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Abstract. The aim of this paper was the evaluation of the ecotoxic effects of three sulphonylurea compounds,
commonly used as herbicides against weeds in agriculture by mathematical models. The tests were performed
both in laboratory and field conditions to study the changes in soil urease, considered a key enzyme for regulating
soil nitrogen transformation and a sensitive indicator to herbicides. Mathematical models accurately reproduced
the behavior of urease from chemically treated soil samples, based on real, observable processes. Besides, they
simplify the view regarding the activity of the selected enzyme, as there are many factors and complicated
biogeochemical processes, which might interfere. Overall, we conclude that, for the cambic chernozem model
analyzed here, the normal (label-recommended) chlorsulfuron and amidosulfuron doses do not perturb soil
urease activity and the former compound is more urease-friendly than either amidosulfuron or tifensulfuron. In
the context of the long-term use of these herbicides, our research underlines the importance of mathematical
models and the prefiguration of a map for the differentiation of field / laboratory experiments, for the most
accurate highlighting of the biochemical imbalances caused by the chemical substances, the risk of overdose and
the toxicity risk for soil and environment.
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Introduction

Mathematical modeling can be used for developing scientific understanding and to test
the effect of changes in a system (Marion and Lawson, 2008). The role of the
mathematical models is to replicate the behavior of analyzed samples based on real
observable facts (Ledder, 2013). Thus, information on the effect of herbicides on enzymes
provides anticipations regarding the management of phytotoxic effects and the quality of
soil, surface and groundwater. The researchers use all kinds of mathematical models for
predictions related to soil herbicides influence, essential for agronomic purposes and for
the protection of the environment (Swarcewicz and Gregorczyk, 2013; McGrath et al.,
2019). In this context, information on the reaction of enzymes in the presence of
herbicides is essential, as they are catalysts of their degradative processes. Sulfonylurea
herbicides are a class of herbicides that have become extremely popular in recent decades
due to their broad-spectrum weed control (He et al., 2012) at relatively low doses, i.e.,
between 20 and 200 g ha™* good crop selectivity, low mammalian toxicity, but they inhibit
the enzyme acetolactate synthase (ALS) (Powles and Qin, 2010). These compounds and
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their metabolites can persist for a long time in natural environments, exert a phytotoxic
effect (Mehdizadeh et al., 2016), and also affect the activity of soil microorganisms and
enzymes (Yang et al., 2007; Radivojevi¢ et al., 2014).

However, there is surprisingly little information about the effects of sulfonylurea
herbicides on soil enzymes although their measurement can provide us with relevant data
about the agroecosystem health and anthropic-induced soil disturbance (Kiss, 2001).

Soil enzymes are intimately involved in organic matter and nutrient cycle in the
pedosphere, actively participate in the transformation and decomposition of herbicides at
this level, and contribute to the stabilization of soil structure. These enzymes are generally
considered as relevant markers for assessing the degree of soil virginity in terms of
changes induced by anthropogenic factors (Taylor et al., 2002; Riah et al., 2014).
Therefore, the soil enzymatic potential serves as a suitable and subtle indicator of soil
biological equilibrium (Lizy Sravanthi et al., 2015), health (Pankhurst, 2006), fertility
(Piotrowska-Dlugosz, 2014), and quality (Lone et al., 2014), and is widely used to assess
the hazard that herbicides pose on soil biological functioning (Sebiomo, 2011).

The activities of certain soil enzymes, including dehydrogenase, B glucosidase,
cellulase, urease, amidase, phosphatase, and arylsulphatase are used alone or coupled to
calculate soil health indexes because their measurement involves simple procedures and
provides an early warning system for disturbance in soil ecosystems (Shukla and Varma,
2011).

Urease from soil is of microbial and plant origin (Rathore and Nollet, 2012; Hameed
et al., 2019), is persistent due to its association with organic and inorganic soil colloids
(Baboo et al., 2013) and hydrolyzes urea (commonly used as a nitrogen source for plants).

