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ABSTRACT
The degradation of tebuconazole in the majority of Polish mineral soils withlow organic carbon content is slow,
and its adsorptionis especially low in subsoils. Therefore, the fate of tebuconazole in these soils cannot be predicted based on the results of the adsorption and degradation experiments carried out in typical soils of the European
Union. For this reason, the simulations of tebuconazole accumulation in Polish soils and its leaching to groundwater were carried out. The cultivation of winter cereals and winter oilseed rape was simulatedusing FOCUS PELMO
in six Arenosol, Luvisol, and Chernozem profiles, representing 59% of Polish arable mineral soils.The simulations
indicated that almost all fungicide that reached the soil surface was retained in the topsoil layer of 0–15 cm. The
highest concentrations (range of 0.069–0.320 mg/kg) were estimated for the layer 0–5 cm. The results suggested
that runoff can be the principal source of tebuconazole in surface water. It was found that the majority of tebuconazole that reached the soils was microbiologically degraded. However, in the years with unfavorable weather
conditions for degradation, up to 11% of the tebuconazole that reached the soils remain undegraded. In addition to
the accumulation of tebuconazole in the topsoils, the simulations indicated its very slow but constant penetration
into the subsoils. The estimated concentrations of tebuconazole in percolate water were low: < 0.02 μg/L at the
depth of 25 cm, < 0.002 μg/L at the depth of 75 cm, and trace concentrations at the depth of 1 m in one profile. The
obtained results were consistent with the results of the monitoring studies available in literature.
Keywords: tebuconazole, FOCUS PELMO simulations, retention, leaching

INTRODUCTION
(RS)-1-(4-chlorophenyl)-4,4-dimethyl3-(1H-1,2,4,-triazol-1-ylmethyl)-pentan-3ol,known astebuconazole, is one of the most
popular azole fungicides. It is one of over a
dozen triazole and imidazole fungicides currently approved for use in the European Union
(EU) [European Comission, 2021a]. Tebuconazole is widely used in agriculture against fungal
diseases[Tauchnitz et al., 2020], for seed treatment and as a growth retardant [Matysiak and
Kaczmarek, 2013], as well as wood preservative
[Bollmann et al., 2017]. In 2003, there were 16
plant protection tebuconazole-containing products registered in Poland. Their number increased
to 39 in 2009 [Matyjaszczyk, 2011], and to 124
in 2021 [Ministry of Agriculture and Rural Development, 2021]. In 2019, Poland was in the 3rd

