoints

With a few exceptions, treatment of juvenile P. perezi with the different pesticides via overspray
and/or dermal contact with treated surfaces did not cause lethal effects. Among active
ingredients, significant mortality was found only in three out of the 16 tested substances:
isoxaben, pirimicarb and lambda-cyhalothrin. It is noteworthy that a herbicide like isoxaben has
caused lethal effects at a higher level than some of the expectedly more toxic insecticides like
flupyradifurone, acetamiprid, or especially the pyrethroid alpha-cypermethrin. In the only study
we are aware of that has evaluated the toxicity of isoxaben to amphibians Welch et al. (2010) did
not find effects, when exposure happened via medium water, on developmental rate of on size
and weight at metamorphosis in Xenopus laevis.

As explained above, pyrethroids have been flagged as being especially toxic to amphibians
(Ortiz-Santaliestra et al. 2018), and in this context lambda-cyhalothrin is being revealed as one
of the most toxic substances to juvenile P. perezi. However, the alpha-cypermethrin containing
product Fasthrin 10 EC was the substance included in the present study having strongest lethal
effects on frogs. A similar pattern is observed when comparing the effects of tebuconazole active
ingredient and its formulation Folicur 25 EW, for which we observed a significant increase of
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6.1.3 Histological analysis

The anatomical region of reference and the ROI used in the image analysis (see Figure 10) seem
to include most of the parameters that should be evaluated by a histological analysis in a
toxicological risk assessment of amphibian integument.

The clearest response to pesticides at the histological level is the increase in EI2 observed for
seven out of the 16 analysed PPP. EI2 is the ratio between the epidermal area in the ROl and its
perimeter, hence it is representative of either an epidermal thickness or of a loss of integrity that
leads to irregularities in the structure (Figure 57). Increased skin thickness as a response to
dermal contact with pesticides could be interpreted as a protective response to reduce
absorption; it is understandable that skin resistance to absorption is directly proportional to its
thickness, but whether organisms can respond to the presence of xenobiotics by increasing skin
thickness remains unknown. It is noteworthy that only for Quadris the skin thickening came
along with an increase of EI1 (i.e. decreased cellular density or increased average area per cell),
suggesting hypertrophy, vacuolization, intracellular oedema/spongiosis or cell loss; in the rest
of cases, the density of cells in the epidermal area (inverse to EI1) was unaffected by the
eventual increase in the ratio area/perimeter (EI2), suggesting hyperplasia. Diffusion of
contaminants through the epidermal layer can follow the transcellular (i.e. through the cells) or
paracellular (i.e. between the cells) routes, apart from the localized absorption through pores or
injuries. Paracellular absorption is easier as the number of barriers through which the chemicals
must diffuse is lower than in the transcellular route, but when the epithelium is properly
organized, the paracellular route may be restricted to small-sized molecules only (e.g. Horowitz
et al. 2023). It is, therefore, a normal response to prevent dermal absorption of contaminants to
increase skin thickness (increased EI2) by accumulating epithelial cells in the area (no changes
in cell density, or in EI1).

The exposure of amphibian skin to the environment is particularly high if compared to other
vertebrates that possess thicker or stronger protective structures. In addition, amphibian skin
morphology must adapt to the external conditions, and so changes in the environment can result
in modifications in skin thickness, pigmentation or gland morphology (Niu et al. 2024).
Amphibian skin has therefore a plasticity, hence it is assumable that contact with certain
chemical substances may also induce some of these changes. However, amphibian skin functions
not only as barrier against the external medium, but also as an element involved in water
balance, breathing or immunity (Comden et al. 2023). These functions could be affected if the
skin structure (e.g. thickness) is altered in response to chemical exposure to prevent from
xenobiotic dermal absorption.

Another question to consider is the direct effect that substances, and in particular of co-
formulants, have on the skin. Many formulations include substances to facilitate absorption.
These substances are designed to act on teguments that are normally much less permeable than
amphibian skins (e.g. plant surfaces, insect skins) and have efficient mechanisms to alter the skin
structure and facilitate diffusion of chemicals through it (e.g. dimethylsulfoxide, or DMSO, can
disorganize the structure of the cell membranes to open pores in the phospholipid bilayer;
Marren 2011). In this context, frogs exposed to Fasthrin 10 EC showed a clear, dose-response
increase in their thickness that was much stronger than what was noted in animals treated with
the active ingredient only at the same concentration. Although pyrethroids have a high Ko,
which in principle facilitates the transit through the biological membranes, it has been observed
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Finally, it is important that quantitative metrics complement, rather than substitute,
histopathological assessments. Quantitative and digital analyses can accelerate the evaluation
process and provide valuable support in toxicological pathology, enhancing the interpretation
and accuracy of findings when integrated with qualitative observations.