The European Food Safety Agency has recently emphasized the lack of standardized
methods for evaluating the ecotoxicity of herbicides and the pressing need for developing
microbial markers sensitive to herbicide exposure (Thiour-Mauprivez et al., 2019).
Urease activity is sensitive to herbicide application (Hameed et al., 2019), which in
undisturbed soils tends to remain relatively constant over time (Conway and Pretty,
2013). Hence, it can be used for monitoring soil quality (Srinivasulu and Rangaswamy,
2014) and there is also relevant evidence that certain sulfonylurea herbicides can interfere
with it (Thiour-Mauprivez et al., 2019).

However, its decrease reduces urea hydrolysis, which is beneficial because it helps
keep nitrogen in a form less predisposed to levigation, i.e., ammonium ions (NH4*),
(Schuster and Schroeder, 1990).

The aim of this study was to investigate the effect of three routinely used sulfonylurea
herbicides, that is chlorsulfuron (CLS), amidosulfuron (AMS), and tifensulfuron (TIS),
on soil urease activity, by using a mathematical model. In this context, understanding the
response of urease activity in presence of herbicides can serve to assess and predict the
overdose-related risks in terms of enzymatic potential, biochemical processes, especially
the imbalances in the nitrogen circuit in which urease plays a key role, soil microbial
biodiversity and toxic effects on the environment. The use of high doses in laboratory
models and reporting to field conditions is essential because, according to Sofo et al.
(2012), doses above the recommended application rates they can induce long-term
disturbance in soil microbial and enzymatic activities, thereby disrupting the natural
biochemical balance of the soil.

As a result, a thorough understanding of the effect of sulfonylurea herbicides on soil
urease activity is of great interest for optimizing the use of such herbicides, as well as for
limiting the potential risks associated with it.
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The phytopharmaceutical products considered in this study were: (1) chlorsulfuron
(CLS); (2) amidosulfuron (AMS) and (3) tifensulfuron (TIS), (Table 1).

Table 1. Phytopharmaceutical substances used in the experiment (Fluka Chemika-
BioChemika 1995/1996, 1995; Manea et al., 2017)

Herbicide substance

Chemical structure

Manufacturing
company

Chlorsulfuron
(2-chlor-/N/4-methoxy-6-
methyl-1,3,5-triazine-2-il/-
aminocarbonyl/-

H,

N C
— SO,NHCONH </ \N
Ng

Du Pont de Nemours,
USA

\OCH
OCH
N 3
CH,SO,—N — SO,NHCONH —</ \
—

CH, \OCH3
0,CH, _/OCH,8
N

2(methoxy-4-methyl-6- st \ 74 N\

N ) N N\ SO,NHCONH N

triazine-1,3,5 yl-2) amino 2 /

carbonyl amynosulfuronyl- N=—A_

3 thiophene CH

benzosulfonamide) Cl 3

Amidosulfuron
(3-(4,6-
dimethoxypyrimidin-2-yl)-
1-(N-methyl-N-
methyl)sulfonyl)urea)

AgrEvo, Germany

Tifensulfuron
carboxylate of methyl-

Nemours, SUA

3

For each herbicide, four doses were considered, irrespective of experimental
conditions: (1) control (M); (2) normal dose (ND): chlorsulfuron, 20 g ha®;
amidosulfuron, 60 g ha?; tifensulfuron, 60 g ha?; (3) two-fold normal dose (2ND):
chlorsulfuron, g ha; amidosulfuron, g ha; tifensulfuron, g ha; (4) five-fold normal
dose (5ND): chlorsulfuron, 100 g ha?; amidosulfuron, 300 g ha?; tifensulfuron,
300 g hat. Such doses have been often reported to occur in arable soils on which these
herbicides have been applied. It was considered that the normal dose is the quantity
recommended by the manufacturer for agricultural practices.

To provide relevant results, a cambic chernozem was considered in the present work.
It is one of the most fertile soil types from Romania (lanos et al., 1997) and covers
important areas in Romania and eastern European countries (Hardarson and Broughton,
2013). The physico-chemical parameters of the 0-20 centimeters (cm) soil horizon,
wherein most microbial activity generally occurs (Shukla and VVarma, 2011), were: coarse
sand - particles less than 2/millimeters (mm) and greater than 0.2 mm in diameter, 0.5%;
fine sand — particles between 0.2 mm and 0.02 mm in diameter, 29.2%; silt - particles
between 0.02 mm and 0.002 mm in diameter, 29.2%; clay - particles less than 0.002 mm,
41.4%; texture, clay loam; porosity, 49%; hygroscopic coefficient, 9.2%; pH, 6.45;
humus content, 4.09%; total nitrogen, 0.156% per gram dry weight soil; assimilable
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phosphorus content, 21.80 g/100 mg soil; assimilable potassium content, 29.70 g/100 mg
soil.

