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ABSTRACT 

Winter cereal production in the Southern Cone faces increasing challenges due to the intensive use of foliar fungicides for 
disease control in wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) crops. This theoretical, hazard-based 
study evaluated the potential environmental fate and toxicity for terrestrial and aquatic organisms of fungicides widely 
used in Uruguay. The characterization of potential environmental hazards was based on the physicochemical properties 
and toxicological data reported in the literature, including information from monitoring and risk assessment studies. 
Moreover, a preliminary farm-level hazard analysis was performed using the Toxic Units (TUs), providing a comparative 
overview of potential impacts of fungicides in representative winter cereal production systems. The results indicated 
that soil and water are the main environmental compartments potentially affected. In soil, 21% of the compounds 
exhibit high persistence and 11% have the potential to leach into groundwater or persist in surface waters. Some 
azole fungicides combine high persistence, mobility, and bioaccumulation potential, identifying them as key targets 
for environmental monitoring and hazard prioritization. Terrestrial organisms exhibited variable species-dependent 
sensitivity, with earthworms and mammals being the most affected. Among the evaluated compounds, benzovindiflupyr 
emerges as the most toxic to the studied organisms. The farm-level TU analysis enabled the prioritization of fungicides 
and comparison of potential hazard across different production areas. This approach underscores the need for more 
refined assessments and regulatory frameworks, and could be extended to other farms, crops, and pesticides, for 
adjusting use strategies to minimize environmental impacts.
Key words: winter cereal, fungicides, environmental hazard, bioaccumulation, pesticide fate.

EVALUACIÓN DEL PELIGRO AMBIENTAL DE FUNGICIDAS FOLIARES 
UTILIZADOS EN TRIGO Y CEBADA EN URUGUAY

RESUMEN 
 
La producción de cereales de invierno en el Cono Sur enfrenta desafíos crecientes debido al uso intensivo de 
fungicidas foliares para el control de enfermedades en cultivos de trigo (Triticum aestivum L.) y cebada (Hordeum 
vulgare L.). Este estudio teórico, basado en el peligro, evaluó el destino ambiental potencial y la toxicidad de 
fungicidas ampliamente utilizados en Uruguay sobre organismos terrestres y acuáticos. La caracterización de los 
peligros ambientales se realizó a partir de propiedades fisicoquímicas y datos toxicológicos reportados en la literatura, 
incluyendo información de estudios de monitoreo y evaluación de riesgo. Asimismo, se llevó a cabo un análisis 
preliminar a nivel de predio mediante el uso de Unidades Toxicológicas (TUs), lo que permitió comparar los posibles 
impactos en sistemas representativos de producción de cereales de invierno. Los resultados indicaron que el suelo 
y el agua son los principales compartimentos ambientales potencialmente afectados: el 21% de los compuestos 
presenta alta persistencia en suelo y el 11% muestra potencial de lixiviación hacia aguas subterráneas o persistencia 
en aguas superficiales. Algunos fungicidas del grupo de los azoles combinan alta persistencia, movilidad y potencial 
de bioacumulación, destacándose como prioritarios para el monitoreo ambiental. Los organismos terrestres 
mostraron sensibilidad variable según la especie, siendo las lombrices de tierra y los mamíferos los más afectados. 
Entre los compuestos evaluados, el benzovindiflupir se destacó como el más tóxico. El análisis a nivel de predio 
permitió priorizar fungicidas y comparar su peligro potencial entre áreas productivas, evidenciando la necesidad de 
evaluaciones a nivel de chacra y marcos regulatorios más robustos para minimizar impactos ambientales.
Palabras clave: cereales de invierno, fungicidas, peligro ambiental, bioacumulación, destino de fitosanitarios.
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INTRODUCCIÓN 
Wheat (Triticum aestivum L.) and barley (Hordeum 

vulgare L.) crops are fundamental agricultural products 
in the Southern Cone countries of Latin America and 
currently cover approximately 13 million ha in Argenti-
na, Brazil, Bolivia, Chile, Paraguay and Uruguay (FAOS-
TAT, 2024). In Uruguay, wheat and barley production 
has scaled up in the last decades. The continuous an-
nual sowing of winter cereals increases the risk of pa-
thogen buildup in crop stubble and soil, creating a re-
servoir for diseases. As a result, numerous diseases 
emerge each year due to environmental conditions that 
often favor their development and spread. Leaf spots, 
leaf and stem rust and Fusarium head blight are the 
most common diseases for these crops, and represent a 
significant threat to yields in the region (Pereyra & Ger-
mán, 2013; Val-moraes, 2017; Alaniz-Zanon et al., 
2025). 

To mitigate yield losses, farmers heavily rely on fun-
gicide applications as primary control measures resul-
ting in a steady increased in fungicides use in our coun-
try (Różewicz et al., 2021; Palladino et al., 2023). The 
average number of fungicide applications in wheat or 
barley ranges from 1.5 to 1.8. When severe disease 
outbreaks occurred, up to five applications may be re-
quired in some fields. Additionally, favorable weather 
conditions enable farmers to grow two crops per year, 
further contributing to the intensified use of fungicides. 
Projections suggest this trend will continue due to chan-
ging climatic conditions, increasing resistance among 
fungal pathogens, and the spread of invasive species 
(Fisher et al., 2012). 

Key fungicides effective against foliar diseases inclu-
de those in triazoles, strobilurins, and carboxamides 
groups, as well as the chloronitrile family (Poole & Ar-
naudin, 2014). These chemical groups are frequently 
used due to their efficacy in managing diverse foliar pa-
thogens, playing a crucial role in protecting cereal crops 
across regions. Fungicides are commonly applied in 
mixtures containing two or three active ingredients from 
different chemical families (Gallego & Olivero-Verbel, 
2021). In general, only one molecule is truly effective 
against the target pathogen, while the others are inclu-
ded primarily for resistance management purposes (Ce-
resini et al., 2024). Thus, a limited number of com-
pounds from each family are routinely used in these 
mixtures. Consequently, multiple applications of diffe-
rent mixtures within a crop cycle often result in repea-
ted use of the same active ingredient. 

