ﬁ soil systems

Article

Ecological Thresholds for a Fenthion-Based Veterinary
Pharmaceutical in Tropical Soil Using Species Sensitivity
Distribution (5SD) Modeling

Isadora Varela 1, Felipe Ogliari Bandeira !, Carolina Riviera Duarte Maluche Baretta 2, Paulo Roger Lopes Alves 3%,
Icaro Luiz Golin 1, Rodrigo Pizzani ! and Dilmar Baretta *

Academic Editor: Ewald Schnug

Received: 21 June 2026
Revised: 29 July 2026
Accepted: 31 July 2026
Published: 3 August 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Department of Animal Science, Center for Higher Education of the West, Santa Catarina State University,
Chapecé 89815-630, SC, Brazil; isadoravarela20@gmail.com (1.V.); bandeira.felipeog@gmail.com (F.O.B.);
icarogolim@gmail.com ({.L.G.); rodrigopizzani46@gmail.com (R.P.)

2 Graduate Program in Environmental Sciences, Community University of Chapec6 Region —Unochapeco,
Chapecd 89809-900, SC, Brazil; carolmaluche@unochapeco.edu.br

3 Laboratory of Soil Ecotoxicology, Federal University of Fronteira Sul, Av. Fernando Machado 108 E,
Chapeco 89802-112, SC, Brazil

* Correspondence: paulo.alves@uffs.edu.br (P.R.L.A.); dilmar.baretta@udesc.br (D.B.);

Tel.: +55-(49)-2049-2600 (P.R.L.A.); +55-(49)-2049-9537 (D.B.)

Abstract

Fenthion is a veterinary pharmaceutical (VP) used in the control of ecto- and endopara-
sites in livestock. This active substance may reach the soil through the animals’ urine and
feces, but the ecotoxicological data of this compound on non-target soil fauna is limited.
This study aimed to evaluate the chronic ecotoxicity of a fenthion-based veterinary for-
mulation on six species of soil invertebrates. Ecotoxicological tests were performed in a
natural tropical soil (Entisol) with earthworms Eisenia andrei, enchytraeids Enchytraeus
crypticus and Enchytraeus bigeminus and collembolans Folsomia candida, Sinella curviseta and
Proisotoma minuta, following ISO protocols. The species sensitivity distribution (SSD) ap-
proach was employed to establish protective concentrations (PCs) for fenthion in soil. Col-
lembolans were the most sensitive organisms; the EC50 for F. candida, S. curviseta and P.
minuta were 0.72, 0.93 and 0.48 mg kg, respectively. Earthworms E. andrei presented in-
termediate sensitivity (EC50 = 28.40 mg kg™). Enchytraeids were the least sensitive ani-
mals (EC50 for E. crypticus and E. bigeminus of 233.66 and 221.47 mg kg1, respectively).
SSD-derived PCs for 95%, 90%, 80% and 50% of soil species were estimated in 0.017, 0.054,
0.225 and 3.432 mg kg, respectively. The predicted environmental concentration (PEC)
of fenthion in soil via veterinary use (0.032 mg kg) is almost twice the PC95 value (0.017
mg kg), indicating potential ecological risk of fenthion to soil species. This study brings
new information regarding the ecotoxicological profile and ecological risk of a relevant
VP to the edaphic community.

Keywords: springtails; enchytraeids; earthworms; soil fauna; ecotoxicity; ecological risk

1. Introduction

Livestock farming represents a major segment of Brazil’s agribusiness sector. Ac-
cording to the Brazilian Institute of Geography and Statistics (IBGE) [1], the value of the
main livestock products reached R$ 122.4 billion in 2023, with a growth of 5.4% compared
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to the previous year. In terms of cattle herd size in the country, estimations indicate a total
of 227 million animals in 2022 [2,3]. Despite the overall high productivity, the livestock
activity is significantly impaired by parasitism. For cattle, for example, the parasitism by
endo- and ectoparasites is estimated to cause annual losses as high as USD 13.9 billion [4].