The field study was conducted in the experimental fields of the Banat University of
Agricultural Sciences and Veterinary Medicine “King Michael I of Romania” from
Timisoara (BUASVMT). The experimental area (45.45°1at. N, 21.14°long. E, Timisoara,
Romania) lies in the Banat silvo-steppe and is characterized by a temperate climate with
Mediterranean influences, which is specific to the South-western Romania (Micu et al.,
2015). The herbicides were applied in spring (May) according to the manufacturer's
recommendations. For each treatment, the experiments have run in triplicate on
experimental plots of 18 m? each. Five random samples from the 0-20 cm soil horizon
were collected using a trowel along a diagonal transect across each plot at 30 days after
herbicide application. They were put in self-sealing sterile plastic bags, transported to the
lab during the same day and homogenized in batches in a Waring blender (about 1,200 g
per each herbicide treatment). Then, the humidity was adjusted to 15-17% by addition of
distilled water, following the method described by Stefanic (2006) and the soil samples
were maintained under controlled temperature (t = 25°C) for 48 hours to ensure a proper
equilibration of the soil microflora.

The laboratory study was performed at the Laboratory of Soil Microbiology from
BUASVMT. Before herbicide application, untreated samples collected from the field
plots (as shown above) were transported to the lab and treated with herbicides (kept for 7
days), to facilitate soil-microbiota-herbicide interaction (triplicate per each treatment).

Method for determining soil urease activity

At the end of both studies, the soil samples were homogenized in batches (using a
Waring blender) and sieved to remove coarse materials (e.g., roots, rocks, macro-organic
matter) and particles larger than 2 mm. Next, they were analyzed for determining the soil
urease activity by adapting the method routinely used in Romania for this purpose
(Stefanic, 2006). Briefly, reaction mixtures consisting 5 g of soil and 10 ml of a 1% urea
solution were incubated at 28°C for 24 hours, then treated with 70 ml of a 0.1N potassium
sulfate solution, 2 ml of 25% Seignette salt solution and 10 ml of Nessler reagent [7783-
33-7, Merck 13-773]. The absorbance was measured at 425 nm and the corresponding
calibration curve was created using a 0.002% ammonium chloride solution. The soil
urease activity (UA), expressed as micrograms of ammonium nitrogen per kilogram soil
dry weigh (ug NHa*/g sol d. wt), was calculated according to the formula (Eq. 1):

_ EpeCeF o100 KU
- EeteV oG

UA. (Eq.1)

where Ep defines the sample extinction, Eet the reference solution extinction, C the
concentration of reference solution (0.01 micrograms of ammonia permilliliter, i.e., pug
NH4*/ml), F the volume of the liquid from the filtrated soil (80 ml), V the volume of
filtrate transferred in a sterile polyethylene tube (50 ml), G the mass of fresh soil (g), and
KU the adjusted coefficient of soil humidity.

Statistical analysis and mathematical modeling

Data analysis was performed using Excel and the statistical packages PAST software
version 2.17 and MVSP version 3.22 (Hammer et al., 2001).
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Planned pair wise comparisons between the reference and different treatments were
conducted using Duncan’s tests to determine the effect of herbicides on soil urease
activity. The p values lower than 0.05 were considered significant. The results were
expressed as mean values with standard deviation (SD). Finally, we performed a cluster
analysis to identify what herbicides and doses exert the lowest impact on soil urease
activity. The data were hence classified in four groups, one including the values measured
for the control group, and three other groups, one for each herbicide investigated. The
constrained Ward's method was used since it allowed us to join the resulting such that
increase in within-group variance is minimized.

The role of the mathematical models is to replicate the behavior of analyzed samples
based on real observable facts (Ledder, 2013).

Results and discussion

The present study significantly broadens our understanding of side effects associated
with the use of sulfonylurea herbicides in agriculture, and moreover, demonstrates for the
first time that AMS and TIS can interfere with soil urease activity (Table 2; Figs. 1-3).
Our results clearly show that the application of normal (label-recommended) dose of CLS
and AMS tends not to perturb this enzymatic index in cambic chernozems, irrespective
of experimental conditions.