Current control strategies could cause an important 
effect on human health and the environment. It is esti-
mated that over 98% of sprayed fungicides never reach 
their intended target species, instead dispersing as en-
vironmental pollutants (Pérez-Lucas et al., 2019). It is 
important to note that studies on the environmental 
fate of fungicides and their risk assessments for non- 
target organisms are less extensive compared to those 
for herbicides and insecticides (Köhler and Triebskorn, 
2013). Fungicides significantly impact non-target orga-
nisms, including beneficial fungi, aquatic life, and polli-
nators (Gonçalves et al., 2020; Jorge-Escudero et al., 
2022; Albacete et al., 2024; Wan et al., 2025). Moreo-
ver, fungicides have been detected in soils and in surfa-
ce waters across the region (Montory et al., 2017; Cal-
das et al., 2019; Sharma et al., 2019; Pérez et al., 
2021). 

Evidence from regional and international studies un-
derscores the need for targeted risk assessments, im-
proved pesticide management, and adoption of sustai-
nable agricultural practices. These actions should be 
guided by the analysis of reliable scientific information 
that enables the prioritization of interventions, taking 
into account the key factors driving environmental risk. 
European studies highlight the importance of adapting 
standardized regulatory frameworks to local environ-
mental conditions. In the context of Latin America, it is 
essential to prioritize risk assessments that incorporate 
actual exposure scenarios, rather than relying exclusi-
vely on hazard-based evaluations (Vryzas et al., 2018, 
2020; Casallanovo et al., 2021). In this framework, ha-
zard is defined as the intrinsic capacity of a pesticide to 
cause adverse effects on non-target organisms and en-
vironmental compartments, irrespective of exposure le-
vels (Carriquiriborde, 2021). Hazard assessment thus 
represents a critical first step for identifying compounds 
with a higher potential to impact ecosystems, prioriti-
zing management actions, and guiding decision-making 
toward safer alternatives. However, there is still limited 
knowledge regarding the environmental hazard profile 
of fungicides used in winter cereal systems in Uruguay, 
particularly under real production conditions. 

Therefore, the aim of this study was (i) to perform a 
hazard-based assessment and prioritization of fungicides 
used for disease control in wheat and barley in Uruguay, 
integrating intrinsic toxicity and theoretical environmen-
tal fate across different environmental compartments; 
and (ii) to evaluate theoretical environmental hazards at 
farm level using Toxic Units on two farms located in the 
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main productive region, providing information useful 
for developing more sustainable and resilient farming 
practices.

METHODOLOGY
Environmental hazard assessment

The fungicides evaluated in this study were selected 
based on their registration for the control of diseases in 
wheat and barley, as authorized by the Uruguayan regu-
latory authority - Dirección General de Servicios Agríco-
las of the Ministerio de Ganadería Agricultura y Pesca 
(MGAP). All the active ingredients registered for barley 
and wheat were included for analysis: azoxystrobin, 
benzovindiflupyr, bixafen, benomyl, boscalid, carbenda-
zim, cyproconazole, chlorothalonil, difenoconazole, epoxi-
conazole, flutriafol, fluxapyroxad, hexaconazole, isopyra-
zam, kresoxim-methyl, mancozeb, mefentrifluconazole, 
metconazole, picoxystrobin, pydiflumetofen, pyraclostro-
bin, prochloraz, propiconazole, prothioconazole, tebuco-
nazole, thiabendazole, thiophanate-methyl, and tri-
floxystrobin.

To characterize the potential environmental distri-
bution of fungicides, physicochemical properties—defi-
ned as the inherent characteristics of a compound that 

influence its environmental behavior, transport, and 
partitioning among compartments—were analyzed to 
determine the compartment(s) in which the fungicides 
were most likely to persist (e.g., soil, water, biota, and 
the atmosphere). According to the physicochemical 
data, fungicides with higher soil DT50, Koc, and Kfoc values 
are more likely to persist in soil, as soil DT50 represents 
the time required for 50% dissipation, while Koc and Kfoc 
(organic carbon sorption coefficients) describe the affi-
nity of a compound for soil particles and thus its mobili-
ty. Compounds with higher DT50 in water, GUS index, 
and water solubility tend to remain in the aquatic com-
partment, where DT50 in water indicates the time requi-
red for 50% degradation in aquatic systems, and the 
Groundwater Ubiquity Score (GUS) estimates the po-
tential for leaching to groundwater. In contrast, fungi-
cides with higher Henry’s Law constant (KH) and vapor 
pressure are more likely to partition into the atmos-
phere, as KH reflects the tendency of a compound to 
volatilize from water to air. Additionally, higher log Kow 
values indicate a greater potential for bioaccumulation 
in biological tissues, whereas the bioconcentration fac-
tor (BCF) reflects the extent of accumulation in aquatic 
organisms.

Table 1. Threshold’s criteria of the environmental fate indexes, based on Lewis et al. (2016). DT50: the time required for 50% dissipation; GUS: Ground-
water Ubiquity Score; KH: Henry’s Law constant.