6.2 Pesticide properties driving amphibian risks

6.2.1 Evaluation based on sensitivity

In order to explore which properties of the tested active ingredients could be driving amphibian
susceptibility, we started with a characterization of the observed effects that could help us
standardizing the results obtained in the different experiments, and then including all the active
ingredients in the same assessment. With this purpose, we assigned a toxicity level value to all
tested substances: We included in this analysis also formulations and co-formulants because
these will be used later in the comparison with earthworms (see section 6.4), but for the
assessment of the properties driving toxicity of pesticide to amphibians we will use active
ingredients only. The toxicity level values for P. perezi are shown in Table 12.

Using these toxicity level values, we explored the influence that the compiled physico-chemical
and toxicological properties of pesticides (see Table 1 in section 3.2.1) could have on apical
effects shown by amphibians. Formulations were excluded from this analysis. Within the
properties dataset, there were four missing values in four different parameters; two of these
parameters (DTso in water-sediment systems for the whole system and 21-day NOEC in Daphnia
magna) were excluded from the model, as including them would have completely excluded the
active substances for which values were missing. For the other two, however, we managed to fill
the blanks; the K, value for fluazifop-p-butyl was estimated from the K for that substance,
whereas a BCF for flupyradifurone was obtained from Huang et al. (2022) as an average of the
calculated BCF for two aquatic arthropods. In addition, we also excluded the pKa from these
models as its pseudo-constant distribution exerted a strong influence in the entire model output.

To avoid a model over-parameterization, we run a Principal Component Analysis (PCA) with the
remaining 22 parameters, which were previously log-transformed. We extracted three principal
components (PC), or dimensions that are explained by those original variables that associated
among them. The correlation coefficients of each original variable with the extracted PC are
shown in Table 13. The extracted PC explained 73.9% of the total variability of the system
defined by the 22 original variables.
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Table 12:

perezi juveniles

Rank of tested substances according to the apical effects recorded in Pelophylax

Each block is assigned a consecutive numerical value as a function of observed effects.

Substance

Fasthrin 10 EC
Pirimicarb

Isoxaben
Folicur 25 EW

Lambda-cyhalothrin

Quadris

Alpha-cypermethrin
Naphta

Mesotrione
Tebuconazole

Oxathiapiprolin
Pendimethalin

Metrafenone
Fusilade Max

Azoxystrobin

Benzovindiflupyr
MCPA
Fluazifop-p-butyl
Metsulfuron-methyl
Acetamiprid*
Flupyradifurone
Vivando

Sivanto Prime

N,N-dimethyldecanamid

Effect

Significant mortality at 0.1xAR after 21d
Significant mortality at 1xAR after 7d

Significant mortality under route combination (or
less than significant if single route) after 7d

Significant mortality under route combination
after 21d (less than significant after 7d)

Less than significant mortality at 1x AR after 21d

Less than significant mortality at 10x AR after 21d

Reduced body condition after 7d at 0.1x AR

Reduced body condition after 7d at 1x AR (either
in soil or overspray)

Reduced body condition at 0.1xAR after 21d
Reduced body condition at 1xAR after 21d

Reduced body condition under route combination
after 21d

No effects or increased body condition

Toxicity
level

12
11

10

*A less than significant increase of mortality was found among frogs exposed to 0.1xAR acetamiprid. However, since none

of the higher levels (1xAR or 10xAR) caused such response, we cannot consider it as a consistent effect.

