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Abstract

Purpose The purpose of this study was to compare effects of two biostimulating substances (compost and bird droppings) on the
proliferation of microorganisms, enzymatic activity, and resistance of spring barley in soil exposed to tebuconazole fungicide.
Both biostimulating substances were also assessed for their efficacy in tebuconazole degradation in soil.

Materials and methods A pot vegetation experiment was performed with soil belonging to the Eutric Cambisols to test the effect
of tebuconazole on the biological activity of soil. Its adverse effect on the biological properties of soil was minimized through the
use of biostimulating substances (compost and bird droppings), the effect of which was expressed with the [Fcgp index. The RCh
index was used to determine the effect of tebuconazole on the proliferation of soil microorganisms and enzymes, the BA,; index
was used to express soil fertility based on the activity of soil enzymes, whereas the RS index—to express the resistance of spring
barley to the administered doses of tebuconazole. Finally, analyses were conducted to determine the efficacy of soil amendment
with biostimulating substances in tebuconazole degradation.

Results and discussion Study results demonstrate that tebuconazole caused significant changes in the proliferation of the tested
groups of microorganisms, in the activity of soil enzymes, and in spring barley yield. It was especially noticeable in pots in which
the soil was exposed to its highest dose, i.e., 2.499 mg kg . Soil supplementation with bird droppings had a positive effect on the
development of soil microorganisms and on the enzymatic activity in the soil. In turn, compost addition to soil exerted various
effects on the biological properties of soil. Both biostimulating substances failed to improve spring barley yield. Tebuconazole
degradation was more intense in the soil fertilized with bird droppings than with compost.

Conclusions Results of this study suggest that tebuconazole can affect the stability and health status of soil ecosystems by
modifying their biological properties. The high sensitivity of soil microorganisms and enzymes to stress conditions makes them
reliable environmental bioindicators. The strive for eliminating the adverse impact of fungicides on soil microbiome through the
use of appropriate remediation methods, like, e.g., biostimulation, is of greater concern from the ecological perspective.
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1 Introduction Some fungicides may remain in the environment for a long

time and therefore might be detected in the soil, bottom de-

The use of fungicides is a common practice in plant protection
against fungal pathogens. As reported by Mufioz-Leoz et al.
(2011) and Ye et al. (2018), only a few of these preparations
fulfill their task, whereas the others penetrate to the environ-
ment and may pose a threat to the organisms other than fungi.
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posits as well as in surface and underground waters (Fang
et al. 2016; Wang et al. 2017). However, the soil which has
a direct contact with fungicides is the most exposed to their
adverse effects. By pervading to soil, these preparations pose a
threat to soil ecology and health status. They may disrupt the
stability of soil ecosystem by, among other things, modifying
the activity and structure of microorganisms, as well as the
course of biochemical processes in the soil. This in turn has a
huge impact on soil health and, consequently, on its proper
functioning (Wang et al. 2016). Soil-colonizing microorgan-
isms are responsible for the formation of soil humus and take
part in biogeochemical cycles and in soil structure formation.
Therefore, understanding the effect of fungicides on soil
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microbiome is an important issue in risk assessment upon their
use. It is, however, difficult to predict a relationship between
the chemical structure of a fungicide and its effect on the
activity of soil microorganisms and enzymes. Some fungi-
cides may stimulate the growth and development of microor-
ganisms, while others may inhibit them (Lo 2010).

Tebuconazole is one of the most commonly used fungi-
cides worldwide. It belongs to a group of triazole compounds
which inhibit ergoesterol (an important constituent of the cel-
lular membrane of fungi) through demethylation at the C-14
level. Considering its stability, mobility, and toxicity, it is
claimed to be a hazardous substance (Li et al. 2015). Its
half-life in soil varies and ranges from 49 (Mufioz-Leoz
et al. 2011) to 610 days (Strickland et al. 2004). According
to Youness et al. (2018), it is additionally sparingly biodegrad-
able. Tebuconazole may modify the metabolism of an organ-
ism and even cause its death (Strickland et al. 2004; Youness
et al. 2018). This has been proved by impaired metabolic
functions of Daphnia magna or by death of Piaractus
mesopotamicus fish after tebuconazole application at a dose
of3.88 mg dm > water for 2 days (Sehnem et al. 2010). Its use
in crop protection against fungal diseases may contribute to
changes in the population of soil microorganisms. However,
some microorganisms, like, e.g., Trichoderma harzianum,
T. atroviride (Hatvani et al. 2006), Pseudomonas fluorescens,
P. putida, Enterobacter sakazakii, Serratia sp. (Sehnem et al.
2010), and S. marcescens, exhibit a vast potential for its deg-
radation in the soil environment (Wang et al. 2018).

The adverse effect of fungicides on the soil ecosystem may
be minimized through the improvement of its general condi-
tion. This may be achieved by soil supplementation with ap-
propriate microbiome-stimulating substances, like, e.g., com-
post or manure, which increase contents of nutrients and or-
ganic matter as well as improve water and air balance in the
soil. They not only provide nutrients to the soil microorgan-
isms but also improve the general condition of plants (D’Hose
et al. 2012). Due to their high organic matter content and
sorption capabilities, they may be used to remediate soil ex-
posed to toxic substances. But even though they are common-
ly used to improve soil fertility, still little is known on their
impact on the biological activity of soil contaminated with
fungicides, tebuconazole in particular.