Environmental fate index Low  Medium  High  Very high  

Soil degradation half-life 
(DT50, days)

< 30 non-persistent 30-100 moderately 
persistent

100-365 persistent > 365 highly persistent

Water degradation half-life 
(DT50, days)

< 1 non-persistent 1-14 moderately persistent 14-30 persistent > 30 highly persistent

Organic carbon–water 
partition coefficient (Koc/
Kfoc; sorption coefficient)

> 4000 immobile 4000-500 slightly mobile 500-15 moderately mobile < 15 mobile - highly 
mobile

Water solubility (mg L-1, 
20 °C)

≤ 50 low 51-500 moderate - > 500 high mobility in 
water

Groundwater ubiquity 
score (GUS index; leaching 

potential)

< 1.8 1.8-2.8 transition state 
moderate

- > 2.8

Vapor pressure at 25 °C 
(mPa)

< 5.0 Low volatility 5.0-10.0 moderately 
volatile 

- > 10 highly volatile

KH (atm m³ mol-1, 25 °C) < 0.1 non-volatile 0.1-100 moderately 
volatile

- > 100 volatile

Octanol-water partition co-
efficient (log Kow; potential 

bio-accumulation)

≤ 2.7 2.7-3 - > 3 

Bio-concentration factor 
(BCF)

< 100 low potential 100-5000 threshold for 
concern

- > 5000= high potential
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The hazard of each fungicide was analyzed exclusi-
vely on the basis of its intrinsic toxicity to non-target 
organisms. The toxicity endpoints considered included 
non-observed effect concentration (NOEC), medium 
effective concentration (EC50), lethal concentration 
(LC50), and lethal dose (LD50). The threshold criteria 
used for toxicity classification were based on the PPDB 
(Table 2). To assess hazards to soil organisms, toxicolo-
gical information for rats and earthworms was conside-
red. The evaluation of potential effects on terrestrial 
and aquatic organisms included birds and pollinators, as 
well as fish and algae species (Lewis et al., 2016).

Hazard-based assessment and fungicide prioriti-
zation: A case study

The fungicide use records from two commercial far-
ms were considered as examples of typical disease ma-
nagement practices in wheat and barley cultivation in 
Uruguay. The farms were located in the department of 
Paysandú (Farm 1) and Río Negro (Farm 2), which are 
part of the main cereal-producing region of the country 
(MGAP, 2024). Two consecutive winter cereal growing 
seasons were evaluated at Farm 1 (2021/22 and 
2022/23), while data from Farm 2 covered three growing 
seasons: 2021/22, 2022/23, and 2023/24. The foliar 
fungicide strategies applied for disease management in 

Table 2. Threshold’s criteria of the ecotoxicity indexes, based on Lewis et al. (2016). LD50: lethal dose; LC50: lethal concentration; NOEC: non-observed 
effect concentration; EC50: medium effective concentration.

1Mammals DL50: oral, rat; 2Earthworms CL50: Eisenia fetida, (14 days); 3Birds DL50: Colinus virginianus, Anas platyrhynchos, Coturnix japonica, Alec-
toris rufa (acute); 4Bees DL50: Apis spp. (acute contact, 24/48/72 h); 5Fish: Oncorhynchus mykiss, Cyprinus carpio, Lepomis macrochirus, Pimephales 
promelas, Leiostomus xanthurus, CL50 (acute, 96 h) and NOEC (chronic, 21 days); 6Daphnia magna: EC50 (acute, 48 h) and NOEC (chronic, 21 days); 
7Algae: Pseudokirchneriella subcapitata, Scenedesmus acutus, Scenedesmus subspicatus, Navicula pelliculosa, Raphidocelis subcapitata, Chlorella 
pyrenoidosa, Ankistrodesmus spp., Selenastrum capricornutum, CE50 (acute, 72 h) and NOEC (chronic, 72 h, growth).

these crops were thoroughly evaluated (Figure 1). The 
total number of applications of the active ingredients for 
each farm-growing season combination was calculated 
using the foliar fungicide application records. Subse-
quently, hazard characterization and the main potential 
environmental fate of the fungicides used were asses-
sed following the methodology outlined in Sections 
2.1.2 and 2.1.3. Finally, based on the topography of 
each farm (Figure 2), buffer zones for fungicide applica-
tion were delineated in accordance with legal require-
ments, as established by MGAP Resolution No. 129/008, 
using Google Earth Pro (2024) and considering slope 
values calculated according to Sganga & Puentes (1982). 
Based on this delineation, the most affected environ-
mental compartment for each farm was identified to 
enable the theoretical determination of Toxic Units. The 
two farms were analyzed as independent case studies, 
aiming to explore how differences in management prac-
tices and environmental settings influence hazard-ba-
sed fungicide prioritization, rather than to perform a 
direct quantitative comparison.

Toxic Units (TUs) were calculated using the applica-
tion rate of each fungicide in relation to the acute toxi-
city data for the selected sentinel organisms (LD50, LC50, 
EC50) as provided by the PPDB, according to Equation 1 
(Von der Ohe & de Zwart, 2013). 

Ecotoxicology index Low  Moderate  High  

Mammals1 LD50 (mg kg-1) > 2000 100-2000 < 100

Earthworms2 LC50 (mg kg-1) > 1000 10-1000 < 10

Birds3 LD50 (mg kg-1) > 2000 100-2000 < 100

Bees4 LD50 (μg bee-1) > 100 1-100 < 1

Fish5
LC50 (mg L-1) > 100 0.1-100 < 0.1

Chronic NOEC (mg L-1) > 10 0.01-10 < 0.01

Aquatic invertebrates6
EC50 (mg L-1) > 100 0.1-100 < 0.1

Chronic NOEC (mg L-1) > 10 0.01-10 < 0.01

Algae7
EC50 (growth mg L-1) > 10 0.01-10 < 0.01

Chronic NOEC (mg L-1) > 1 0.001-1 < 0.001
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Figura 1. Type of foliar fungicide and application rate used on each farm during the different growing seasons.

Figura 2. Satellite image of (a) Farm 1 and (b) Farm 2. Outlines; red: farm delimited by the farmer; blue distance with aerial application, white distance 
with ground application. Yellow: houses. 

TU= Application ratex (LC50, LD50, EC50)-1 

[Equation 1]

where application rate is expressed in cc L-1 and LD50, 
LC50, EC50, are expressed in mg kg-1. As no experimental 
data on environmental concentrations found in each 
compartment were available, the total applied dose of 
each fungicide was used to represent a worst-case ex-
posure scenario. 

Finally, hazard-based prioritization of fungicides for 
each farm was performed using spider graphs construc-
ted from the calculated TUs. TU values were proportio-

nally normalized and expressed as percentages to faci-
litate interpretation and comparison among fungicides. 