Parasite control in cattle is carried out through integrated management techniques
that utilize chemical products, such as anthelmintics, insecticides and acaricides, playing
a central role in the treatment and control of ruminant parasites [5]. These products ac-
count for 29% of all the veterinary pharmaceuticals (VPs) sold in the country [6], and they
can be administered orally, topically by spraying or pour-on and via intraruminal bolus
or injection. After treatment, parasiticides are excreted through urine or feces, with excre-
tion rates depending on the compound, the dosage applied and the body size of the ani-
mal receiving the drug. However, for some VDPs, it is known that between 40% and 90%
of the administered compound is excreted unmetabolized [7,8].

Among the VPs used to control parasites in cattle, organophosphate (OP) insecticides
(such as chlorpyrifos and fenthion) have gained space in the livestock field due to their
outstanding efficacy against ectoparasites, such as ticks [9]. Fenthion is a long-acting OP
[10] used to control ectoparasites such as warble flies, biting flies, lice and larvae in dairy
cattle. It is rapidly absorbed through the skin and used topically, with application doses
ranging from 10 to 15 mg of active ingredient (a.i.) per kilogram of body weight [11].

Due to the indiscriminate use of VPs in large herds, and considering the high rate of
excretion of these compounds in unmetabolized form by treated cattle [7,8], it is likely that
these substances reach the soil. In the case of fenthion, the compound has high lipophilic-
ity (log Kow = 4.84 [12]) and moderate persistence in the soil (half-life of 47 days), poten-
tially remaining for over 180 days [13]. Given its mechanism of action on the nervous sys-
tem of target organisms, it may also pose toxicity risks to non-target soil invertebrates.
However, studies assessing the toxic effects of this active ingredient on soil fauna bioin-
dicators remain scarce and limited to earthworms [14,15].

Due to their representativeness and ecological functions within the soil ecosystem,
soil fauna organisms such as collembolans, earthworms and enchytraeids have been
widely used as model organisms in ecotoxicological tests (ISO 11267 [16], ISO 11268-2 [17],
ISO 16387 [18]). However, data generated from these studies are typically based on a lim-
ited number of species, which may not accurately reflect environmental exposure under
field conditions, where a large number of taxa can be affected, and the magnitude of im-
pacts varies according to species sensitivity. One approach to improve the extrapolation
of laboratory results to more ecologically realistic scenarios is the use of species sensitivity
distributions (SSDs), which integrate ecotoxicological test results across multiple species,
accounting for interspecific variability and taxonomic diversity in toxicity responses [19].
Due to these advantages, SSDs are widely used by environmental regulatory agencies to
establish protection thresholds and support decision-making [20].

Although Brazil currently has no regulation establishing how SSDs should be elabo-
rated, the Australian National Environment Protection Council (NEPC) recommends hav-
ing ecotoxicity values for at least five species belonging to at least three distinct taxonomic
groups [21]. In this line, earthworms, enchytraeids and collembolans are amongst the most
commonly used and recommended soil faunal groups [16-18] for the determination of
toxicity thresholds of contaminants in soil.

The objective of this study is to conduct an ecotoxicological assessment of the VP
fenthion toward non-target soil invertebrates. Ecotoxicological tests were conducted with
collembolans, enchytraeids and earthworms following standardized international test
(ISO) protocols, and the ecotoxicological data were used to construct a species sensitivity
distribution (SSD) curve to derive protective concentrations (PCs) for fenthion in soil.
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2. Materials and Methods
2.1. Test Soil