This variable reduction permitted us to use those PC instead of the original variables, among

some of which there was a strong collinearity that would have affected the model results. Thus,

we ran a GzLM with a Poisson distribution of the amphibian toxicity index, that was used as the

response variable. The model included as covariates the scores of the three extracted PC (i.e. the

regression-calculated values that each active substance would have adopted in the “new”

variable that represent each PC). The GzLM was run using a backwards selection procedure

without including interactions between covariates. The best-fitted model was selected as the one
with the lower Akaike’s Information Criterion.
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The selected model included the PC1 as the only covariate significantly explaining the variations
in the amphibian toxicity level values (Table 14). As shown by the regression coefficient
between PC1 and toxicity level value, the association between both variables was negative (i.e.
increasing values of PC1 would associate with reduced toxicity to juvenile frogs). Thus,
considering the original parameters that were associated with PC1 and the sign of their
correlation coefficient (Table 13), toxicity to amphibians would increase with increasing values
of Kow, Ko, and BCF, and with decreasing values of AD], solubility in water, LCsp in fish, NOEC in
fish, ECso in Daphnia, contact LDsp in bees and inhalation LDsg in rats.

Table 13: Correlation coefficient of each physico-chemical or toxicological parameter with
the principal components (PC) extracted from the Principal Component Analysis
conducted on those parameters

Absolute values indicate the strength of the association between the original variable and PC, from no
correlation (0.000) to full correlation (1.000). Signs indicate whether the association is direct (positive values,
meaning that the variable would increase for increasing variables of the PC) or inverse (negative values).
Variables with coefficients with absolute values above 0.6 are considered as represented by the PC.

Variable® PC1 PC2 PC3

ADI 0.692 0.487 0.329
AOEL 0.325 0.630 0.168
Molecular mass -0.499 0.599 -0.061
Solubility in water 0.838 -0.515 0.076
Kow -0.770 0.375 0.016
Soil DTso -0.199 0.463 0.826
Water DTso 0.634 -0.069 0.683
Kfoc -0.929 0.226 -0.055
BCF -0.800 0.281 -0.129
Oral LDsg mammals 0.572 0.689 -0.234
Oral LDso birds -0.333 0.681 -0.220
NOEC birds 0.489 0.585 -0.276
LCso fish 0.906 -0.288 -0.127
NOEC fish 0.908 -0.207 -0.097
ECso Daphnia 0.883 -0.090 -0.189
Contact LDsg bees 0.801 0.339 0.071
Oral LDsg bees 0.561 0.520 -0.061
LCso earthworms 0.142 0.566 0.142
Dermal LDsp mammals 0.490 0.495 -0.105
Inhalation LDso mammals 0.691 0.342 -0.307

*The variables were log-transformed prior to analysis
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Table 14: Results of the best-fit generalized linear model to test the influence of the scores of
the extracted principal components (PC) on amphibian toxicity level values

Correlation of the PC with the original variables are shown in Table 13. The dependent variable was adjusted to
a Poisson distribution. The hypothesis contrast from the generalized linear model includes the information for
the intercept and the PC1, selected as significantly explaining amphibian toxicity values. For each model term
(intercept and PC1) the non-standardized regression coefficient (8) along with its standard error and 95%
confidence intervals, is shown. The negative sign of the 8 for PC1 indicates that the association between PC1
scores and amphibian toxicity level is inverse (i.e. increasing PC1 scores indicate higher toxicity).

Source of Hypothesis contrast Regression parameter estimates
variation Wald’s X2 | d.f. p B std. error | 95% confidence interval
Intercept 137.930 1 <0.001 1.447 0.1232 1.206 — 1.689

PC1 scores 7.261 1 0.007 -0.287 0.1064 -0.495 - -0.078

Increased K,w and BCF, and decreased water solubility are consistent parameters. Our results
show that lipophilic substances would have higher potential to compromise juvenile frog
survival and growth, which can be related with the higher potential of these substances to
diffuse through body membranes. This result matches what has been reported by previous
studies relative to the influence of Kow and BCF in determining bioaccumulation of pesticides by
terrestrial amphibians (Quaranta et al. 2009, Van Meter et al. 2015), hence the potential of these
substances to cause toxic effects. The fact that substances with higher sorption coefficients (Kroc)
would be more toxic to amphibians than those with the opposite characteristic, provided all soils
used in the experiments had the same organic carbon content, would suggest that an important
part of the toxicity could be related to the persistence of the substances after overspray. The
influence of the sorption coefficient in determining absorption of chemical substances through
amphibian skin has also been shown in previous studies (Van Meter et al. 2014, Van Meter et al.
2016). The rest of the selected parameters link the sensitivity shown by the P. perezi juveniles
with that reported for other species. It must be stressed that, in general, sensitivity of aquatic
species seems a better predictor than sensitivity of terrestrial ones, as the three considered
toxicological parameters from aquatic species (LCso in fish, NOEC in fish and ECso in Daphnia)
arose as potentially influential variables, while most of the toxicological parameters from
terrestrial species did not. It is also noteworthy that the three selected parameters that are
representative of toxicological sensitivity of terrestrial refer to different exposure routes: oral
(ADI), dermal (contact LDsp in bees) and inhalation (inhalation LDsg in rats). ADI is a wide
indicator of toxicity of a substance, while contact LDsg in bees could suggest that substances that
are readily absorbed by the tegument of bees are also those easily diffusing through amphibian
skin. Regarding inhalation, the susceptibility of terrestrial amphibians to substances that are
toxic by this route has already been suggested (Adams et al. 2021); as skin acts as a respiratory
organ in these animals (Burggren and Moallf 1984), overspray of substances that are toxic by
inhalation could be especially detrimental to them.