RESULTS AND DISCUSSION
Environmental hazard assessment

The analysis conducted in this work was not based 
on fungicide groups or classes, as compounds within the 
same group do not necessarily share similar physico-
chemical properties or toxicity profiles (Roman et al., 
2021). Therefore, Table 3 presents the intrinsic proper-
ties of individual fungicides, which govern their environ-
mental behavior and indicate their most likely environ-
mental fate. 

a) b)
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Table 3. Data related to the environmental fate of active ingredients based on Pesticide Properties Database and EPA, ECOTOX Database (U.S. EPA, 
2015; Lewis et al., 2016).

Group Mode of 
action

Fungici-
de class

Active 
ingre-
dient

DT50 soil 
(days)1

Koc/ Kfoc# 
(mL g-1)2

DT50 
water 
(days)3

Water 
solubility 
(mg L-1)

GUS4 KH (Pa 
m³ 

mol-1)5

Vapor 
pressure 
(mPa)6 

Log Kow
7 BCF8 Expected 

environ-
mental 

fate

Benzimi-
dazole

Mitosis 
inhibition

Benzimi-
dazole

Benomyl 
*

67 1900 - 2 -0.07 4.00 
e-04

0.005 1.4 27 Soil, 
Water

Carben-
dazim *

40 225* 7.9 8 2.21 3.60 
e-03

0.09 1.48 25 Soil, 
Water

Thiaben-
dazole *

500 3983 1.6 30 1.94 3.70 
e-06

5.30 
e-04

2.39 96.5 Soil, 
Water

Thiopha-
nate-
methyl *

0.5 220* 3 18.5 0.5 1.67 
e-04

9.0 e-03 1.4 75 Soil, 
Water

Chloroni-
trile

Muti-site 
contact

Chloroni-
trile

Chloro-
thalonil 
**

3.53 2632 0.82 0.81 1.12 2.50 
e-02

0.076 2.94 100 Soil, 
Water, 
Biota

Dithio-
carba-
mate

Muti-site 
contact

Dithio-
carba-
mate

Man-
cozeb *

0.05 998 0.2 6.2 -1.45 6.17 
e-02

0.056 2.3 3.2 Soil

Deme-
thilation 
inhibitor

 

Sterol 
biosyn-
thesis 
inhibition

Triazole

Cyproco-
nazole

142 364* - 93 3.04 5.00 
e-05

0.026 3.09 28 Soil, 
Water, 
Biota

Difenoco-
nazole

133 3522* 2.8 15 0.89 9.0 e-07 3.33 
e-05

4.36 330 Soil, 
Water, 
Biota

Epoxico-
nazole

354 894* 1000 7.1 2.09 1.649 
e-05

3.5 e-04 3.3 70 Soil, 
Water, 
Biota

Flutriafol 1358 205* 36 95 5.18 1.27 
e-06

4.0 e-04 2.3 - Soil, 
Water

Hexaco-
nazole **

122 1040 112 18 2.31 3.33 
e-04

0.018 3.9 412 Soil, 
Water, 
Biota

Mefentri-
flucona-
zole

268 3456* 7.2 0.81 1.06 1.6 e-03 3.2 e-03 3.4 - Soil, 
Water, 
Biota

Metcona-
zole

142 1116# 8 30.4 2.03 2.21 
e-07

2.10 
e-05

3.85 105.1 Soil, 
Water, 
Biota

Prochlo-
raz

120 500 2 26.5 1.55 1.64 
e-03

0.15 3.5 371 Soil, 
Water, 
Biota

Propico-
nazole

71.8 1086 6 150 1.58 9.20 
e-05

0.056 3.72 116 Soil, 
Water, 
Biota

Prothio-
conazole

14.1 1765 0.37 22.5 -0.07 1.1 e-08 7.4 e-07 2 43.9 Soil

Tebuco-
nazole

63 769* 42.6 36 1.86 1.00 
e-05

1.30 
e-03

3.7 78 Soil, 
Water, 
Biota
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Quinone 
outside 
inhibitors

Respi-
ration 
inhibition

Strobi-
lurin

Azoxys-
trobin

78 589 6.1 6.7 3.1 7.40 
e-09

1.10 
e-07

2.5 Low risk Soil, 
Water

Kre-
soxim-
methyl

16 308* 0.85 2 0 3.60 
e-04

2.30 
e-03

3.4 220 Soil, 
Water, 
Biota

Picoxys-
trobin

24.4 965 7.5 3.1 1.35 6.00 
e-04

0.0055 3.6 290 Soil, 
Water, 
Biota

Pyraclos-
trobin

2.2 9304 3.6 1.9 0.08 5.31 
e-06

2.60 
e-05

3.99 712 Soil, 
Water, 
Biota

Trifloxys-
trobin

0.34 2287* 1.1 0.61 0.15 2.30 
e-03

3.40 
e-03

4.5 431 Water, 
Biota

Succinate 
dehydro-
genase 
inhibitors

Respi-
ration 
inhibition

Carboxa-
mide

Benzo-
vindiflu-
pyr

908 3697# 27.1 0.98 0.91 1.3 e-06 3.2 e-06 4.3 123 Soil, 
Water, 
Biota

Bixafen 500 3869* 26 0.49 0.99 3.89 
e-05

4.6 e-05 3.3 695 Soil, 
Water, 
Biota

Bosca-
lid**

484.4 772# 5 4.6 2.68 5.18 
e-05

0.00072 2.96 107 Soil, 
Water, 
Biota

Flu-
xapyroxad

183 728# 4.4 3.44 2.57 3.03 
e-07

2.7 e-06 3.13 36 Soil, 
Water, 
Biota

Isopyra-
zam**

244 2416# 2.3 0.55 1.15 1.14 
e-04

1.3 e-04 4.25 441 Soil, 
Water, 
Biota

Pydiflu-
metofen

930 1738# - 1.5 2.26 1.51 
e-07

1.84 
e-04

3.8 - Soil, 
Water, 
Biota

*Applied only to wheat crops; **Applied only to barley crops; green, yellow, orange and red colors indicate the different potential behavior depending on 
value of each physicochemical property (Table 1). 1 Soil degradation half-life (DT50); 

2 organic carbon–water partition coefficient (Koc/Kfoc
#, sorption coeffi-

cients); 3 water degradation half-life (DT50); 4 groundwater ubiquity score (GUS index, leaching potential); 5Henry’s Law constant at 25 °C (KH); 
6pressure 

vapor (25 °C); 7octanol–water partition coefficient (Log Kow, bioaccumulation potential; and 8bioconcentration factor (BCF). 