place in the EU in terms of the use of azole fungicides, with yearly sales of 1375.6 tons [European
Comission, 2021b].
The extensive use of tebuconazole in agriculture has made the compound an environmental
hazard. Although the maximum allowable dose
of this compound is only 0.25 kg/ha[EFSA,
2014], its maximum concentrations in rivers
reach 9.1 μg/L [Berenzen et al., 2005] and even
670 μg/L in surface water from runoff [Potter et
al., 2014]. Its maximum concentration in agricultural soils of the EU was detected at 0.19 mg/kg
[Silva et al., 2019]. Even more worrying is the
level of detection of tebuconazole in environmental samples. In the case of soils, the reported
values were 12% [Silva et al., 2019], 36% [Hvezdova et al., 2018], and even 60% [Tauchnitz et
al., 2020; Bernasconi et al., 2021]. The reported
levels of detection of the compound in water
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samples were 30% [Van Metre et al., 2017], 44%
[Berenzen et al., 2005], 72% [De Gerónimo et
al., 2014], 82% [Kahle et al., 2008], and 90%
[Pérez et al., 2017]. Notably, in 2020, the European Commission issued Decision 2020/1161,
which added 7 azole fungicides (including tebuconazole) to the watch list of the substances subjected to Union-wide monitoring in the environment due to their possible destructive effect on
aquatic organisms [European Comission, 2020].
The reason is that azole fungicides areaccumulated in aquatic organisms. For example, the
classic test of bioaccumulation in fish carried out
using Danio rerio indicated a tebuconazole bioaccumulation factor in the range of 9.79–16.25
[Liu et al., 2016].
During the authorization procedure required
by EU Directive 91/414, the pesticide leaching
and the possible range of groundwater contamination have to be assessed [Comission of the European Communities, 1991]. Because the leaching of pollutants to groundwater is a very complex process, standard decision trees have been
developed in the EU starting with simple laboratory measurements of the adsorption and degradation parameters. These data, together with the
pesticide, soil, and climate data, are entered into
one of the recommended pesticide leaching models and the first tier modeling pesticide leaching
into groundwater is carried out using nine standardized worst case scenarios developed by the
FOCUS group (Forum for the Coordination of
the Pesticide Fate Models and their Use). In the
cases where simulations indicate that the concentrations in soil water at 1 m depth can exceed the
concentration of 0.1 μg/L allowed in the EU for
a single pesticide, higher tier simulations are carried out (requiring more detailed adsorption and
degradation data) and outdoor leaching experiments if necessary [Kördel and Klein, 2006].
Tebuconazole is rather strongly adsorbed in
soils, mainly by soil organic matter. According to
the Pesticide Properties Database, its mean Freundlich adsorption coefficient (KF) is 12.69 μg1–1/n
(mL)1/n g-1, and the coefficient normalized to organic carbon (KFoc) is 769 μg1–1/n (mL)1/n g-1 [Lewis
et al., 2016]. Therefore, the fungicide is classified
as slightly mobile in soils. However, its mobility
can be higher in the soils with low organic matter content. Our previous study indicated that it is
slightly mobile in the Ap horizon of Polish soils
(KF of 13.1–16.9 μg1–1/n (mL)1/n g-1), but its mobility is much higher in subsoils (KF of 1.1–8.3 μg1–1/n
132

(mL)1/n g-1) [Siek et al., 2021]. In turn,a study on
the degradation of tebuconazole indicated that the
half-life (DT50) values at 20 °C were in in the
range of 201–433 days in the Ap horizon and up
to 3904 days in subsoils [Siek and Paszko, 2019],
showing that tebuconazole is a very persistent
compound in Polish soils. The values normalized
to 20 °C and moisture content at field capacity
presented in the EU dossier from the field studies
were much lower (range of 20.3–43.6 days, median 39.3 days). This shows that the results of simulations of tebuconazole leaching presented in the
EU dossier indicating its low groundwater contamination potential may be not representative for
Polish soils. Taking this into account, the modeling studies using FOCUS PELMO were carried
out to estimate (i)the range of the most likely TB
concentrations in soiland (ii) the range of its most
likely concentrations in the soil water in profiles
of the most common Polish arable soils.