In order to have a more quantitative approach of the influence of the different parameters on
amphibian sensitivity to PPP, we ran a multiple linear regression including the physico-chemical
and toxicological properties as explanatory variable. This regression was performed following a
step by step forward selection procedure, so in this case it was not necessary to reduce the
original variables; the step forward procedure introduces the variables one-by-one, considering
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Figure 76: Biplot representing the 16 tested active ingredients as a function of their toxicity
level value for amphibians and 48-ECs, for Daphnia

Substances are classified depending on whether they caused lethal effects, sublethal effects or no apical effects.
The black line represents the linear regression model resulting from the selection of ECsp in Daphnia as a
significant parameter to explain variations in the toxicity level value (see equation in the text), including its 95%
confidence intervals (black dashed lines). The blue-dashed lines identify the thresholds for lethality, defined as
values above 6 for the amphibian toxicity level and, concurrently, values below -1.7 of the log ECso Daphnia (=
0.02 for the ECso Daphnia, in mg/l). Source: own illustration, [IREC-CSIC].
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6.2.2 Evaluation based on pesticide accumulation

Another approach in investigating the properties of the substance driving effects to amphibians
was based on accumulation of pesticides measured in exposed animals. We calculated
accumulation ratios from the measured concentrations in liver and skin samples and the
concentration in the sprayed product as follows:

Concentration measured in tissue (ng/g)

A lati ti = 1000
ccumulation ratio from spray Concentration in the sprayed broth (mg/l) x

When the difference between nominal and measured concentrations in sprayed broths (see
section 4.2.3) was outside the range of the percentage recovery and its RSD calculated for each
given substance (see section 4.1.4), we used the measured concentration instead of the nominal
one to calculate the accumulation ratio.

Also, accumulation ratios from soils were also calculated considering the residues in soil
samples measured on day 7 post-exposure:
Concentration measured in tissue (ng/g)

A lati ti il = 1000
ccumulation ratio from sot Concentration in the soil (ng/g) x
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6.3 Calculation of threshold values

The second approach to explore which properties of the active ingredients could determine
amphibian toxicological sensitivity consisted of calculating toxicity threshold value to further
link them to the physico-chemical and toxicological characteristics of the substances. For this
analysis we considered only overspray exposures. We ran probit models with the data from the
experiments; in particular, for each tested active ingredient, formulation or co-formulant, we ran
three variations of the probit models: (i) including the actual data obtained in the experiments;
(ii) simulating the absence of mortality in controls, to maximize the chances of finding significant
dose-response effects; and (iii) removing the 10x application rate (or those replacing it for
experiments with limited substance solubility) from the experiments in which this application
rate did not result in a dose-response effect when combined with the lower application rates.
Probit models were run using mortality rates recorded on days 7 or 21. When a significant
model was obtained, we calculated the median application rate causing mortality from the
probit model parameters. This median application rate was converted into the actual spray
concentration (in kg/ha) of each product to obtain a median lethal overspray concentration
(overspray-LCso). As done with the accumulation ratios described above, when the difference
between nominal and measured concentrations in sprayed broths (see section 4.2.3) was
outside the range of the percentage recovery and its RSD calculated for each given substance
(see section 4.1.4), we used the measured concentration instead of the nominal one to transform
the application rate into the overspray-LCso. Further, these overspray-LCso values were
converted into a dermal median lethal dose (overspray-LDsg), for which we took the same
assumptions as used in the EFSA Scientific Opinion that half of the body surface receives the full
application rate and that 100% of the product is absorbed via skin (EFSA PPR Panel et al. 2018).
The body surface was calculated using the allometric equation for frogs, which is indicated in the
USEPA Wildlife exposure factors handbook (USEPA 1993):