In the soil compartment, as shown in Table 3, based 
on Koc/Kfoc values, all the studied fungicides — except for 
pyraclostrobin — are likely to exhibit varying degrees of 
mobility in soil. Pyraclostrobin is expected to behave as 
an immobile compound; therefore, its environmental 
fate is mainly associated with soil. However, it is not 
persistent, showing a DT50 of 2.2 days (Lewis et al., 
2016). Among the evaluated fungicides, benzovindiflu-
pyr, bixafen, boscalid, flutriafol, pydiflumetofen, and 
thiabendazole are likely to be highly persistent in soil, 
with degradation half-lives ranging from 484 to 1358 
days, which substantially increase their may enhance 
their potential to cause environmental impacts. In con-
trast, pyraclostrobin, chlorothalonil, thiophanate-me-
thyl, mancozeb, prothioconazole, kresoxim-methyl, pi-
coxystrobin, and trifloxystrobin are not considered 
persistent. Despite the short half-lives reported for 

some of these compounds, their metabolites may still 
pose environmental concern. For example, mancozeb, 
trifloxystrobin, and thiophanate-methyl generate meta-
bolites with distinct environmental behavior. In the case 
of mancozeb, one of its main metabolites, ethylene-
thiourea (ETU), exhibits high mobility and could poten-
tially reach ground water affecting aquatic organisms 
(EFSA, 2020). Trifloxystrobin forms several metabolites 
with different environmental behaviors, however, one of 
them, CGA107170 may be subject to long-range atmos-
pheric transport. Therefore, its potential for bioaccumu-
lation across different trophic levels should be conside-
red to ensure that it does not pose a risk in remote 
areas (EFSA, 2017). Thiophanate-methyl and benomyl, 
are primarily metabolized to carbendazim, a compound 
that also acts as an active ingredient. Moreover, carben-
dazim and benomyl are considered persistent in soil 
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(EFSA, 2017). Finally, the persistence of several fungici-
des with DT50 values ranging between 40 and 354 days, 
further highlight the need for careful management stra-
tegies (Table 3), particularly considering their use in 
both winter and summer crops. 

In the water compartment, surface and groundwater 
bodies may represent another potential environmental 
compartment for most of the studied fungicides, except 
for chlorothalonil, kresoxim-methyl, prothioconazole 
and mancozeb. This behavior is attributed to their DT50 
in water, GUS index, and water solubility (Table 3). Re-
garding the GUS values, azoxystrobin, cyproconazole, 
and flutriafol show high probability of leaching (> 3.04), 
which could increase their potential to contaminate 
groundwater. Conversely, boscalid, carbendazim, epoxi-
conazole, fluxapyroxad, hexaconazole, metconazole, 
pydiflumetofen, tebuconazole, and thiabendazole are 
classified as having transitional leachability (1.8-2.8). 
With respect to water solubility, cyproconazole, flutria-
fol, and propiconazole are moderately soluble (93, 95 
and 150 mg L-1), whereas the remaining active ingre-
dients exhibit low solubility (≤36 mg L-1). Based on wa-
ter DT50 values, epoxiconazole, flutriafol, hexaconazole, 
and tebuconazole are stable, while benzovindiflupyr and 
bixafen may degrade more slowly, with half-lives ran-
ging between 14 and 30 days.

In the air compartment, Henry’s Law constant (KH) 
values indicate that the studied active ingredients have 
a low tendency to volatilize from the aqueous phase into 
the atmosphere (Table 3). However, this parameter only 
describes air–water partitioning and does not account 
for other relevant processes governing the presence of 
pesticides in air, such as foliar volatilization, spray drift 
during application, or particle resuspension. 

Volatility was therefore primarily assessed based on 
vapor pressure values. All fungicides evaluated exhibit 
low vapor pressure, indicating low intrinsic volatility (Ta-
ble 3). Nevertheless, compounds such as prochloraz, 
despite being classified as having low volatility, may sti-
ll pose a risk of atmospheric dispersion through spray 
drift when applied directly to plant surfaces. In addition, 
CGA107170 (trifloxystrobin metabolite) presents higher 
volatility compared to the parent compounds and may 
contribute to air contamination under certain applica-
tion or environmental conditions. 

In the biota compartment, the results indicate that 
soil and water are the environmental compartments of 
greatest concern regarding the accumulation and po-
tential effects of the selected fungicides, as they may 

represent key pathways for organism exposure and fa-
cilitate the incorporation of these compounds into biolo-
gical systems. In this context, 64% of the fungicides 
studied exhibit a log Kow > 3, suggesting their potential 
for bioaccumulation in tissues and possible biomagnifi-
cation along the trophic chain (Table 3). Notably, benzo-
vindiflupyr, bixafen, epoxiconazole, tebuconazole, hexa-
conazole, and pydiflumetofen, are likely to persist in both 
soil and aquatic compartments, and present high bioaccu-
mulation potential. Other active ingredients with high 
bioaccumulation potential are difenoconazole, flu-
xapyroxad, isopyrazam, metconazole, kresoxim-methyl, 
mefentrifluconazole, picoxystrobin, pyraclostrobin, propi-
conazole, prochloraz, and trifloxystrobin. However, these 
compounds tend to be less persistent either in water or 
soil. Chlorothalonil and boscalid present moderate bioaccu-
mulation potential (log Kow 2.7 to 3), while the remaining 
fungicides present low log Kow values, < 2.7. The BCF va-
lues ranged from 100 to 695, with 15 fungicides falling 
within the threshold of concern (Table 3). Among them, 
hexaconazole may be of particular relevance due to its hi-
gher persistence in the aquatic compartment.