MATERIALS AND METHODS
Soils
The examined soil profiles were selected from
the database and soil collection of the Institute of
Agrophysics of the Polish Academy of Sciences
in Lublin [Bieganowski et al., 2013]. The two profiles, denoted in the Database as 611th and 805th
and classified as Arenosols according to IUSS
Working Group WRB [2015], represent 27%
of the coarsest Polish arable soils formed from
sand. The two Luvisol profiles (590th and 824th)
represent 24.7% of the soils formed from loamy
sand or loam. The 564th Luvisol profile represents
6.9% of the soils formed from loess or loess-like
formations.The 587 profile represents 1% of Polish arable soils, classified as Chernozems.
The samples were collected from the same
depth: 10–15 cm for the Ap horizon, 45–50 cm
for the upper subsoil, and 75–80 cm for the lower subsoil. The details concerning soil sampling
were presented elsewhere [Siek and Paszko,
2019]. The locations of the examined soil profiles
are presented in Figure 1 and their basic physicochemical properties are summarized in Table 1.
The soil texture (Sand, Silt, and Clay contents,
%) was determined using the pipette method
[ISO 11277, 2020], the soil organic carbon (OC,
%) was determined using AN SSM-5000A solid
sample module of a Shimadzu TCSH analyzer,
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results obtained by the successive versions of the
program (most often groundwater concentrations,
but also soil and air concentrations) were validated using the results of lysimeter and field studies,
as well as groundwater monitoring results [Klein
et al., 1997; Ferrari et al., 2005; Hardy et al.,
2008; Klein, 2018].Simulations of tebuconazole
leaching were carried out using the newest 5.5.3
version of PELMO [European Comission, 2014;
Klein, 2018].
The necessary tebuconazole input data, i.e.,
its molecular mass (307.8 g), vapor pressure at
20 °C (1.3 10–6Pa), and solubility in water at 20
°C and pH 7.2 (7.2·10–5 Pa m3/mol), were taken
from the tebuconazole peer review [EFSA, 2014].
The cultivation of winter cereals was simulated, as they occupy the largest area of all crops in
Poland, i.e., 39.7% of the total sown area in 2019
[GUS, 2020]. The emergence, maturity, senescence, and harvest dates were assumed to be on
5th October, 10th July, 16th July, and 10th August,
respectively. Tebuconazole was assumed to be applied on 7th May (BBCH 33) and 28th May (BBCH
56) at doses of 0.25 kg/ha. After correction for
crop interception (80% and 90%), the amounts
applied to the soil were 0.05 and 0.025 kg/ha, respectively. Moreover, the cultivation of the winter
oilseed rape was simulated, asthe rape and turnip
rape occupied 8.0% of the total sown area in Poland in 2019 [GUS, 2020]. The emergence, maturity, senescence, and harvest dates were assumed
to be on 2nd September, 5th May, 28th June, and 28th
July, respectively. Tebuconazole was assumed
to be applied on 10th September (BBCH 15)

Figure 1. Locations of the examined
soil profiles on the map of Poland

and pH was determined in 0.01 M CaCl2 using
a glass electrode [ISO 10390, 2020]. The other
soil properties are described elsewhere [Siek and
Paszko, 2019; Siek et al., 2021].
Parameterization of PELMO
The pesticide leaching model PELMO is a
compartment model simulating pesticide transport in the unsaturated soil system within and
below the plant root zone, which has been developed since 1989 [Klein et al., 1997; Klein,
2018]. It is one of the four models recommended
by FOCUS for estimation of pesticide leaching
to groundwater [European Comission, 2014]. The

Table 1. Basic physicochemical properties of the examined soils
Soil group

Arenosols

Soil code
Horizon

611

Luvisols
805

824

Chernozem

590

564

587

Ap

BC

C

Ap

BC

C

Ap

Bt1

Bt2

Ap

Bt1

Bt2

Ap

Bt1

Bt2

Ap

A2

AC

Sand (%)

88.5

96.5

98.0

85.0

95.0

89.5

51.5

62.5

66.5

78.0

57.0

48.0

18.0

16.0

14.0

16.5

15.5

14.5

Silt (%)

9.7

2.4

1.0

12.3

4.1

7.2

39.8

22.1

22.5

17.7

20.0

22.0

72.2

71.5

61.1

70.6

64.6

67.7

Clay (%)

1.8

1.1

1.0

2.7

0.9

3.3

8.7

15.4

11.0

4.3

23.0

30.0

9.8

12.5

24.9

12.9

19.9

17.8

pH

5.0

4.6

4.5

4.2

5.1

5.6

5.5

4.5

4.6

4.5

4.8

4.6

7.0

6.8

6.9

7.1

7.3

7.5

OC (%)