A natural sandy soil (Entisol) sampled in Ararangua, Santa Catarina, Brazil
(29°00'19.98" S, 49°31'03.84" W), was used as a test substrate for ecotoxicity bioassays. The
soil, which was obtained from the top layer (0-20 cm), was sieved (2 mm mesh aperture),
air-dried and defaunated through three freezing—thawing cycles (ISO 11268-2 [17]). Phys-
icochemical characteristics of Entisol (60.7% sand, 35.2% silt, 4.1% clay, 0.9% soil organic
matter, 2.12 cmolc dm cation exchange capacity, pH 4.02) were determined in the EP-
AGRI soil laboratory, following Tedesco et al. [22]. This soil was selected for the ecotoxi-
cological bioassays, as this class of soils is representative of Brazilian sandy soils, occupy-
ing approximately 15% of the national territory [23], and likely represents a worst-case
scenario for evaluating the toxicity of organic chemicals in Brazilian scenarios [24]. The
soil samples used on the bioassays had their moisture adjusted to approximately 60% of
their maximum water-holding capacity (WHC).

2.2. Test Substance

A fenthion-based veterinary commercial formulation was used to artificially spike
the soil samples for ecotoxicity bioassays. Tiguvon® Spot-on (150 g fenthion L) is recom-
mended for the control of larvae, mosquitoes, lice and ticks in both dairy and beef cattle
herds [11]. While the product label describes the carrier generically as vehicle q.s.p. [11],
equivalent Tiguvon® Spot-on formulations employ dipropylene glycol methyl ether as the
main organic solvent vehicle [25]. Soil samples were spiked with 0.1, 1, 10, 100, 500 and
1000 mg active ingredient (a.i.) kg™ dry soil (mg kg™) for the bioassays with earthworms
Eisenia andrei and enchytraeids Enchytraeus crypticus and Enchytraeus bigeminus; 0.5, 1, 2, 4
and 8 mg kg for collembolans Folsomia candida; and 0.25, 1 and 8 mg kg™ for the alterna-
tive species of collembolans Sinella curviseta and Proisotoma minuta. The range of
concentrations was defined based on range-finding bioassays and previous sensitivity
assessments with alternative species [26] and was selected in order to allow a good
estimation of the effective concentrations (EC10, EC20 and EC50 values) for each species.

2.3. Test Organisms

Earthworms E. andrei, enchytraeids E. crypticus and E. bigeminus and collembolans F.
candida, S. curvisetta and P. minuta were maintained in a climate-controlled (20 +2 °C, 12 h
photoperiod) laboratory room, according to ISO protocols (ISO 11268-2 [17], ISO 16387
[18] and ISO 11267 [16], respectively). Specific details about culture media composition,
feeding frequency and moisture replenishment can be found in Bandeira et al. [27].

2.4. Chronic Toxicity Test with Earthworms E. andrei

Adult earthworms (with a clitellum) weighing 380 + 107 mg were selected for the
assay. The pool of earthworms was previously acclimated in the Entisol (control wet soil)
for 24 h before the test began. Six fenthion concentrations, plus a negative control with
distilled water, were tested. Ten earthworms were placed in each experimental unit,
which consisted of plastic recipients containing 800 g of wet soil. The oligochaetes were
fed with defaunated horse manure (approximately 5 g) weekly, and a few drops of distilled
water were used to replenish moisture loss once a week. Adult survival was measured after
28 days through manual counting, whereas juvenile production was assessed after 56 days
through warm extraction, following the procedure described in Alves et al. [28].
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2.5. Chronic Toxicity Test with Enchytraeids E. crypticus and E. bigeminus

Bioassays with enchytraeids were performed with the standard species E. crypticus
and the alternative species E. bigeminus. Organisms with an approximate length of 1 cm
and a visible clitellum were used in the bioassays. In summary, ten organisms were man-
ually pinched from the culture medium (agar-based) and added to each replica containing
30 g of wet soil (contaminated or control). Six fenthion concentrations were tested, as well
as a negative control. Once a week, soil moisture was adjusted with distilled water, and
around 5 mg of finely ground oat flakes was offered as food. After 21 days, enchytraeids
were fixed in 70% ethanol, and Bengal rose solution (1%) was used to stain the organisms,
which were then counted on a stereoscopic microscope [26]. Detailed information about
the procedures can be found in Alves et al. [29].