The analysis of toxicity endpoints in terrestrial orga-
nisms, particularly based on mammalian data, suggests 
that highly persistent fungicides remaining in soil may 
lead to relevant exposure scenarios. Compounds such as 
benzovindiflupyr, which exhibit high soil persistence, may 
represent a higher potential for acute toxic effects, given 
their low LD50 value of 55 mg kg-1 (Table 4). In contrast, 
fungicides such as cyproconazole, difenoconazole, flu-
triafol, isopyrazam, metconazole, prochloraz, propicona-
zole, and tebuconazole are associated with moderate 
acute toxicity to mammals, with LD50 values ranging from 
350 to 2000 mg kg-1. The remaining fungicides evaluated 
exhibit low acute toxicity to mammals, as indicated by 
their LD50 values exceeding 2000 mg kg-1, representing 
67.9% of the fungicides assessed (Table 4).

In terms of earthworms, none of the fungicides hi-
ghly likely to remain in soil present high toxicity (Table 
4), except for carbendazim and picoxystrobin, which are 
highly toxic (5.4 and 3.35 mg kg-1, respectively). In 
contrast, bixafen, fluxapyroxad, pydiflumetofen, pyra-
clostrobin, and tebuconazole exhibit low toxicity, with 
LC50 values above 1000 mg kg-1. The rest of the fungici-
des are moderately toxic to earthworms, with LC50 va-
lues ranging from 10 to 1000 mg kg-1, representing 
71.4% of the compounds evaluated. 

Other organisms like birds and bees serve as bioindi-
cators of environmental contamination as they feed on 
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Table 4. Toxicity for non-target organisms based on Pesticide Properties Database (Lewis et al., 2016).

Active 
ingredient

Mammals1 Earthworms2 Birds3 Bees4 Fish5 Aquatic invertebrates6 Algae7

LD50 (mg 
kg-1)

LC50 (mg 
kg-1)

LD50 (mg 
kg-1)

LD50 (μg 
bee-1)

LC50 (mg L-1) Chronic 
NOEC (mg 

L-1)

EC50 (mg L-1) Chronic 
NOEC (mg 

L-1)

EC50 (growth 
mg L-1)

Chronic 
NOEC (mg 

L-1)

Azoxystro-
bin

> 5000 283 > 2000 > 200 0.47 0.147 0.23 0.044 0.16 0.8

Benomyl* > 10000 10.5 1000 10 0.17 0.011 0.28 0.025 2 -

Benzovin-
diflupyr

55 203 1315 > 100 0.004 0.00095 0.085 0.015 > 0.89 -

Bixafen > 5000 > 1000 > 2000 > 121 0.095 0.0046 1.2 0.05 0.097 -

Boscalid** > 5000 > 500 > 2000 > 200 2.7 0.125 5.33 1.3 2.61 -

Carbenda-
zim*

> 10000 5.4 > 2250 > 50.0 0.19 0.0032 0.15 0.0015 > 8.0 -

Chlorotha-
lonil**

> 5000 268.5 > 2000 > 101 0.017 0.0014 0.054 0.009 0.013 0.0035

Cyprocona-
zole

< 350 168 94 >100 19 0.65 > 22 0.023 0.66 0.392

Difenoco-
nazole

1453 > 610 > 2150 > 100 1.1 0.023 0.77 0.0056 0.032

Epoxicona-
zole

3160 > 500 > 2000 > 100 > 0.92 0.01 > 3.13 0.63 > 10.69 0.0069

Flutriafol > 1140 > 500 616 > 50 33 4.8 67 0.55 12 -

Flu-
xapyroxad

>2000 > 1000 > 2000 > 100 0.466 0.036 6.78 0.5 0.7 -

Hexacona-
zole**

2189 414 > 4000 > 100 3.4 - > 2.9 0.226 > 0.1 -

Isopyra-
zam**

2000 > 500 > 2000 > 200 0.0258 0.00287 0.044 0.013 1.792 -

Kresoxim-

methyl

> 5000 > 469 > 2150 > 100 0.19 0.013 0.186 0.032 0.25 -

Mancozeb* > 5000 > 299 > 2000 > 85.3 0.074 0.0022 0.073 0.0073 0.0322 0.00091

Mefentriflu-
conazole

>2000 > 500 816 > 100 0.532 - 0.944 0.016 1.35 0.103

Metcona-
zole

595 > 500 787 > 100 2.1 1.14 4.2 0.16 2.2 0.38

Picoxystro-
bin

> 5000 3.35 > 2250 > 200 0.075 0.01 0.024 0.008 0.26 -

Prochloraz 1023 > 500 662 141.3 1.5 0.049 4.3 0.022 0.032 0.01

Propicona-
zole

550 686 > 2510 > 100 2.6 0.068 10.2 0.31 9 0.46

Prothioco-
nazole

> 6200 > 1000 > 2000 > 100 1.83 0.308 1.3 0.56 2.18  

Pyraclos-
trobin

> 5000 567 > 2000 > 100 0.0062 0.0045 0.016 0.004 0.843 -

Pyidiflume-
tofen

> 5000 > 1000 3776 > 100 0.18 - 0.42 - 2.7 2.5

Tebucona-
zole

1700 1381 1988 > 200 4.4 0.01 2.79 0.01 5.3 0,1

Thiabenda-
zole*

> 5000 > 500 > 2250 > 34.0 0.55 0.012 0.81 0.042 9 3.2

Thiophana-
te-methyl*

> 5000 > 13.2 > 4640 > 100 11 0.32 5.4 0.18 37.2 6.74

Trifloxystro-
bin

> 2000 > 500 > 2000 > 200 0.022 0.008 0.011 0.003 0.0174 0.0025
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pollen from treated plants and drink water contamina-
ted with pesticide residues (Yatawara & Dayananda, 
2019; Díaz et al., 2021; Gómez et al., 2024). Among 
birds, cyproconazole showed high toxicity (94 mg kg-1), 
while benomyl, benzovindiflupyr, flutriafol, mefentriflu-
conazole, metconazole, prochloraz, and tebuconazole 
displayed moderate toxicity, ranging from 616 to 1988 
mg kg-1. Regarding bees, most of the fungicides exami-
ned in this study were classified as having low toxicity 
(> 100 μg bee-1), except for benomyl, carbendazim, flu-
triafol, mancozeb, and thiabendazole, which were mo-
derately toxic (34-85.3 μg bee-1) (Table 4).