1.13

0.09

0.03

0.68

0.04

0.04

1.08

0.19

0.11

0.88

0.16

0.09

1.36

0.48

0.31

1.92

1.31

0.67

FC (v/v) a

0.23

0.21

0.21

0.24

0.21

0.23

0.31

0.31

0.29

0.25

0.33

0.36

0.38

0.39

0.42

0.39

0.41

0.41

KF (μg1-1/n (mL)1/n g-1) b 16.7

1.2

1.2

14.9

1.2

1.1

14.2

8.3

6.4

13.4

4.3

6.5

13.1

4.9

3.2

16.9

7.9

4.2

1/n

0.79

1.00

0.94

0.82

1.00

1.00

0.85

0.98

0.97

0.76

1.00

0.86

0.82

1.00

0.74

0.79

1.00

1.00

284

358

1234

135

658

566

203

813

1293

195

484

917

145

904

1536

247

675

1691

1

0.79

0.23

1

0.20

0.24

1

0.25

0.16

1

0.40

0.21

1

0.16

0.09

1

0.37

0.15

b

DT50 (d) c
DDF d

calculated using the pedotransfer functions of PELMO [Klein, 2018]; data from Siek et al. [2021]; data at 20°C
from Siek and Paszko [2019] recalculated to 10 kPa; d depth-dependent degradation factor – ratio between the
DT50 values for the topsoil and the respective subsoil horizon.
a

b

c
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and 29th April (BBCH 53) at doses of 0.125 and
0.250 kg/ha. After correction for crop interception (40% and 80%), the amounts applied to the
soil were 0.075 and 0.050 kg/ha, respectively.The
dates of particular crop development stages in the
BBCH scale, the pesticide application dates, and
the amounts intercepted by crops were estimated
using the AppDate 3.06 software[Klein, 2018].
The DT50 values obtained in the previous
study [Siek and Paszko, 2019] on tebuconazole
degradation at 20 °C and soil moisture θD (g/g)
were corrected to the reference water content at
10 kPa assumed by FOCUS as the soil moisture
at field capacity (θFC – estimated using the pedotransfer function of Pelmo). Thecorrection factor
f was calculated for each soil from the Walker
equation f = (θD/θFC)B and correction was made
by multiplying the DT50 values by f. The Walker
moisture exponent B was set to 0.7 [European
Comission, 2014]. Next, the depth-dependent
degradation factors for subsoils were calculated
(DDF – ratio between the DT50 values in the
topsoil and in the respective subsoil horizon).
The corrected DT50 values and DDF values are
presented in Table 1.The plant root uptake factor was set to the recommended value of 0.5. For
the temperature correction factor for degradation
𝑇𝑇−𝑇𝑇𝑟𝑟

used in PELMO (𝑘𝑘 𝑇𝑇 = 𝑄𝑄1010 ), where T denotes
the actual soil temperature, and Tr is the reference
temperature (20 °C) at which degradation experiments should be carried out), the value of Q10 =
2.58 recommended by the European Comission
[2014] was used. The thickness of the topsoil and
two subsoils were set to 25 cm, 35 cm, and 40 cm,
respectively. Additionally, the forth subsoil horizon with a thickness of 20 cm was added. Its parameters were identical to the lower subsoil horizon, with the exception of the DDF value, which
was set to 0. The dispersion length of the layers
of the 120 cm profiles was set to 5 cm [European
Comission, 2014]. The potential evapotranspiration (the sum of evaporation and transpiration)
was calculated using the Hamon equation [Klein,
2018]. The soil hydraulic parameters (soil moisture at field capacity – 10 kPa, and at wilting point
– 1600 kPa) were calculated using the pedotransfer functions of PELMO [Klein, 2018].
The climate data from 1990 to 2009 obtained
from the Hydro-Meteorological Station LublinRadawiec (51°13’ N, 22°24’ E) of the Institute of
Meteorology and Water Management were used in
the climate file. The 26-year simulation period was
obtained by initial repetition of the first 6 years.
134

In order to avoid an unrealistic worst case
scenario, which can be obtained when only the
worst case parameters are selected for simulations (e.g. the largest of the DT50 values obtained
for the Ap horizon together with the lowest DDF
values for subsoils),only the adsorption and degradation parameters of the individual horizons
presented in Table 1 were used in simulations.
This method in general averaged the obtained extremal parameters.