2.6. Chronic Toxicity Test with Collembolans F. candida, S. curviseta and P. minuta

Bioassays with collembolans were performed with the standard soil species (F. can-
dida) as well as two alternative species (S. curviseta and P. minuta). Age-synchronized col-
lembolans (10-12 days old) were used in the chronic ecotoxicity bioassays, as established
by ISO 11267 [16]. Briefly, ten collembolans were added to snap cap recipients containing
30 g of wet soil (contaminated or control soil). Five concentrations were selected for the
bioassay with the standard species F. candida, and the outcomes with this species were
used to choose priority concentrations for the species S. curviseta and P. minuta to avoid
unnecessary exposure of organisms. A control treatment receiving only distilled water
was set up for the assays with all species. The exposure period lasted 28 days, with weekly
checks and adjustments of soil moisture, internal air renewal of replicas and replenish-
ment of food (Saccharomyces cerevisiae, approximately 5 mg). At the end of the exposure
period, the surviving adults and generated juveniles were counted as described in
Bandeira et al. [27] through image assessment in Image] version 1.54g from the high-res-
olution pictures taken from floating collembolans in each replica.

2.7. Data Analysis
2.7.1. Estimation of Effect Concentrations

The Kolmogorov—Smirnov test and the Bartlett’s test were used to verify the normal-
ity and homoscedasticity of the data of each assay individually. Data was log-transformed
(to fulfill ANOVA'’s assumptions) and then submitted to Dunnett’s post hoc test (p < 0.05)
to identify the no observed effect concentration (NOEC) as well as the lowest observed
effect concentration (LOEC). Exponential, Hormesis, Logistic and Gompertz regression
models were fitted to the data, and the best-fit model was selected for the estimation of
effective concentrations of 10% (EC10), 20% (EC20) and 50% (EC50) of reduction in repro-
duction. All statistical analyses were performed using Statistica v7.0.61.0 software.

2.7.2. Species Sensitivity Distribution (5SD) Modeling

A species sensitivity distribution (SSD) curve was elaborated using the EC20 values
obtained from the bioassays with each one of the six organisms tested. The USEPA Species
Sensitivity Distribution generator [30] was used to generate the curve through a log-nor-
mal model fitting. Protective concentrations for 95% (PC95), 90% (PC90), 80% (PC80) and
50% (PC50) were derived from the curve.

3. Results
3.1. Chronic Ecotoxicity Tests

The chronic ecotoxicity tests with the standard species met the validation criteria es-
tablished by ISO protocols. In the control treatments, more than 100 juveniles of F. candida
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and a coefficient of variation (CV) below 30% were recorded, as well as more than 30 ju-
veniles of E. andrei, E. crypticus and E. bigeminus, with CVs below 20% and 50%, respec-
tively, in the test controls (Table S1). Adult mortality remained below 20% in all control
treatments for collembolans (with no mortality in the earthworm and enchytraeids test).
For S. curviseta, the number of juveniles in the control was lower than 100 (60 + 8 juveniles),
which is somewhat expected, as this species has lower reproduction rates compared to the
standard species [26].

Fenthion caused a significant reduction in the production of juveniles of all bioassays
performed, but the magnitude of the toxic effect varied with species (Figure 1). E. bigemi-
nus was only significantly affected by 500 mg kg, whereas E. crypticus and E. andrei had
their reproduction significantly reduced by 100 mg kg.

Eisenia andrei Enchytraeus crypticus Enchytraeus bigeminus
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Figure 1. Mean number of juveniles (bars + SD, left y-axis) and adults (dots with line, right y-axis)
of earthworms Eisenia andrei (n = 4), Enchytraeus crypticus and Enchytraeus bigeminus (n = 4) and col-
lembolans Folsomia candida (n = 5), Sinella curviseta (n = 3) and Proisotoma minuta (n = 3) found in
Entisol contaminated with increasing concentrations of a fenthion-based veterinary formulation.
Asterisks (*) indicate a significant reduction in the number of generated juveniles compared to the
control treatment (Dunnett’s post hoc test, p <0.05).