In aquatic organisms, fungicides that are likely to 
reach water bodies exhibit significant acute toxicity to 
the species analyzed, including fish and aquatic inverte-
brates. Except for chlorothalonil, kresoxim-methyl, pro-
thioconazole, and mancozeb—which show low persis-
tence in water and therefore are not expected to remain 
in this compartment—the remaining fungicides display 
moderate to high acute toxicity, with toxicity values 
ranging from 0.0035 to 67 mg L-1 (Table 4). With res-
pect to algae, all fungicides, except flutriafol, epoxico-
nazole, and thiophanate-methyl, which exhibit low toxi-
city (>10 mg L-1), show moderate to high toxicity, with 
values ranging from 0.0053 to 9.0 mg L-1 (Table 4). 
Carbendazim, chlorothalonil, mancozeb, and pyraclos-
trobin exhibit high chronic toxicity to fish and aquatic 
invertebrates. Additionally, mancozeb also shows chro-
nic toxicity in algae. 

The fungicides bixafen, carbendazim, chlorothalonil, 
difenoconazole, isopyrazam, mancozeb, picoxystrobin, 
pyraclostrobin, thiophanate-methyl, and trifloxystrobin 
exhibit high acute and/or chronic toxicity on at least two 
of the evaluated organisms, which are representative of 
different environmental compartments. These findings 
underscore the importance of assessing fungicide toxici-
ty across multiple organisms within the same environ-
mental compartment, taking into account both acute 
and chronic effects, to provide a more comprehensive 
understanding of their potential ecological impact.

In brief, the soil compartment presents the hi-
ghest potential risk compared to other environmental 
compartments, as it is the primary sink for most of the 

fungicides evaluated in this study, many of which exhibit 
moderate toxicity. Furthermore, fungicides with a high 
probability of persisting in soil can also contaminate wa-
ter bodies through processes such as run-off and soil 
erosion, particularly in fields with minimal ground cover. 
In some of these cases, the impact on biota is also criti-
cal, as certain fungicides show potential for bioaccumu-
lation in various species. 

Hazard-based assessment and fungicide prioriti-
zation: A case study 

In Uruguay, the cereal productive area shares uni-
form topographical and climatic conditions. Additionally, 
the varieties used exhibit similar behavior in response 
to the main diseases. Therefore, management strate-
gies are generally consistent across the region. As ex-
pected, the farms selected for this study implemented 
similar disease management strategies for winter ce-
reals across multiple growing seasons, typically appl-
ying fungicide mixtures twice or three times per crop 
cycle (Figure 1). Application rates were generally at the 
upper limit of the recommended range specified on pro-
duct labels, with occasional exceedances. 

Farm 1 is located 280 meters from a residential area, 
without nearby water bodies (Figure 2a). This distance 
is below the minimum buffer zones stipulated by MGAP 
Resolution (s/n, 15/05/24), which require at least 300 
m for ground applications near educational centers and 
500 m for aerial applications. In the case of Farm 2, 
watercourses are located at a minimum distance of 17.3 
m from treated fields (Figure 2b), which is below the 30 
m buffer zone stipulated by MGAP Resolution No. 
129/008 (2008). Consequently, aerial applications were 
not allowed at this location. The potential for environ-
mental contamination by fungicides is influenced by 
field conditions, such as bare soil with minimal crop re-
sidue cover and unfavorable weather patterns, including 
excessive rainfall, which may promote pesticide runoff 
and leaching into adjacent water bodies. In addition, the 
proximity of watercourses and terrain slope can further 
facilitate the transport of active ingredients toward 
aquatic ecosystems.

Based on the characteristics of Farm 1, the greatest 

      *Applied only in wheat crops; **Applied only in barley crops; Green, yellow, orange and red colors indicate the different potential toxicity (Table 2). 
1 Mammals LD50: Median lethal dose (oral, rat); 2 Earthworms LC50: Median lethal concentration (Eisenia fetida, 14 days); 3 Birds LD50: Median lethal 
dose for Colinus virginianus, Anas platyrhynchos, Coturnix japonica, Alectoris rufa (acute); 4 Bees LD50: Median lethal dose for Apis spp., (acute contact, 
24/48/72 h); 5 Fish: Oncorhynchus mykiss, Cyprinus carpio, Lepomis macrochirus, Pimephales promelas, Leiostomus xanthurus, LC50 (acute, 96 h) and 
NOEC (chronic, 21 days); 6 Daphnia magna: EC50 (acute, 48 h) and NOEC (chronic, 21 days); 7 Algae: Pseudokirchneriella subcapitata, Scenedesmus 
acutus, Scenedesmus subspicatus, Navicula pelliculosa, Raphidocelis subcapitata, Chlorella pyrenoidosa, Ankistrodesmus spp., Selenastrum capri-
cornutum, EC50 (acute, 72 h) and NOEC (chronic, 72 h, growth).