RESULTS
Fate of tebuconazole in soils – analysis
of the mass balance
The tebuconazole mass balance analysis
indicated that after the simulated application
thereof to the soil during the cultivation of winter cereals, only 0.026 g/ha ± 0.005 (standard
deviation) of the fungicide was volatilized to air
each year, and 0.051 g/ha ± 0.015 was volatilized in the case of the winter rape cultivation (in
both cases ~ 0.04% of the applied doses). The
variance of the obtained results originated primarily from the differences in climatic factors
(mainly temperature) during the 20-year simulation period. Tebuconazole is a low volatile compound; its Henry’s law constant at 20 °C is only
1∙10–5 Pa m3/mol [EFSA, 2014].
As it was already mentioned,the plant root
uptake factor was set to the default value 0.5.
This indicates that the fungicide content taken
up by the plant roots is 50% of the soil water
concentration in the respective soil layer [Klein,
2018]. However, since the KF values of the
Freundlich adsorption coefficient were high in
the majority of soils (Table 1), the tebuconazole
concentrations in the soil water were very low.
Therefore, the estimated mean yearly tebuconacole uptake by the roots of the winter cereals
was only 1.29 ± 0.32 g/ha (1.8% of the dose of
75 g) and only 2.33 ± 0.57 g/ha (1.9% of the
dose of 125 g) in the case of the winter rape cultivation. Thus, the simulations indicated that,
due to its high adsorption in soils, tebuconazole
is weakly available to the plant root systems.
This finding is consistent with the data published
by FAO [2011], which indicated that after application of tebuconazole onto bare soil at a rate
of 0.5 kg/ha, its accumulation in the straw and
grain of winter wheat was < 0.05 mg/kg.
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The tebuconazole mass balance analysis
showed that during the simulations of the cultivation of the winter cereals, 73.49 ± 4.34 g/ha
(98.4% of the applied doses) of the fungicide
was degraded each year in the soil, and 122.53
± 6.21 g/ha (97.1% of the applied doses)was degraded in the case of the winter rape cultivation.
Thus,in most of the analyzed years, practically
the entire applied doses of tebuconazole were degraded in the examined soil profiles. In the years
in which the weather conditions were less favorable to its degradation (the microbial degradation
rate increases as temperature and soil moisture increase), up to 8.1 g/ha of the applied compound in
the case of the winter cereal cultivation (10.7% of
dose) and up to 14.4 g/ha during the winter rape
cultivation (11.6% of dose) were not degraded to
the end of the year. However, in the successive
years,most of these amounts were degraded or
taken up by the plant roots.
Concentration of tebuconazole
in the soil solid phase
The concentrations of tebuconazole adsorbed
in the topsoil layer of 0–5 cm are presented in
Figure 2a-b. The most probable range of concentrations is that between the Q1 and Q3 quartile,
i.e., the range of 0.069–0.320 mg/kg of soil for
both crops. It is visible that the concentrationsin
the 611th and 587th profiles are much higher than
in the other profiles.This is caused by the lowest degradation rates in the Ap horizon (DT50 of
284 and 247 days; Table 1), the highest KFvalues
(16.7 and 16.9 μg1–1/n (mL)1/n g-1), and the low 1/n
value (0.79).The concentrations of the fungicide
in the 5–10 cm layer were much lower. Taking
into account both crops as well as Q1 and Q3
quartiles,the most probable range in this layer was
0.022–0.118 mg/kg. As in the 0–5 cm layer, the
highest retention of tebuconazole was recorded in
the 611th and 587th profiles. Taking into account
the Q1 and Q3 quartile and simulations in both
crops, the concentrations in the 10–15 cm layer
(Fig. 2e–f) were in the range of 0.004–0.035 mg/
kg. Besides the 611th and 587th profiles, the third
highest concentration of tebuconazole in soil was
estimated in the 824th profile, where the values of
DT50 (203 days) and KF (14.2 μg1–1/n (mL)1/n g-1)
were high, and the 1/n value (0.85) wasstill low.
It is worth noting that the penetration of tebuconazole through 10 cm of the Ap horizon caused a
~10-fold decrease in its concentration in the soil.