Body surface (cm?) = 1.131 x Body weight (g)%>7°

A total of 156 probit models were run, out of which we found 13 significant models, plus the
model on results of the naphtha experiment on day 21 using the real data was close to the
statistical significance (p=0.064). We used the model results to estimate LC50,s values for all
those substances (Table 16). Application rate of naphtha as part of Fasthrin 10 EC (120 ml/ha,
see Table 6 in section 3.5.2) was transformed in a weight-based value using the naphtha density
of 0.86 g/ml, which resulted in an application rate of 103.2 g/ha. The obtained values were
compared with LDso values estimated for amphibians following the method proposed by Weltje
et al. (2017). Briefly, those authors proposed a protocol to estimate a fish LDso from the 96h-LCsq
value for rainbow trout, usually included in the PPP application dossiers, using the BCF. Then,
they used an inter-species correlation to derive a regression equation that would serve to
convert the estimated fish LDso in an amphibian LDso. The calculated values according to this
method are also included in Table 16.
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Table 16:

Summary of the significant Probit models obtained with mortality data in
overspray treatments

The table displays the median lethal concentrations calculated, using the Probit models, as a function of the
spray application rate (overspray-LCso) and resulting median lethal dose (overspray-LDsy), together with the LDsp
estimated according to Weltje et al. (2017) (fish-based-LDsg). When data correspond to formulations, all
parameters are given in units relative to the active ingredient.

Substance

Quadris

Folicur 25
EW

Metsulfuron
-methyl

Pirimicarb

Fasthrin 10
EC

Naphtha

Lab

IREC

IREC

UA

IREC

UA

IREC

UA

UA

UA

UA

UA

IREC

IREC

UA

Experiment
day

21

21

21

21

21

21

21

21

21

Model
variation

Without
highest AR

Without
highest AR

Original
data

Without
highest AR

No control
mortality

Without
highest AR

No control
mortality

Without
highest AR

Original
data

No control
mortality

Without
highest AR

Original
data

No control
mortality

Original
data

*Always referred to the active ingredient alone

Median

effect

application

rate (XAR)

0.614

1.354

0.591

0.764

11.373

1.115

8.224

0.671

5.713

7.315

0.811

11.519

7.845

11.922

135

Overspray-
LCso
(mg/ha)

0.153

0.270

0.118

0.153

0.068

0.007

0.049

0.035

0.297

0.380

0.042

0.172

0.118

1.230

Overspray
-LDso
(mg/kg

bw)

0.740

1.460

1.181

0.738

0.552

0.030

0.372

0.339

2.227

2.851

0.314

0.844

0.530

11.346

Fish-
based-LDsy

(mg/kg
bw)*

30.22

243.38

85.11

1044.04

0.16

Not
available
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As reflected in the table, the estimated overspray LDso values according to the result of the
present study are generally much lower than the values estimated from fish data, which were
proposed by Weltje et al. (2017) as a method to characterize acute dermal toxicity for
amphibians. We must be cautious with the interpretation of these results, as both approaches to
estimate LDso values involve a high degree of extrapolation, and the estimates resulting from our
overspray tests are anyway based on a few treatment levels. This low number of treatment
levels can exert a high variability in the output of the Probit model; in fact, removing the highest
treatment level caused a strong reduction of the estimated benchmark values (for those
substances in which methods could be compared), so this is probably an over-conservative
method. However, also the estimates made from original data are resulting in estimated LDsg
values that are much lower than those calculated from fish data, with the exception of alpha-
cypermethrin. It must be noticed also that, in some cases, we are comparing data from our study
that were obtained from formulations with data extrapolated from fish that refer to active
ingredients. In any case, the differences are in some cases large enough to consider further
investigations regarding how exposure scenario may affect dermal toxicity of pesticides to
amphibians. According to these estimations, overspray is apparently supposing a scenario of
special risk linked to dermal exposure of amphibians to PPP.