The successively increasing use of pesticides and their ac-
cidental penetration to the soil environment may lead to its

serious transformations. These changes may be manifested by
the impairment of the proper functions of soil ecosystems and
by the loss of soil fertility which is largely determined by the
soil-dwelling microorganisms (Fang et al. 2016; Braganca
et al. 2019). The available scientific literature still lacks de-
tailed information concerning the problem of risks posed by
the use of fungicides and solutions proposed to restore the
desired properties of soils degraded by these chemicals. Soil
quality can be improved via different operations, one of which
is its biostimulation with organic fertilizers (Pimmata et al.
2013) that may enhance proliferation of microorganisms
exhibiting a high capability for fungicides degradation
(Adams et al. 2015). This manuscript presents results of a
study which allowed for estimating changes that had occurred
in the soil environment under the effect of tebuconazole and
for the evaluation of the efficacy of the biostimulating sub-
stances used to restore the stability of the soil environment.
The in-depth analysis of the adverse effect of tebuconazole on
soil environment required conducting a study which enabled
precise evaluation of its impact on soil microbiota, biochem-
ical process, and spring barley growth. It was also essential to
undertake appropriate remediation measures which aimed at
restoring soil stability through its fertilization with compost
and bird droppings. Finally, analyses were carried out to eval-
uate the efficacy of these fertilizers in tebuconazole degrada-
tion in the soil.

2 Materials and methods
2.1 Characteristics of the tested fungicide

A growing pot experiment was conducted with a Helicur
250 EW fungicide, containing tebuconazole as an active
substance (250 g dm > of agent) and belonging to a
group of triazoles. The fungicide is produced by Helm
AG company (Germany) and used in doses ranging
from 0.75 to 1.0 dm® ha™'. It is a systemic fungicide
in the form of a liquid used to prepare a water emulsion
for preventive and intervention treatments performed to
protect winter wheat, spring barley, winter rape, sugar
beet, and cherry. Tebuconazole characteristics are pro-
vided in Table 1.

Table 1 Selected properties of
tebuconazole (PPDB—Pesticide
Properties DataBase)

Fungicide Chemical group Log P pK, values Water solubility DTs (days)
-3
atpH 7 (mg dm )
Typical Field
Tebuconazole Triazole 3.7 5.0 36 63 47.1

Log P—octanol-water partition coefficient at 20 °C; pK,—dissociation constant at 25 °C; DTso—half time in the

soil
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2.2 Characteristics of soil material

The pot experiment was conducted with typical brown soil,
classified in terms of its granulometric composition as loamy
sand (WRB 2014). Soil samples were collected from the top-
soil layer at the Experimental Station in Tomaszkowo located
in north-eastern Poland (53.7161° N, 20.4167° E). Their
granulometric composition and selected physicochemical
properties were determined according to methods described
in a work by Borowik et al. (2017) and presented in Table 2.

2.3 Characteristics of biostimulating substances

Two organic biostimulating substances were used in the ex-
periment, namely, compost and bird droppings. Compost was
produced by Ekokonsorcjum-Effekt company (Cracow,
Poland) from green waste (bunches, shrubs, grass) originating
from private areas, parks, and green squares; crops (fruits,
vegetables) collected from market squares; and organic waste
collected from canteens and agri-food processing plants. Its
composition was as follows: nitrogen, 1.3%; phosphorus,
0.26%; potassium, 1.18%; magnesium, 0.30%; calcium,
1.60%; organic matter, 40.0%; and dry matter, 35.0%. Bird
droppings were produced by PPHU CDN Polska company
and were composed of organic matter, 98.27%; nitrogen,
3.50%; phosphorus, 3.45%; and potassium, 1.70%.

2.4 Design of pot experiment

The experiment was performed in six replications in a green-
house, in 3.5-dm” polyethylene pots each filled with 2.7 kg of
air dry soil. The soil used in the experiment was classified as
loamy sand having pHi ¢ 5.6; therefore, on the day of starting
the experiment, CaCO; was added to the soil in the amount
equilibrating the hydrolytic acidity at the level of 1.5 Hh to
neutralize it. There were three experimental factors: factor I—
fungicide dose (0.000, 0.042, 0.083, 0.125, 1.249, and
2.499 mg kg '), factor II—type of the biostimulating sub-
stance (sample without the addition of biostimulating sub-
stance, compost in a dose of 10 g kg ', and bird droppings
in a dose of 3.71 g kg "), and factor IIl—term of soil sample
collection (days 20, 40, and 60 of the experiment). The dose of
biostimulating substances was calculated based on nitrogen

content. The following doses of fertilizers were used in the
experiment (per pure compound in 1 kg DM of soil): nitrogen
in the form of phosphorus in the form of KH,PO,—44 mg,
potassium in the form of KH,PO,4 + KCl—100 mg, and mag-
nesium in the form of MgSO4 7H,0—25 mg. Fertilization
with nitrogen in the form of CO(NH;), and in a dose of
130 mg N kg' DM of soil was used exclusively in the control
series. The same dose of nitrogen was provided by compost
and bird droppings. Once the appropriate doses of the fungi-
cide and the biostimulating substance had been added to the
soil, it was thoroughly homogenized and placed in the pots.
Next, deionized water was used to bring the soil material to
50% of the capillary volume of water, which was maintained
throughout the experiment. The crop used in the experiment
was spring barley of ‘Orphelia’ cultivar. Microbiological and
enzymatic analyses were conducted three times in the growing
period of barley. On day 40 of the experiment, residues of
tebuconazole were determined in soil samples to which
Helicur 250 EW fungicide was added in doses of
0.083 mg kg ' (optimal dose) and 2.499 mg kg ' (30 times
higher doses than the optimal dose), whereas on day 60 of the
experiment, analyses were conducted for spring barley yield.