Figure 2g-h shows that the fungicide was able to
penetrate up to 20 cm depth of the plow layer.
In two profiles in the case of the winter oilseed
rape cultivation and in three profiles in the case
of the winter cereal cultivation, the concentrations of tebuconazole were < 0.002 mg/kg in the
15–20 cm layer, i.e., below the detection limit of
the monitoring studies (see, e.g., Tauchnitz et al.
[2020]). In the 611th, 824th, and 587th profiles, in
which the retention of tebuconazole was higher,
the concentrations (again Q1 and Q3 quartiles
were taken into account) were in the range of
0.002–0.007 mg/kg for both crops.
Changes inthe mean yearly temperature and
precipitation as well as an example of the pattern
of changes in thetebuconazole concentrations
in the Ap horizon of the 611 profile during the
last 20 years of the 26-year simulation period of
winter oilseed rape cultivation are presented in
Figure 3a–c. High yearly fluctuations are visible
in the 0–5 cm layer. They are connected with the
application of tebuconazole twice a year and its
disappearance resultingfrom microbial degradation and,to a much lesser extent, from its uptake
by plant roots and volatilization. There are also
visible small differences in concentrations resulting from the differences in climatic factors. The
fluctuations in the lower layers are smaller; there
is also a still visible difference in the concentrations in the individual years associated mainly
with the differences in temperature and precipitation and the slight accumulation of tebuconazole
in the first 10 years of simulations.
Although the data presented in Figs. 2–3 are
the results of the simulations, a comparison of
these data with thosefound in the literature confirms that they are consistent. Amonitoring study
carried out in European agricultural soils (including Poland) by Silva et al. [2019] indicated that
the median of tebuconazole concentrations in the
soil samples collected from the 0–20 cm layer
was 0.02 mg/kg and the maximum concentration
was 0.19 mg/kg. Similar ranges of concentrations
were detectedby the authors also for other azole
fungicides. Azole fungicides were also commonly detected in the Czech Republic by Hvezdova
et al. [2018]. Among them, tebuconazole was in
the second place with concentrations in the soil
samples from the depth of 0–25 cm in the range
of 0.01–0.03 mg/kg. Moreover, tebuconazole
was examined in the topsoil samples in SaxonyAnhalt in central Germany by Tauchnitz et al.
[2020]. In the analyzed catchment, tebuconazole
135
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Figure 2. Predicted concentrations of tebuconazole (Cs) in the selected soil depths
during the simulated winter oilseed rape and winter cereals cultivation