Collembolans were the most sensitive group, with significant reductions in repro-
duction starting at 1 mg kg for all the species studied (Figure 1, Table 1). For F. candida,
reproduction was strongly inhibited (78%) by 1 mg kg-! onwards, with almost no offspring
produced from 2 mg kg
Table 1. Reproduction-based ecotoxicological parameters (NOEC, LOEC, EC10, EC20 and EC50,
expressed as mg kg™, with 95% confidence limits in parentheses) from ecotoxicity assays with earth-
worms Eisenia andrei, enchytraeids Enchytraeus crypticus and Enchytraeus bigeminus and collembo-
lans Folsomia candida, Sinella curviseta and Proisotoma minuta exposed to Entisol contaminated with
increasing concentrations of a fenthion-based veterinary formulation.

Species
Parameter ; ; . . ; ; ;
E. andrei E. crypticus E. bigeminus E. candida S. curviseta P. minuta
NOEC 10 10 100 0.50 0.25 0.25
LOEC 100 100 500 1 1 1
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ECI0  3.50 (0.33-6.68) 435 (a) 94.7 (21.8-167) 0.08 (a) 0.35 (a) 0.12 (a)
EC20  8.49 (4.19-12.8) 80.90 (a) 130 (46.6-212)  0.21 (0.10-0.33)  0.46 (0.03-0.90) 0.19 (0.06-0.34)
EC50  28.4(14.0-42.8) 234 (88.4-379)  221(107-336) 0.72 (0.41-1.03) 0.93 (0.19-1.67) 0.48 (0.18-0.78)

a Data did not allow the estimation of the 95% confidence limits.

3.2. Species Sensitivity Distribution (SSD)

The SSD revealed a clear distinction of sensibility amongst the groups studied. En-
chytraeids were clearly the least sensitive group to fenthion (Figure 2); a 20% reduction in
the reproduction of species is expected only from concentrations of 80 mg kg and above.
Earthworms E. andrei, on the other hand, presented intermediate sensibility, with an EC20
9 to 15 times lower than those estimated for enchytraeids. Collembolans were relatively
more sensitive to fenthion (Figure 2), with EC20 values in the range of 0.19-0.46 mg kg!

(Table 1).
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Figure 2. Species sensitivity distribution (SSD) curve elaborated with the EC20 values derived from
chronic ecotoxicity assays with fenthion for six different species of soil invertebrates. PCx: protective

concentrations for x% of soil invertebrate species.

The protective concentration estimation revealed that a concentration of 0.017 mg
kg is the safe fenthion threshold to guarantee the protection of 95% of soil species. PC90,
PC80 and PC50 values are also presented in Table 2.

Table 2. Fenthion protective concentrations for x % of soil species (PC95, PC90, PC80 and PC50)
estimated from species sensitivity distribution curve elaborated with chronic toxicity assays with

six species of soil invertebrates.

Parameter Value (mg kg™) 2
PC95 0.017 (0.001-0.621)
PC90 0.054 (0.002-1.550)
PC80 0.225 (0.010-5.028)
PC50 3.432 (0.188-62.688)

2 The 95% confidence intervals were presented in parentheses.

4. Discussion
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Regarding the ECso values (Table 1), the values for both enchytraeid species are sim-
ilar, with their 95% confidence intervals overlapping, indicating no significant difference
in ecotoxicity between the two species. Despite that, Freitas et al. [31] observed that E.
bigeminus was the most sensitive species to copper compared to E. crypticus and E. dudichi.
In addition, this species can be found in different land-use scenarios of agricultural areas,
which makes this species a realistic model for soil ecotoxicity bioassays [32].