2.5 Microbiological and enzymatic analyses of soil
samples

Microbiological and biochemical analyses of soil samples
were carried out in triplicate in three time points of the exper-
iment, with a 20-day interval (i.e., on days 20, 40, and 60 of
the experiment). Counts of organotrophic bacteria,
actinobacteria, and fungi were determined with the method
of serial dilutions. The composition of microbiological media
was as provided in the work by Kucharski et al. (2016).
Activities of enzymes representing oxidoreductases (dehydro-
genases, catalase) and hydrolases (urease, acid phosphatase,
alkaline phosphatase, (3-glucosidase, arylsulfatase) were de-
termined at each time point using the following substrates:
dehydrogenases—3% TTC, catalase—3% hydrogen perox-
ide, urease—10% urea, acid and alkaline phosphatase—di-
sodium 4-nitrophenylphosphate, 3-glucosidase—4-
nitrophenyl-3-D-glucosidase, and arylsulfatase—potassium
4-nitrophenyl sulfate. Activities of soil enzymes were deter-
mined as described by Borowik et al. (2017).

Table 2 Granulometric composition and selected physicochemical properties of the soil used in the experiment

Soil Percentage content of fraction pHkci Corg Niotal HAC TEB CEC BS
Sand (2000-50 pum) Silt (502 pum) Clay (<2 pum) g kgﬁl mM(+) kgﬁl %

Loamy sand (Is)  80.50 18.00 1.50 5.6 10.0  0.58 18.66  40.00  58.00  68.96

pHg cr—soil reaction; C,,—organic carbon content; Ny, —total nitrogen content; HAC—hydrolytic acidity; TEB—sum of exchangeable bases;

CEC—sorption capacity; BS—base saturation
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2.6 Determination of tebuconazole residues in the soil

Residues of tebuconazole in the soil were determined with the
QuEChERS method using a liquid chromatography system
(Eksigent Technologies, Dublin, CA, USA) coupled with a
6500 QTRAP mass spectrometer (AB Sciex Instruments,
Foster City, CA) according to the method described by
Kaczynski (2017). Tebuconazole detection limit was
0.005 mg kg ', analytical recovery value accounted for
92%, whereas retention time was 27.44 min.

2.7 Determination of spring barley yield

Twenty-five grains of spring barley were sown into each pot.
Once they had sprouted, thinning was performed and 12
plants were left in each pot. Spring barley dry matter yield
was determined after plant harvest on day 60, at the end of
the heading stage (BBCH 59 developmental stage, completely
visible head).

2.8 Computations and statistical analysis

Relative changes (RCh) in the counts of microorganisms and
in activities of enzymes in the soil exposed to tebuconazole
expressed in percentages were computed according to the for-
mula provided by Chaer et al. (2009):

RCh = (%—1)-100 (1)

where 7—mean count of microorganisms/enzyme activity in the
soil exposed to tebuconazole and C—mean count of
microorganisms/enzyme activity in the control soil.

The determined activities of soil enzymes allowed comput-
ing the biochemical index of soil quality (BA,;) according to
the formula proposes by Wyszkowska et al. (2013a):

BA = Deh + Cat + Ure + Pac + Pal + Glu + Aryl (2)

where Deh—activity of dehydrogenases (umol TFF kg™' DM
soilh ™), Cat—activity of catalase (mol O, kgf1 DM soilh™"),
Ure—activity of urease (mmol N-NH, kf{l DM soil h'),
Pac—activity of acid phosphatase (mmol PNP kg™' DM soil
h™"), Pal—activity of alkaline phosphatase (mmol PNP kg
DM soil h™"), Glu—activity of B-glucosidase (mmol PNP
kg ' DM soil h!), and Aryl—activity of arylsulfatase (mmol
PNP kg ' DM soil h™").

The index of the effect of biostimulating substances
(IFcgp) on the proliferation of microorganisms and on the
activity of soil enzymes was calculated using the formula pro-
vided in a work by Kaczynska et al. (2015):

Ac/BD
L ®)

IFc/sp =

where C—compost, BD—bird droppings, Acsp—count of
microorganisms/enzyme activity in the soil with the addition
of biostimulating substances, and A—count of
microorganisms/enzyme activity in the soil without the addi-
tion of biostimulating substances.

The index of spring barley resistance (RS) to tebuconazole
was computed according to the formula described by Orwin
and Wardle (2004):

2|Dy|

RS=1-———
Co+|D0|

(4)
where Dy—difference between the control soil sample (Cy)
and the soil sample exposed to tebuconazole (Py). Values of
the RS index range from — 1 to 1. When they fall between — 1
and 0, they are indicative of the negative effect of
tebuconazole, whereas when they approximate 1, they are
indicative of higher resistance.

Results were developed statistically with the analysis of
variance (ANOVA) at a significance level of P < 0.05 using
STATISTICA 13.1 software (2018). The 1> coefficient was
used to calculate the percentage of the observed variability
for the counts of microorganisms and activities of soil en-
zymes. Homogeneous groups were determined using
Tukey’s test (HSD). The responses of microorganisms to
tebuconazole were presented as a Ward dendrogram using
cluster analysis (CA). In turn, the principal component analy-
sis (PCA) of the activity of enzymes in the soil contaminated
with tebuconazole was performed using a multidimensional
exploratory technique.