Figure 3. Mean yearly temperature (a) and precipitation (b) as well as predicted soil
concentrations (Cs) of tebuconazole (c) and its concentration in soil water (PECsw) in the
selected soil depths (d) during the simulated winter oilseed rape cultivation
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was the most frequently used pesticide. The
majority of soils analyzed by the authors were
classified as Chernozems and Luvisols developed from loess (i.e., similar to the 587th and
564th profiles). In addition, the climate was very
similar to the climate in this study, with themean
precipitation of 550 mm (in this study 595 mm),
maximum precipitation in summer months, and
mean annual air temperature of 9.0 °C (in this
study 8.0 °C). The soil concentrations of tebuconazole in the topsoil (0–30 cm) samples were in
the range of 0.003–0.090 mg/kg. Moreover, the
authors detected tebuconazole at concentrations
0.003–0.004 mg/kg in two of five analyzed subsoil samples (30–90 cm).
The results of the study conducted by Tauchnitz et al. [2020]suggest that the movement of
tebuconazole to subsoils can be slightly higher
than that presented in Figures 2–3. One of the
causes may be associated with macropore flow,
i.e., preferential transport of pesticide down the
soil profile through well-connected discontinuities, such as wormholes and fractures. However, sincea significant contribution of this kind
of pesticide transport was observed mainly in
loamy soils, and in sandy soils percolation of
water through the unsaturated zone resembled
most often piston flow [Rosenbom et al., 2015],
the option of the macropore flow was not used
in this study.Taking into account the results of a
study conducted by Albers et al. [2019] tebuconazole transport can be facilitated by sorption to
mobile colloids (dissolved organic matter, water
soluble manure or compost colloids) at the soil
surface and sorption of these colloids in deeper
soil layers. However, as in the case of macropore transport, this kind of transport is very
difficult for precise modeling. Thus, it seems
unquestionable that tebuconazole is accumulated predominantly in the topsoil layer 0–15 cm
and only very small amounts of the fungicide
are transported below this layer. A leaching experiment involving columns packed with sandy
loam with low OC contents (0.4–0.5%) conducted by Singh [2005] indicated that triazole
fungicides were retained mainly on the top of
the column (0–5 cm), and after percolating
three pore volumes of water they moved down
only to 10–15 cm (penconazole, hexaconazole,
and propiconazole) or to 15–20 cm depth (triadimefon). A lysimetric study carried out by Kim
et al. [2002] indicated that propiconazone was
retained in soils mainly in the 0–10 cm layer,

and the amounts retained below 20 cm depth
were in the range of 0.9–2.1%.
Concentration of Tebuconazole in Soil Water
The concentrations of tebuconazole in the soil
water obtained during the simulated cultivation of
winter oilseed rape and winter cereals from the
20-year simulation period (PECsw) at 25, 50, and
75 cm depth are presented in Figure 4. The concentrations are generally very low, as tebuconazole was strongly adsorbed in the soils (see KF
values in Table 1) and its concentrations in the
solid phase in each examined soil horizonwere
higher than its concentrations in the liquid phase
(KF> 1). The highest concentrations, observed for
the 824th and 611th profiles, were associated with
itsslow degradationin top- and subsoils (Table 1),
and high values of 1/n in the subsoils. The highest
PECsw values for the 611th profile at 75 cm depth
(median range for both cropsof 0.0004–0.0007
μg/L and Q3 range of 0.0010–0.0019 μg/L) were
associated primarily with very low KF (1.2 μg1–1/n
(mL)1/n g-1) for this profile and high 1/n (1.00) values in the BC horizon. It is worth mentioning that
in the 611th profile in the last years of simulations,
trace concentrations of tebuconazole were also
obtained at a depth of 100 cm. Figure 3d clearly
shows that tebuconazole is present in pore water at
depths 25–100 cm in higher concentrations after
10 or more years of simulations (16 or more years
after includingthe initial 6 years). Therefore, the
simulations suggest that the existence of detectable concentrations of tebuconazole in ground
water in monitoring studies are associated withits
continuous application in the same area for many
years, and accumulation of its small amounts in
the solid phase of soils in subsoil horizons.
The Danish Pesticide Leaching Assessment
Program indicated that the highest tebuconazole
concentrations in ground water at 1 m depth
(range of 0.05–2 μg/L) were detected in the soils
with texture of sandy loam, in which the preferential transport occurred [Rosenbom et al., 2015].
In the soils with texture of sand and loamy sand,
in which the piston flow was dominant, detectable
concentrations of the fungicide were detected
only in a few samples, with maximum concentrationsof 0.01 μg/L. The concentrations of azole
fungicides in drainage water determined in the lysimetric studies by Aamlid et al. [2021] simulating pesticide leaching in golf courses (where they
are frequently used)were also low – in the range
137
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Figure 4. Predicted concentrations of tebuconazole in soil water (PECsw) in the selected
soil depths during the simulated winter oilseed rape and winter cereal cultivation.