6.4 Role of earthworms as surrogates for evaluation dermal toxicity of
pesticides to amphibians

In order to find possible parallelism between toxicity to amphibians and earthworms, the effects
of the different compounds, including both active substances, formulations and co-formulants,
were ranked according to the effects noted on earthworms following the same approach as for
amphibians (see section 6.2). The toxicity reference values for earthworms are shown in Table
17.

The potential of earthworms to predict amphibian toxicity was checked by running a Spearman
correlation between the toxicity level values of both groups. The correlation was weak but
significant, showing that there is some parallelism in the mechanisms driving the occurrence of
apical effects in both groups (Rs = 0.449, p = 0.028). To explore this data more in deep, we
obtained a linear regression model (Figure 80) that, although its adjustment was only close to
statistical significance (p = 0.093) allowed us to obtain the residuals. The absolute value of those
residuals (i.e. the distance from each dot in the figure relative to the regression line) was
considered as an inverse measure of the goodness whom which the amphibian toxicological
sensitivity could be predicted from the earthworm sensitivity. Then, we ran Pearson
correlations of those residual absolute values with the different physico-chemical and
toxicological properties of the pesticides (log-transformed). The purpose of this analysis was to
inquire which properties would be most influential in preventing a good prediction.

The results showed two significant correlations; on the one hand, substances with higher
molecular mass were negatively correlated to the residual absolute values (R =-0.499, p =
0.049), meaning that toxicity of large molecules to amphibians would be easier to predict from
earthworm data than toxicity of small molecules. The other significant correlation was found
with the avian LDs, and its sign was also negative (R =-0.651, p = 0.006), meaning that a better
prediction from earthworms to amphibians can be achieved for substances that are more toxic
to birds. We must notice that these correlations were run using active ingredients only, as the
dataset for physico-chemistry or toxicology of formulations and co-formulants is far from being
complete. These results do not mean that molecular mass or avian LDsg play a significant role in
determining the toxicity of pesticides on amphibians or earthworms but provide some
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indications about the type of molecules for which predictability using earthworm as surrogates
is more or less plausible. It is important to remind that a significant Spearman correlation
between toxicity level values was found, showing an interesting potential for earthworms to act
as surrogates for amphibian dermal toxicity that should to be explored more deeply by
extending the number of compared substances.

Table 17: Rank of tested substances according to the apical effects recorded in Eisenia andrei
adults

Each block is assigned a consecutive numerical value as a function of observed effects.

Toxicity

Substance Effect
level

Acetamiprid Significant mortality after 24h at 0.1xAR 9
Folicur 25 EW Significant mortality after 24h at 10xAR 8
Sivanto Prime Significant mortality after 72h at 0.1xAR 7
Fasthrin 10 EC Significant mortality after 72h at 10xAR 6

Pendimethalin Reduced body mass after 72 h at 0.1xAR 5
Tebuconazole

Alpha-cypermethrin
Lambda-cyhalothrin

Fusilade Max Reduced body mass after 72 h at 1xAR 4

Isoxaben Isolated mortality (non-significant) cases 3
Pirimicarb
Quadris

Oxathiapiprolin Skin lesions at 10xAR 2

Metrafenone No effects or increased body mass 1
Benzovindiflupyr
Azoxystrobin

MCPA

Fluazifop-p-butyl
Metsulfuron-methyl
Mesotrione
Flupyradifurone
Vivando

Naphta
N,N-dimethyldecanamid
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Figure 80: Biplot representing the tested active ingredients, formulations and co-formulants
as a function of their toxicity level value for amphibians and earthworms

The purple line represents the adjustment of the linear regression model (y = 3.094 + 0.523x). To improve
visualization, metsulfuron-methyl, Vivando and N,N’-dimethyldecanamid are not labelled, their point being the
same as for MCPA. Source: own illustration, [IREC-CSIC].
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A Appendix. Distribution of the selected active ingredients along
gradients of the physico-chemical and toxicological properties considered

Source: own illustrations, [IREC-CSIC].
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B Appendix. QuPath scripts for digital image analysis

B.1 QuPath’s built-in Watershed Cell Detection:
selectObjectsByClassification("Region*")
runPlugin('qupath.imagej.detect.cells.WatershedCellDetection',