3 Results and discussion
3.1 Microbiological properties of soil

Soil represents a suitable environment for living organisms,
microorganisms in particular, which are responsible for vari-
ous processes, including the circuit of nutrients or energy
transfer. Hence, their presence is indispensable for ensuring
and sustaining the proper functions of soil ecosystems
(Swedrzynska and Matecka-Jankowiak 2017). However,
these favorable conditions may be disturbed by, e.g., stress
posed by the appearance of toxic substances which can be
harmful to microorganisms (Nowak et al. 2013; Xu et al.
2018). According to Wang et al. (2012), fungicides may trig-
ger significant changes in the proliferation of microorganisms
as well as in their structure and diversity. Adverse effects of
fungicides on soil microbiome are usually reported after their
application in doses several times higher from their optimal
dose. The statistical analysis conducted in our study demon-
strated that the type of the biostimulating substance had the
strongest impact on soil microbiome structure (Fig. 1). The
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Fig. 1 Percentage of the observed @DF
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effect of tebuconazole on microorganisms proliferation varied
depending on its dose and retention time in the soil (Table 3).
On day 20 of the experiment, the organotrophic bacteria
responded to soil treatment with tebuconazole in doses of
1.249 mg kg ' and 2.499 mg kg ! by a decrease in their popu-
lation count. In turn, on days 40 and 60, tebuconazole adminis-
tered to the soil in doses from 0.042 mg kg ' to 2.499 mg kg '
stimulated proliferation of these bacteria. The response of
actinobacteria to tebuconazole present in the soil was slightly
different. On days 20 and 40 of the experiment, the fungicide
had a stimulating effect on actinobacteria population when used
in doses from 0.042 mg kg to 1.249 mg kg™, whereas on day
60, such an effect was observed only upon soil treatment with
tebuconazole in doses of 0.042 mg kg ' and 0.083 mg kg .
Among the analyzed groups of microorganisms, fungi turned
out to be the most susceptible to the effects of the tested fungi-
cide. On day 20 of experiment, the development of fungi was
significantly inhibited by tebuconazole doses from

Act Fun Deh Cat Ure Pac Pal Glu

OSB @T ©ODF-SB ODF-T ®SB'T ODF-SB-T ®Error

|
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I
1
[
[T 1TH
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Aryl

0.083 mg kg ' to 2.499 mg kg ', on day 40—by tebuconazole
dose of 2.499 mg kg, whereas on day 60—by its doses from
0.125 mgkg ' t02.499 mg kg . Figure 2 presents a dendrogram
plotted with the Ward method to depict the response of microor-
ganisms to soil contamination with tebuconazole. Two groups of
microorganisms were distinguished whose responses to the ap-
plied doses of the fungicide were similar. The first group included
fungi which were more susceptible to the effect of tebuconazole,
whereas the second group was represented by organotrophs and
actinobacteria, which proves their similar response to the tested
preparation. The effect of tebuconazole on the growth of soil
microorganisms was also depicted via the RCh index (Fig. 3).
Its mean values demonstrated that tebuconazole inhibited the
proliferation of actinobacteria and fungi. Consequently, the de-
crease in actinobacteria count ranged from 5.71% (dose
1.249 mg kg ") to 37.25% (dose 2.499 mg kg '), and that of
fungi count from 2.12% (dose 0.125 mg kg ") to 36.81% (dose
2.499 mg kg ') compared to the control sample. Some authors

Table 3  Counts of microorganisms in the soil contaminated with tebuconazole, log cfu kg ' DM of soil
Dose of Te Org Act Fun
mg kg~'

Date of analysis (days)

20 40 60 20 40 60 20 40 60
0.000 2.184° 1.955% 1.892° 2.048" 2393 2.379% 1.530°% 1.599¢de 1.659%%
0.042 2.193° 2.102% 2.0124¢ 2.185° 2.423% 2.382% 1.574%¢ 1.650% 1.625%
0.083 2.286% 2.102% 2.033¢ 2.206° 2.428° 2.375% 1.512% 1.713° 1.714%
0.125 2.285% 2271% 2.166° 2.150" 2401 2318 1.481¢" 1.676%° 1.5884%¢f
1.249 2.065% 2,091 1.9994 2.145% 2.298° 2.269¢ 1.4668" 1.551f 1.4898"
2.499 1.878" 2.083% 1.9934¢ 1.9668 2.1068 2.1118 1.463¢" 1.2981 1.389
Average 2.149 2.101 2.016 2.117 2342 2306 1.504 1.581 1.577
r —0.949 -0.068 -0.129 -0.702 -0.986 -0.975 —0.687 -0.944 -0.935

Homogenous groups denoted with letters (a—h) were calculated separately for each group of microorganisms

Te—tebuconazole; Org—organotrophic bacteria; Act—actinobacteria; Fun—fungi; —Pearson’s correlation coefficient
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Fig. 2 Response of
microorganisms to tebuconazole.
Org—organotrophic bacteria;
Act—actinobacteria; Fun—fungi.
Date of analysis: 20-20 days, 40—
40 days, 60-60 days