of 0.003–0.015 μg/L. Thus, the results of our studies, which signalize that the existence of higher
concentrations of tebuconazole in groundwater
at 1 m depth is unlikely in the examined soils, is
consistent with the results obtained by the abovementioned authors. As was mentioned earlier,
higher concentrations (also < 0.1 μg/L) may occur in the soils with high content of clay in which
preferential transport is likely, and due to the fact
that dissolved organic matter and dissolved in water organic colloids of manure or compost can, to
some extent, enhance of tebuconazole transport
to subsoils [Chabauty et al., 2016]. Therefore,
the actual concentrations of tebuconazole in soil
water can be slightly higher than these presented
in Figures 3–4. The underestimation of fungicide
leaching by the FOCUS pesticide leaching programs, relatively high in the first tier based on
the KFoc concept, was signalized by Knäbel et al.
[2014]. Therefore, the adsorption and degradation
parameters, carefully determined for each examined horizon,were used to avoid this, as they are
crucial factors for correct estimation of pesticide
retention and leaching.
The analysis of the obtained data suggests that
high concentrations of tebuconazole in the 0–5 cm
soil level (Figs. 2–3) are the principal source of the
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fungicide in the surface water in agricultural regions. The runoff water mixes with the pore water
from this soil level, wherethe highest concentrations of tebuconazole are recorded, desorbs part
of tebuconazole adsorbed in the soil solid phase,
and flows into drainage ditches, canals, streams,
rivers, and lakes, where seasonal concentrations
of tebuconazole can exceed the allowable level
of 0.1 μg/L. As already mentioned, >> 0.1 μg/L
concentrations of tebuconazole in surface water
were detected by Berenzen et al. [2005], Potter et
al. [2014], and Rabiet et al. [2010].
Figure 4a–f showed the highest PECsw values
for the coarse soils, i.e., the 611 and 805 Arenosol profiles formed from sand and the 824 Luvisol profile formed from sandy loam. The tebuconazole leaching in the soils developed from loess
(564 and 587 profile) was negligible. Sandy soils
very often exhibitthe highest leaching potential,
which was indicated in monitoring studies [Leterme et al., 2006; Hardy et al., 2008]. Profiles of
sandy soils often have low organic matter contents
(especially in subsoils), which affects their sorption capacity and microbial activity. Moreover,
such soils have low water capacity (compare the
FC values in Table 1) andhigh water permeability,
which increases pesticide leaching.
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CONCLUSIONS
The simulations with FOCUS PELMO indicated that after the application of tebuconazole to
winter cereals and winter oilseed rape,mostof the
fungicide reaching the soil surface was retained
in the topsoil layer of 0–15 cm. The highest fungicide concentrations in soils (range of 0.069–
0.320 mg/kg) were predicted for the layer of
0–5 cm, whereas much lower levels were found
for the 5–10 cm and 10–15 cm layers (ranges of
0.022–0.118 and 0.004–0.035 mg/kg, respectively). The simulations indicated that ~ 97–98%
of tebuconazole retained in the soils was microbiologically degraded. However, in years in
which the weather conditions were unfavorable
for degradation,up to ~ 11% of the fungicide retained in soils remained undegraded for the following year. The simulations demonstrated accumulation of tebuconazole in topsoils and its
very slow but constant penetration to subsoils.
The estimated uptake of tebuconazole by plant
roots was low, i.e.,< 2% of the dose that reached
the soils. The concentrations of tebuconazole in
pore water were low as well: < 0.02 μg/L at the
depth of 25 cm and < 0.002 μg/L at the depth of
75 cm. Trace concentrations of tebuconazole at
the depth of 1 m were estimated only in one profile. Thus, the simulations clearly indicated that
tebuconazole leaching to groundwater was unlikely in the examined profiles. Taking this into
account, runoff is the principal source of tebuconazole in surface water.
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