Collembolans were significantly affected from 1 mg kg'. From an ecosystem perspec-
tive, concentrations of this magnitude may represent a significant ecological risk for the
species, since continuous exposure to these levels could lead to a decline in F. candida pop-
ulations over time. The risk is also relevant for S. curviseta, as although this species still
showed reproduction when exposed to 1 and 8 mg/kg, it reproduces sexually, generally
producing fewer juveniles compared to F. candida, which reproduces through partheno-
genesis [33,34].

In addition, although the EC50 values of the three collembolan species overlapped,
we observed a 1.9- to 2.9-fold difference in the mean ECx values for P. minuta compared
to S. curviseta, revealing that even within the same taxonomic group, different species can
exhibit distinct responses to fenthion exposure in soil. These differences are likely related
to the larger body size and consequently lower surface-area-to-volume ratio of S. curviseta,
which limits cuticular toxicant uptake [35], combined with species-specific differences in
habitat use and detoxification capacity documented for Collembola [36,37].

Studies evaluating the ecotoxicity of fenthion on soil invertebrates are scarce, but
Marquez-Lazaro et al. [14] verified that fenthion did not cause growth inhibition of Eisenia
fetida up to 50 pg kg™ and that 75 ug kg induced a statistically significant increase in
earthworm’s growth compared to control. On the other hand, muscle protein carbonyla-
tion was significantly increased from 25 ug kg, indicating that biomarkers of oxidative
stress might be considered when assessing the toxicity of fenthion toward soil inverte-
brates. In the environment, fenthion undergoes oxidative and hydrolytic degradation into
metabolites such as fenthion phenol sulfoxide and fenthion phenol sulfone, which QSAR
model estimations suggest may exert even higher ecotoxicity than the parent compound
[38], although experimental validation of their effects on soil invertebrates remains absent
in the literature.

Reis et al. [39] conducted a study in which the toxicity of amitraz—an antiparasitic
compound that, like fenthion, acts on the arthropod nervous system —was tested for F.
candida and E. crypticus in a tropical soil and found that the toxic effects of amitraz were
more pronounced in collembolans than in enchytraeids, a pattern similar to the results
obtained in the present experiment. The greater toxicity of amitraz and fenthion to col-
lembolans compared to oligochaetes may be attributed to the fact that arthropods are one
of the main targets of these active ingredients [40,41]. In general, synthetic compounds
that act on acetylcholinesterase (AChE) tend to be more toxic to arthropods than to oligo-
chaetes because these substances are designed to affect the insect nervous system, which
shares significant similarities with that of other arthropods [26].

The recommended commercial dose of TIGUVON is approximately 7.5 g of active
ingredient per animal (50 mL of commercial formulation recommended for one animal;
TIGUVON contains 15 g a.i. per 100 mL). In a worst-case scenario, a maximum cattle den-
sity of 3.6 cattle units per hectare is expected in Brazilian pasturelands under intensifica-
tion scenarios [42], and an excretion rate of 90% of the active ingredient [7,8] can be as-
sumed. In this scenario, the estimated amount of fenthion reaching the soil in one hectare
is about 24.3 g a.i. Assuming an incorporation depth of 5 cm and a soil density of 1500 kg
m= [43], the estimated environmental concentration of fenthion after application of the
commercial dose —assuming uniform distribution of the feces over one hectare—is 0.032
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mg kg (see Equation (S1) in the Supplementary Material for detailed calculation). There-
fore, although this concentration is not expected to cause a significant reduction in species
reproduction on chronic toxicity assays (Figure 1), it is almost twice higher than the PC95
value (0.017 mg kg). According to EC [44], the ecological risk of a certain compound is
considered significant when the PEC/PNEC (predicted no-effect concentration) ratio is
equal to or greater than 1; in our case, assuming the PC95 as the PNEC value, this ratio is
1.88, indicating that the ecological risk of fenthion to the species is significant/unaccepta-
ble. Therefore, our PC95 is likely a good initial protective threshold for soil invertebrates,
but the veterinary use of this compound can result in contamination scenarios that equal
or even exceed these limits.