100

80

60

linkage distance

40

20

[ 1

Fung,

(Garcia-Gil et al. 2013; Mohiuddin and Mohammed 2013; Saha
et al. 2016) claim that excess amounts of fungicides in the soil
may negatively affect its microbiome by inhibiting microorgan-
ism growth. A fine example in this case is the study conducted by
Guo et al. (2015) with azoxystrobin, which demonstrated de-
creased counts of bacteria, actinobacteria, and fungi after soil
exposure to its doses of 1.0 and 10.0 mg kg'. Our previous
study (Ba¢maga et al. 2018) demonstrated stimulated prolifera-
tion of organotrophic bacteria and actinobacteria in the soil con-
taminated with chlorothalonil (doses from 0.166 to
16.60 mg kg ). Then, Wu et al. (2015) reported the effect of
fungicides on soil microorganism proliferation to be usually short
lasting. This has been proved in their study which aimed to
determine the effect of fluxapyroxad introduced to the soil in
doses from 0.75 to 75 mg kg ' on the biomass of microorgan-
isms, soil respiration, and structure of bacterial populations. In
turn, Ahemad and Khan (2012) investigated the effect of four
fungicides (tebuconazole, hexaconazole, metalaxyl, and kitazin)
on the growth and activity of Pseudomonas putida bacteria under
in vitro conditions. Their optimal doses and their two to three
times higher doses inhibited P. putida development.
Tebuconazole turned out to be the most toxic among them.

Fig. 3 Relative changes RCh (%) 100
in the proliferation of 80 -
microorganisms in the soil 60 -
contaminated with tebuconazole.
Te—tebuconazole; Org—
organotrophic bacteria; Act—
actinobacteria; Fun—fungi.
Homogenous groups denoted
with letters (a—e) were calculated
separately for each group of
microorganisms

0.042

R

Funy, Funy, Actg Actyg Acty Orgg Orgyg Orgy,

To neutralize the adverse effect of tebuconazole on soil
microorganisms, the soil was remediated with the biostim-
ulation method. The effect of biostimulating substances
(compost and bird droppings) on its microbiological prop-
erties was analyzed based on the IFcpp index (Table 4),
which indicates soil environment condition and changes
occurring in it by the biostimulants (Kaczynska et al.
2015). Values of the IF¢p index achieved in our study
point to the varied effects of compost and bird droppings
on soil fertility improvement. Bird droppings turned out to
be an effective biostimulant of the growth of all soil mi-
croorganisms tested, and especially of fungi (Table 4).
Regardless of tebuconazole doses, the mean value of
IF¢/pp index was 1.772 for organotrophic bacteria, 1.152
for actinobacteria, and 3.032 for fungi. Bird droppings in-
troduced to the soil contaminated with tebuconazole dose
of 2.499 mg kg ' had a positive impact on the growth of
microorganisms by providing desired nutrients and by en-
suring conditions which facilitated their growth and devel-
opment (Hale and Fawy 2011). In the soil supplemented
with bird droppings and exposed to this dose of
tebuconazole, the value of IFgp index reached 2.129 for

b
;\; a b d
& 0 A W Act
¢ d OFun
d
e €
0.083 0.125 1.249 2.499

mg Te kg'! DM of soil
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Table 4 Index of the effect of biostimulating substances (IFc/gp) on the proliferation of soil microorganisms
g p g
Dose of Te Org Act Fun
mg kg !
Date of analysis (days)
20 40 60 20 40 60 20 40 60
Compost
0.000 0.5528 1.503* 1.570° 0.954° 0.437° 0.559° 1.205¢ 0.667¢ 0.991¢
0.042 0.666° 0.975° 1.062° 0.814° 0.514°F 0.525° 1.246% 0.6628 1.237%4
0.083 0.580" 0.957° 0.993° 0.835° 0.488° 0.533° 1.482% 0.729f 1.247%
0.125 0.589" 0.566" 0.671° 0.914° 0.472F 0.567° 1.333¢ 0.720° 1.524%
1.249 0.927%¢ 0.839¢ 0.956° 0.957° 0.519°F 0.526° 1.377° 0.901° 1.543%
2.499 1.404° 0.8274 0.930% 1.127° 0.7794 0.7644 1.069° 1.419% 1.668°
Average 0.786 0.945 1.030 0.934 0.535 0.579 1.285 0.850 1.368
r 0.990 -0.298 -0.259 0.873 0.922 0.828 -0.553 0.979 0.756
Bird droppings
0.000 1.1968 2.152¢ 2.098° 1.490° 0.622f 0.746% 6.187° 1.9638 2.369°
0.042 1.232f 1.575¢ 1.673¢ 1.0869 0.797% 0.863¢ 3.284¢ 3.034¢ 3.972°
0.083 1.1978 1.924¢ 1.6224 1.334% 0.847¢ 1.005¢ 3.476° 2.144f 2.990¢
0.125 1.5034 1.597¢ 1.1958 1.588° 0.941¢ 1.104¢ 2.702¢ 2117 3.410°
1.249 2.758° 1.979¢ 1.811¢ 1.677° 1.172¢ 1.170° 2.708¢ 2.407° 3.282¢
2.499 3.474° 1.367° 1.548¢ 1.670° 1331 1.296° 1.965% 3.189° 3.382¢
Average 1.893 1.766 1.658 1.474 0.952 1.031 3.387 2476 3.234
r 0.982 -0.493 -0.095 0.625 0916 0.813 -0.600 0.630 0.171

Homogenous groups denoted with letters (a—g) were calculated separately for each group of microorganisms and each type of biostimulating substance