►



25Rev. Facultad de Agronomía UBA, 46 (1) 15-28, 2026

Environmental hazard assessment of foliar fungicides used in wheat and barley in Uruguay

environmental hazard is associated with soil contamina-
tion, as no nearby water bodies are present. Conse-
quently, the hazard characterization is focused on the 
soil compartment. Pyraclostrobin and cyproconazole 
were identified as the most hazardous active ingredients, 
as they exhibited the highest TU (Figure 3a). Pyraclostro-
bin was applied three times in the studied growing sea-
sons (Figure 1), and is highly toxic to bees and soil-dwe-
lling organisms. Moreover, it is considered as moderate 
persistent with high bioaccumulation potential (Table 4). 
Cyproconazole was applied less frequently (only once in 
the studied growing season; Figure 1), but the doses 

Figura 3. (a) Spider chart depicting terrestrial organism toxicities (TUs) for Farm 1. (b) Toxic Units (TUs) related to the terrestrial and aquatic organisms 
for Farm 2. Different plotting formats were used to improve data visualization: the spider chart highlights relative patterns and comparisons among or-
ganism groups within Farm 1, while the bar chart allows clearer comparison of TU magnitudes across both terrestrial and aquatic organisms in Farm 2.

used exceeded label-recommended levels, posing a po-
tential impact to bird populations and mammals regar-
ding its TU, soil persistence and bioaccumulation poten-
tial. Given the proximity of the farm to rural residential 
areas, the results suggest that mitigation strategies 
should involve substituting cyproconazole with a less to-
xic alternative, and reducing the application frequency 
of pyraclostrobin.

For Farm 2, the greatest potential environmental 
concern is linked to both soil and aquatic compartments, 
due to the proximity to a water body. Farm 2 received 
the highest number of applications due to continuous 
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winter cereal cultivation across all three analyzed 
growing seasons (Figure 1). Most applications were at 
the maximum recommended doses, except for the mix-
ture of epoxiconazole, fluxapyroxad, and pyraclostrobin 
used during the 2021/22 growing season. 

Similar to Farm 1, the most relevant fungicides in the 
soil in terms of toxicity are cyproconazole, pyraclostro-
bin, and epoxiconazole, which show high TU values for 
different terrestrial organisms, as shown in Figure 3b. 
The difference between the two farms lies in the appli-
cation frequency of epoxiconazole (four times in Farm 2, 
Figure 1), which explains the lower TU values observed 
in Farm 1. The results show that repeated applications 
of the same active ingredient within a growing season, 
can increase the bioaccumulation and the potential en-
vironmental contamination (Baird et al., 2013). Moreo-
ver, repetitive applications of mixtures generate a cock-
tail effect, which increases risk and makes its evaluation 
more difficult. This is in accordance with studies revea-
ling that simultaneous application of fungicides exerts 
stronger negative effects on soil health compared to re-
peated application of individual fungicides and sequen-
tial application (De la Cruz et al., 2024).

In water bodies, pyraclostrobin presented the hi-
ghest TU values for the three aquatic organisms evalua-
ted. This fungicide is classified as moderately degrada-
ble in water, with a DT50 value of two days (Table 1). This 
indicates that under typical environmental conditions, 
half of the compound degrades within this timeframe, 
reflecting its moderate persistence in aquatic systems. 
Based on chemical management data, the slope of Farm 
2, and the frequency and application dose, this active 
ingredient can reach nearby watercourses through ru-
noff, posing potential hazards to aquatic organisms. 
Furthermore, it is likely to bioaccumulate and biocon-
centrate in aquatic biota. Its consistently high TU values 
across all organisms in this compartment (Figure 3b), 
combined with the presented data, indicate that pyra-
clostrobin poses a significant environmental hazard. 
Azoxystrobin and fluxapyroxad may contribute to algae 
toxicity. These active ingredients have a GUS value indi-
cating high and moderate leachability, which in certain 
cases facilitates its transport to aquatic systems. Despi-
te its DT50 in water classifying them as moderately de-
gradable, which limits prolonged exposure for aquatic 
organisms, the potential impact on algae remains signi-
ficant. The low BCF values suggest minimal bioconcen-
tration in aquatic organisms; however, fluxapyroxad 
present the potential of bioaccumulation. 

This farm-level analysis effectively identifies poten-
tial ecological impact to organisms and provides valua-
ble insights for making agronomic adjustments to miti-
gate hazards associated with fungicide use in winter 
cereal cultivation. This approach could be extended to 
other pesticides used in agricultural systems, allowing 
for a prioritization of compounds for specific field condi-
tions. Combined with good agricultural practices (Bide-
gain et al., 2013) and taking into consideration how the 
different application techniques can modify this risk, 
such strategies would reduce environmental impacts.

The study also emphasizes the need to consider ex-
posure pathways and site-specific factors in environ-
mental hazard assessments. While some countries have 
incorporated these aspects into their regulatory fra-
meworks, coordinated adoption across Southern Cone 
nations is essential for promoting safer and more sustai-
nable pesticide management. Additionally, region-speci-
fic environmental modeling further improves the accura-
cy of pesticide exposure assessments, ensuring that 
fungicide regulations align with local ecological condi-
tions (Tsaboula et al., 2016). Recent advances in lands-
cape-level risk assessment suggest that local monito-
ring of pesticides residues and spatial and temporal 
variability must be integrated into pesticide regulation 
strategies (Wang et al., 2022). For instance, incorpora-
ting native species (Gomes et al., 2023) and the use of 
dispersion or transport models considering local hydro-
logical patterns and land use can improve predictive 
models for pesticide dispersion (Vryzas et al., 2020). 
This strategy would enable a more accurate assessment 
of the environmental impact of fungicides in local 
ecosystems. 

CONCLUSIONS
This study provides a hazard-based prioritization of 

fungicides commonly used in cereal production in Uru-
guay, integrating intrinsic toxicity and theoretical envi-
ronmental fate to support decision-making under da-
ta-limited conditions. The farm-level study, identified 
pyraclostrobin, cyproconazole, and epoxiconazole as 
major contributors to toxicity across multiple environ-
mental compartments and non-target organisms. The 
analysis proved to be a valuable approach that can be 
applied to other pesticides and crop systems. In sum-
mary, the environmental hazards associated with fungi-
cide use in wheat and barley production in Uruguay 
align with global concerns about pesticide contamina-
tion. Given the similarity of fungicide management 
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