'{"detectionlmageBrightfield":"Optical density

sum","requestedPixelSizeMicrons":0.5,"backgroundRadiusMicrons":13.0,"backgroundByReconstru
ction":true,"medianRadiusMicrons":1.1,"sigmaMicrons":1.5,"minAreaMicrons":10.0,"maxAreaMic
rons":100.0,"threshold":0.1,"maxBackground":2.0,"watershedPostProcess":true,"cellExpansionMi
crons":0.0,"includeNuclei":true,"smoothBoundaries":true,"makeMeasurements":true}')

B.2 StarDist deep-learning-based plugin for Cell Detection:

selectObjectsByClassification("Region*")

import qupath.ext.stardist.StarDist2D

import qupath.lib.scripting.QP

def modelPath = "PATH TO Bl he_heavy_augment.pb"

def stardist = StarDist2D
.builder(modelPath)
.normalizePercentiles(1, 99) // Percentile normalization
.threshold(0.45) // Probability (detection) threshold
.pixelSize(0.4) // Resolution for detection

def pathObjects = QP.getSelectedObjects()

def imageData = QP.getCurrentlmageData()

if (pathObjects.isEmpty()) {
QP.getLogger().error("No parent objects are selected!")
return

}

stardist.detectObjects(imageData, pathObjects)

stardist.close()

printin('Done!’)
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C Appendix. Sublethal effects

Appendix C1: Body condition and food intake rate measured per experiment and treatment

Mean + SD values per experiment, batch (if applicable) and treatment are given for body condition at the beginning of the assays and on days 7 and 21 after treatment, and for
the food intake rate (FIR, in number of eaten crickets per individual per day). The latter parameter is not displayed for experiments of the 7th batch, as in those experiments
there were no variation in the FIR.

Substance Lab | Batch Treatment Condition day 0 Condition day 7 Condition day 21 FIR
Mean SD Mean SD Mean SD Mean | SD
Metrafenone IREC | 3r Control 854.38 | 54.60 | 835.70 | 71.43 | 1135.42 78.23 1.78 | 0.09
Solvent 845.78 | 64.80 | 880.43 | 78.19 | 1091.73 57.33 1.77 | 0.10
0.1x AR 864.26 97.60 881.71 | 103.31 | 1044.49 120.75 1.71 | 0.10
1x AR 866.78 | 72.36 | 864.60 | 65.57 | 964.60 62.13 1.69 | 0.26
10x AR 915.27 | 107.76 | 905.79 | 44.81 | 1187.54 | 82.15 1.77 | 0.09
Oxathiapiprolin IREC 3rd Control 867.46 66.13 842.92 50.51 | 1031.90 66.18 1.47 | 0.27
Solvent 947.13 | 114.60 | 834.66 | 84.85 | 993.27 178.18 1.46 | 0.27
0.1x AR 908.64 | 124.07 | 883.95 | 98.73 | 988.84 - 1.43 | 0.32
1x AR 957.89 | 105.26 | 813.50 | 53.56 | 1118.69 61.50 1.46 | 0.28
10x AR 959.15 | 99.12 | 891.80 | 43.88 | 949.66 89.98 1.47 | 0.27
Benzovindiflupyr IREC | 3 Control 906.53 | 74.82 | 916.66 | 108.30 | 990.82 182.40 1.12 | 0.28
Solvent 875.26 | 100.85 | 844.91 | 75.79 | 1010.09 | 150.15 1.11 | 0.27
0.1x AR 936.79 | 84.03 | 883.31 | 20.50 | 1063.78 80.52 1.08 | 0.25
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D Appendix. Active ingredients below the threshold value

Appendix D:  Active ingredients below the calculated threshold value, based on EC50 in Daphnia,
for lethal effects on amphibians condition and food intake rate measured per
experiment and treatment

Active ingredient 48h-ECso in Daphnia (mg/1)
Acrinathrin 0.000022
Gamma-cyhalothrin 0.000045
Tefluthrin 0.00007
Cypermethrin 0.00021
Pirimiphos-methyl 0.00021
Alpha-cypermethrin 0.00022
Lambda-cyhalothrin 0.00023
Esfenvalerate 0.00027
Deltamethrin 0.00056
Meptyldinocap 0.000579
Malathion 0.0007
Pyridaben 0.001
Etofenprox 0.0012
Triflumuron 0.0016
Formetanate hydrochloride 0.0017
Phosmet 0.002
Diflubenzuron 0.0026
Fenpyroximate 0.00328
Pyridalyl 0.0038
Fenazaquin 0.0041
Etoxazole 0.0071
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