Te—tebuconazole; Org—organotrophic bacteria; Act—actinobacteria; Fun—fungi; —Pearson’s correlation coefficient

organotrophic bacteria, 1.432 for actinobacteria, and 2.845
for fungi. The enhanced microorganism proliferation after
soil supplementation with bird droppings may be due to a
high content of organic matter in this biostimulant
(98.27%), which stimulated their growth and development
by providing desired nutrients. In addition, the organic
matter could absorb tebuconazole from the soil and thereby
minimize its adverse effect on microorganisms. In turn,
compost was not that effective as bird droppings were. Its
addition to the soil caused the IFc/gp value to decrease
below 1 in the case of actinobacteria (mean value of
IFc/gp =0.683). Compost was also poorly effective in
stimulating the growth of fungi (mean value of IF¢/pp =
1.168) and had no significant effect upon organotrophic
bacteria (mean value of IFcgp =0.920). Similar observa-
tions were made for the soil contaminated with
tebuconazole dose of 2.499 mg kg '. Mean values of the
IFc/sp index reached 1.054 for organotrophic bacteria,
0.890 for actinobacteria, and 1.385 for fungi. The effect
of fertilizing substances on the microbiological properties
of soil treated with chlorothalonil was evaluated in our
previous study (Ba¢maga et al. 2018), which demonstrated
positive effects of Lignohumat Super and Bioilsa N 12.5
preparations on the growth of organotrophs, actinobacteria,

@ Springer

and fungi, with Bioilsa N 12.5 appearing more useful in
increasing soil fertility.

3.2 Activity of soil enzymes

Next to microorganisms, soil enzymes are claimed to be bio-
markers of the soil environment contaminated with toxic sub-
stances, including fungicides (Sanchez-Hernandez et al.
2017). However, soil enzymes response to the administered
fungicides may vary from either enhancement or suppression
of their activity (Riah et al. 2014). Considering experimental
factors analyzed in the present study, the type of the biostim-
ulating substance had the strongest effect on activities of de-
hydrogenases and urease; the time point of analyses on the
activities of acid phosphatase, alkaline phosphatase, 3-gluco-
sidase, and arylsulfatase; whereas the interaction of the bio-
stimulating substance and time point of analysis—on the ac-
tivity of catalase (Fig. 1). The principal component analysis
demonstrated that soil contamination with tebuconazole
caused significant changes in its biochemical activity
(Fig. 4). The first principal component PCA1, which ex-
plained 47.72% of the total variability of data, represented
activities of acid phosphatase, alkaline phosphatase, 3-gluco-
sidase, and arylsulfatase. The second principal component
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Fig. 4 Activity of enzymes in the -4 -2 0 2 4
soil contaminated with T T 4
tebuconazole (PCA method). 1.0t
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PCA1 -0.138 0.222 0422 -0989 -0.803 -0.802 -0.909
PCA2 -0.725 -0.866 0.401 -0.066 0.400 -0.386 0.144

PCA2, which explained 25.29% of the total variance, indicat-
ed activities of dehydrogenases, catalase, and urease. The
PCA1 was negatively correlated with activities of dehydroge-
nases (— 0.138), acid phosphatase (— 0.989), alkaline phospha-
tase (—0.803), B-glucosidase (—0.802), and arylsulfatase (—
0.909), whereas PCA2—with activities of dehydrogenases (—
0.725), catalase (— 0.866), acid phosphatase (—0.066), and (3-
glucosidase (—0.386). Values of the RCh index showed that
tebuconazole had the strongest inhibiting effect on the activity
of urease (Fig. 5); its activity suppression ranged from 4.03%
(at a dose of 0.042 mg kgfl) to 57.92% (at a dose of
2.499 mg kg ). Alkaline phosphatase activity suppressed af-
ter soil contamination with tebuconazole dose of
0.125 mg kg' (activity suppression by 11.38%); however,
the greatest changes were elicited by its 2.499 mg kg ™' dose
(activity decrease by 20.83%). Tebuconazole dose of
2.499 mg kg ' had an inhibiting effect on dehydrogenases
(activity suppression by 17.44%), arylsulfatase (activity sup-
pression by 19.44%), 3-glucosidase (activity suppression by
8.54%), and catalase (activity suppression by 4.55%). Saha

et al. (2016) also demonstrated the inhibiting effect of
tebuconazole applied in doses of 375 g ha ' and 1875 gha™'
on the activity of such soil enzymes as dehydrogenases and
nitrate reductase. In turn, Mufioz-Leoz et al. (2011) reported
activity suppression of the four analyzed enzymes, i.e.,
arylsulfatase, (3-glucosidase, alkaline phosphatase, and ure-
ase, after tebuconazole application in doses from 5 to
500 mg kg '. Sanchez-Hernandez et al. (2017) also demon-
strated soil enzymes to be very sensitive to pesticides. They
reported a strong inhibiting effect of chlorpiryfos (at doses of
4.8 and 24.0 kg ha™") administered to soil belonging to
Andisols on the activities of hydrolases (carboxyesterase,
acid phosphatase, and [3-glucosidase) and oxidoreductases
(dehydrogenases and catalase). But still, the most sensitive
turned out to be carboxyesterases whose activities decreased
by 62% and 78%, respectively. Sulowicz and Piotrowska-
Seget (2016) tested effects of tetraconazole used in a dose
recommended by the producer and in 10 times higher dose
on the hydrolyzing activity of fluorescein diacetate (FDA) in
the soil of grasslands and orchards. They observed suppressed
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Fig. 5 Relative changes RCh (%) in the activity of enzymes in the soil
contaminated with tebuconazole. Te—tebuconazole; Deh—dehydroge-
nases; Cat—catalase; Ure—urease; Pac—acid phosphatase; Pal—

activity of FDA in the soil of grasslands after tetraconazole
administration in a dose being 10 times higher than recom-
mended. In the case of the soil from orchards that was treated
with tetraconazole, its total microbiological activity remained
unchanged as compared to the control soil.