It is also important to consider that fenthion can also be used as a pesticide, and its
concentration in the soil may be higher when applied in this form. For example, Mahmud
et al. [45] reported fenthion concentrations ranging from 1.65 to 1.81 ug g (equivalent to
mg kg1) after pesticide application in agricultural soils used for watermelon cultivation.
These concentrations would likely have a significant impact on collembolan reproduction
and are higher than the PC80 (0.225 mg kg), indicating that more than 20% of species
would be at risk.

Using commercial formulations rather than pure active ingredients in ecotoxicologi-
cal evaluations provides a more realistic scenario for users and yields ecotoxicity out-
comes that are more ecologically relevant from a regulatory point of view. Despite that, it
must be recognized that fenthion-based formulations may contain organic solvents used
to dissolve and stabilize the active ingredient (e.g., dipropylene glycol methyl ether; [25]).
Therefore, a potential influence of the formulation vehicle on the final ecotoxicity cannot
be completely ruled out. For future studies with fenthion, it is recommended to include a
vehicle control to properly rule out any vehicle-related toxic effects.

Our experiments were conducted under standard conditions of soil moisture (e.g.,
60% WHC) and temperature (20 °C). However, it must be noted that environmental con-
ditions, particularly soil moisture, can directly influence the ecotoxicity of soil contami-
nants. Previous works already demonstrated a higher ecotoxicity of organic contaminants
in scenarios of reduced soil moisture (e.g., 30-45% WHC) compared to standard soil mois-
ture (50-60% WHC; [46,47]). Considering that drought scenarios are expected to be more
frequent in a climate change world, drought stress could still amplify the toxic effects of
fenthion observed in this study.

Our study brings new information about the toxicity thresholds for fenthion in soil,
contributing to filling an existing regulatory gap in Brazil. Data from our study are also
relevant for other countries, given that there is evidence that fenthion is also used in other
regions around the world, such as North America [48] and Europe [49,50]. Although pre-
liminary, the PCx values derived from our SSD are likely a reliable starting point for es-
tablishing environmentally protective concentrations of fenthion, once the modeling ac-
counts for species covering at least three different taxonomic groups and with effective
concentrations estimated for a natural sandy soil that potentially represents a worst-case
scenario of exposure. The addition of ecotoxicity data obtained from other soil inverte-
brate species in our SSD, particularly other earthworm ecological guilds (e.g., endogeic or
anecic species) rather than only the standard epigeic E. andrei, as well as other taxonomic
groups such as Acari and Isopoda, is recommended as a continued step of research, in
order to improve the accuracy and representativeness of the derived protective concen-
trations. Finally, future research should explore the cumulative effects of fenthion over
time, as well as its combined impacts with other pollutants under field conditions.

5. Conclusions
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Fenthion caused ecotoxicity in all the species tested, but the effects were higher for
collembolans than for earthworms (intermediate sensitivity) and enchytraeids (least sen-
sitive group). The protective concentration for 95% of soil species (0.017 mg kg') was
lower than the predicted concentration following veterinary use, indicating that the risk
for soil invertebrates is not negligible. Our results provide a more integrated understand-
ing of the ecotoxicity of fenthion to soil faunal invertebrates, which could be helpful for
environmental agencies in the establishment of threshold limits of this active ingredient
in soil compartments.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/s0ilsystems10080088/s1, Table S1: Adult survival (%), num-
ber of juveniles (+standard deviation) and coefficient of variation (CV) of the control treatments of
chronic ecotoxicity bioassays conducted with earthworms Eisenia andrei, enchytraeids Enchytraeus
crypticus and Enchytraeus bigeminus and collembolans Folsomia candida, Sinella curviseta and Proiso-
toma minuta exposed to fenthion in Entisol. Equation S1: Estimated environmental concentration of

Fenthion in soil following veterinary application.
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