The negative effects of fungicides on the biochemical prop-
erties of soil may be minimized via appropriate treatments
which promote the growth and development of microorgan-
isms. The biostimulation process is one of such treatments as
it provides desired nutrients to microorganisms from compost
(Strachel et al. 2017; Wyszkowska et al. 2013b), manure
(Wyszkowska et al. 2013b), straw (Ba¢maga et al. 2012;
Wyszkowska et al. 2013b), cellulose, tree bark (Boros et al.
2011; Wyszkowska et al. 2013b), or keratin (Boros et al.
2011). In our study, soil amendment with the biostimulating
substances had a significant effect on its biochemical proper-
ties (Table 5). Mean values of the IF¢/gp index demonstrated
that bird droppings stimulated activities of dehydrogenases
(IFcpp=1.611), catalase (IFc/pp = 1.148), alkaline phospha-
tase (IFc,gp =2.149), and arylsulfatase (IFcgp = 1.134), and
that compost had the strongest stimulating effect on alkaline
phosphatase (IFcgp = 1.325). The biostimulating substances
turned out ineffective in the case of urease, as IFcpp value
computed for this enzyme decreased significantly to 0.499
and 0.808 after soil supplementation with both compost and
bird droppings, respectively. In the soil exposed to
tebuconazole dose of 2.499 mg kg™, both compost and bird
droppings enhanced activities of dehydrogenases, catalases,
alkaline phosphatase, acid phosphatase, and arylsulfatase.
The enhancement of the activity of some enzymes elicited
by soil treatment with biostimulating substances may be due
to their organic substances which serve a protective function
against soil enzymes. They immobilize them, as a result of
which the enzymes become more stable and more resistant
to stress conditions in the soil environment (Banach-Szott
et al. 2014). Literature data concerning the effect of organic
substances on the biochemical properties of pesticide-treated
soil is scarce. When evaluating the effectiveness of organic
substances (i.e., manure, slurry, vermicompost, mushroom
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alkaline phosphatase; Glu—f3-glucosidase; Aryl—arylsulfatase.
Homogenous groups denoted with letters (a—e) were calculated separately
for each enzyme

compost) in enhancing activities of dehydrogenases in the soil
contaminated with chlorpiryfos, Kadian et al. (2012) demon-
strated that vermicompost and mushroom compost had the
greatest potential in alleviating its adverse outcomes. Our pre-
vious study (Ba¢maga et al. 2012) showed spring barley straw
to be very effective in restoring the biochemical homeostasis
of soil contaminated with carfentrazone herbicide. In turn,
Oleszczuk et al. (2014) investigated the effect of biocarbon
on the activity of soil enzymes in the soil material contami-
nated with dikamba and 2,4-D. The use of biocarbon contrib-
uted to a significant increase in the activities of dehydroge-
nases, protease, urease, and alkaline phosphatase. The com-
puted values of the biochemical soil quality index (BA;;)
confirm the adverse effect of tebuconazole administered in a
dose 0f2.499 mg kg ' (Table 6), which decreased BA,, value
by 17.85%, on average, compared to the control soil. The
biostimulating substances used in the soil contaminated with
tebuconazole dose 0of 2.499 mg kg increased BA,, value by
15.63% in the case of compost and by 61.27%, on average, in
the case of bird droppings.

3.3 Spring barley yield

Tebuconazole caused changes also in the growth and devel-
opment of spring barley (Fig. 6). The decrease in spring barley
yield caused by its application to the soil ranged from 6.40%
(at fungicide dose of 0.042 mg kg™ ') to 17.93%
(2.499 mg kgfl ). Jastrzebska and Kucharski (2007) made sim-
ilar observations while investigating the effect of cyprodinil
and a mixture of epoxiconazole and dimoxystrobin on the
productivity of spring barley. In turn, Fromme et al. (2017),
who analyzed azoxystrobin and flutriafol administered in a
dose of 1.0 dm® ha™! and piraclostrobin in a dose of
0.78 dm® ha™', reported no significant changes in the growth
and development of sorghum. Furthermore, Paul et al. (2011)
demonstrated that the yield of maize grown on soil treated
with azoxystrobin, piraclostrobin, propiconazole +
trifloxystrobin, and propiconazole + azoxystrobin increased
compared to that of maize from plots not exposed to these
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Table 6 Biochemical index of soil quality (BA,;)

Dose of Te Date of analysis (days) Average
mg kg
20 40 60

Control
0.000 7.324° 6.318° 7.715° 7.119
0.042 7.471° 7.125° 8.875° 7.824
0.083 7.714° 7.461° 8.309° 7.828
0.125 7.610° 7.721° 8.284° 7.872
1.249 6.895° 6.416° 7.823° 7.045
2.499 6.080° 4.833¢ 6.632° 5.848
Average 7.182 6.646 7.940 7.256
r —-0.967 -0.862 -0.852 -0.912

Compost
0.000 7.694° 5.825¢ 7.033° 6.851
0.042 8.035% 6.411° 7.370° 7272
0.083 8.345° 8.016% 9.186 8.516
0.125 8.810° 8.682° 8.751° 8.748
1.249 8.411% 7.584° 7.761° 7.919
2.499 7.837° 5.306¢ 7.142° 6.762
Average 8.189 6.971 7.874 7.678
r -0.246 -0.462 -0.390 -0.418

Bird droppings
0.000 11.533° 10.896° 10.459° 10.963
0.042 11.137° 11.172° 9.388° 10.566
0.083 11.040° 10.679° 9.542° 10.420
0.125 11.126° 10.225° 9.335° 10.229
1.249 10.426° 9.987° 9.561° 9.991
2.499 9.890° 9.278° 9.125° 9.431
Average 10.859 10.373 9.568 10.267
r -0.962 -0.907 —0.490 -0.905

Homogenous groups denoted with letters (a—d) were calculated separately
for each type of biostimulating substance

Te—tebuconazole; —Pearson’s correlation coefficient

Fig. 6 Spring barley yield, g

potﬁl . Te—tebuconazole 30.0 -

20.0 - z

preparations. Also, [jaz et al. (2015) in their study with
Torpex, Folicur, Proline, Caramba, Otrivia, and Cantus prep-
arations confirmed the fact that when fungicides are applied
following producers’ recommendations, they may increase the
yield of crops, including winter rapeseed investigated in their
study. In our experiment, compost and bird droppings turned
out to be ineffective in improving spring barley yield. This
could, most likely, be due to the lower amount of nitrogen
released during degradation of organic matter in the soil
amended with compost and bird droppings. This amount of
nitrogen could be insufficient to cover nutritional needs of the
plants, and this could contribute to disorders in spring barley
yield. Both biostimulating substances not only did not allevi-
ate the adverse effect of tebuconazole on spring barley growth
and development but even aggravated its toxic effect. In our
previous study (Ba¢maga et al. 2018), we also demonstrated
that Lignohumat Super and Bioilsa N 12.5 preparations did
not improve the health status of spring wheat in the soil con-
taminated with chlorothalonil. Values of the resistance index
(RS) computed for spring barley in our study confirm the
adverse effect of tebuconazole applied in a dose of
2.499 mg kg (Fig. 7). The addition of biostimulating sub-
stances to the soil treated with this dose of tebuconazole in-
creased spring barley resistance to this fungicide, with a stron-
ger positive effect observed for bird droppings than for com-
post. Chang et al. (2007) claimed that soil supplementation
with organic fertilizers had the key impact on the improve-
ment of the physicochemical properties of soil, which in turn
resulted in plant growth stimulation and plant yield increase.

3.4 Tebuconazole degradation in the soil

Degradation of tebuconazole in the soil was determined by the
dose of the active substance and by the type of the biostimu-
lating substance (Fig. 8). In the soil without the addition of
biostimulating substances, degradation of tebuconazole

—+—Control —=— Compost Bird droppings

g pot!

10.0 -

0.0
0.000
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Fig. 7 Spring barley resistance to ——Control —s—Compost —— Bird droppings
tebuconazole. Te—tebuconazole; 12 -
RS—index of spring barley
resistance to tebuconazole 10 4 -
. /I\T/*
0s 4 @
2 0.6 -
0.4 -
0.2 4
0.0 T T T T )

0.042

introduced in the dose of 0.083 mg kg' DM of soil reached
56.78%, whereas in the soil exposed to its dose of
2.499 mg kg ' DM of soil, it reached 38.37%. Muiioz-Leoz
et al. (2013) suggest that degradation of pesticides depends
largely on the type of the active substance. They demonstrated
various extent of degradation of difenoconazole, deltamethrin,
and ethofumesate used in a dose of 5 mg kg ', i.e., 52%, 69%,
and 89%, respectively. In our study, the addition of compost to
the soil treated with the contaminating dose of tebuconazole
(2.499 mg kg ' DM of soil) contributed to its degradation by
56.15%, whereas the addition of bird droppings—by 73.35%.
In the case of 0.083 mg kg ' dose, the active substance was
degraded by 55.82% in the soil samples with both compost
and bird droppings. Singh et al. (2010) demonstrated a high
effectiveness of compost in degrading azoxystrobin. In turn, in
our previous experiment (Ba¢maga et al. 2018), we evaluated
the effectiveness of Bioilsa N 12.5 and Lignohumat Super
preparations in chlorothalonil degradation and demonstrated
its faster degradation in the soil with the addition of Bioilsa N
12.5 than in the control soil, while we did not show such a
dependency for Lignohumat Super.

0.083 0.125 1.249 2.499

mg Te kg'! DM of soil

4 Conclusions

This study suggests that tebuconazole can affect the stability and
health status of soil ecosystems by modifying their biological
properties. The high susceptibility of soil microorganisms and
enzymes to stress conditions allows considering them as reliable
environmental bioindicators. The strive for eliminating the ad-
verse effects of fungicides on soil microbiome through the use
of appropriate remediation methods, like, e.g., biostimulation,
seems to be of great ecological concern. Tebuconazole adminis-
tered to the soil in doses 0f0.042 mg kg ' and 0.083 mgkg ' hada
stimulating effect on the proliferation of organotrophic bacteria,
actinobacteria, and fungi. However, when used in a dose of
2.499 mg kg, it became toxic to these microorganisms. The
tested fungicide exerted a negative effect also on the biochemical
properties of soil. When administered to the soil in a dose of
2.499 mg kg ', it strongly inhibited activities of all analyzed soil
enzymes. In addition, tebuconazole had a negative impact on
spring barley development, which was manifested in its reduced
yield. Soil supplementation with compost and bird droppings elic-
ited various effects on the condition of soil environment.

Fig. 8 Percentage degradation of @Control @Compost OBird droppings
tebuconazole in the soil after 80
40 days of the experiment. Te— a
tebuconazole. Homogenous 70
groups denoted with letters (a—c)
were calculated for the percentage 60 b b b
degradation of tebuconazole in £ 50
soil E
E 40 ¢
3
< 30
20
10
0
0.083 2.499

mg Te kg'! DM of soil
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