This is supported by other scientists, who have found that, in most cases, the
application of herbicides at recommended doses does not affect or has a reduced effect
on soil enzymatic activity (Nannipieri, 1994; Utobo and Tewari, 2015). Moreover, this
effect can be counteracted over time via absorbtion of herbicides onto soil colloids and
stabilization of microbiota structure (Rao et al., 2010).

The measured values for soil urease activity in both experiments were shown in
Table 2. The application of CLS and AMS under field conditions had no consistent effect
on soil urease irrespective of dose (in all cases, p> 0.05). In the case of TIS, there was,
however, a marked inhibition of soil urease for the ND and 5ND treatments (in both cases,
p< 0.05), but not for the 2ND treatment (in both cases, p> 0.05).

Table 2. Mean (and SD) for soil urease activity

Treatment Field conditions Laboratory conditions
ND 2ND 5ND ND 2ND SND
M 30.09 28.36
(1.26) (3.29)
CLS 28.24 30.94 31.90 28.27 32.96 25.89
(2.86) (4.93) (4.28) (3.48) (2.54)* (4.83)
AMS 33.61 28.92 26.89 28.00 31.11 28.27
(5.04) (1.02) (2.65) (1.72) (2.06)* (5.23)
TIS 27.80 31.30 28.78 33.20 27.37 35.22
(4.02)* (3.04) (2.13)* (4.74)* (4.38) (3.29)*

Legend: M-control, CLS = chlorsulfuron, AMS = amidosulfuron, TIS = tifensulfuron, ND - normal dose,
2ND - two-fold normal dose, 5ND - five-fold normal dose. Marked boxes (*) indicate significant
differences as compared to the reference group (Duncan’s test, p < 0.05)

This variations may be the result of the influence of soil physical and chemical properties

(Santric et al., 2018), but also because the microflora and enzymes are mostly absorbed on
soil colloids, and direct contact with the herbicide may to be accidental (Stefanic, 1981). For
this reason, in order to have a more complete picture of the influence of herbicides,
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experiments were performed both in the field and in the laboratory, testing other doses in
addition to the usual dose for agricultural practice. We also consider that spatial and temporal
variations of physical, chemical, microbiological, and biochemical proprieties of soil may be
involved (Gimsing et al., 2004).

At similar levels, TIS, by contrast, caused significant, but low changes in urease activity
for both experiments. Therefore, both CLS and AMS at the recommended dose appear to be
more urease-friendly than TIS when dealing with this type of soil.

The variance of soil enzymatic activity in response to herbicide application was constant.
This is in line with the results derived from other studies (Rasool et al., 2014; Tomkiel et al.,
2014; Kumar et al., 2018). The soil enzymatic response can be also influenced by the presence
of biological substrates, such as certain sulphonylureas herbicides, like thifensulfuron-
methylor metsulfuron-methyl, and various metabolic products (Belhadj-Tahar et al., 2003).

Under field conditions, different CLS and AMS treatments did not consistently influence
soil urease. Several field studies revealed that, depending on the dose, state of the enzyme
(intracellular or extracellular enzymes, adsorbed on clay or humic acids), soil type (Santric et
al., 2018), and post-exposure duration, CLS can either inhibit or stimulate the activity of this
enzyme (Yang et al., 2006). The measured values returned to normal levels 30 days post-
treatment (Sofo et al., 2012), which is consistent with our findings.

Interestingly, TIS tended to significantly inhibit the soil urease activity, thus maintaining
nitrogen in a less mobile (levigable) form. As a result, one can expect that field application
of this herbicide may temporarily help in preserving the total nitrogen (N) stocks in cambic
chernozems. There is also likely that the effect of herbicide application may affect nitrogen
biodisponibility in soil (Palma et al., 2016).

When compared to the control group, the use of CLS under laboratory conditions caused
a significant increase in soil urease activity for the 2ND treatment (p< 0.05), but no consistent
effect for the other two treatments (p> 0.05). A similar trend was observed for AMS (ND: p>
0.05, 2ND: p< 0.05, 5ND: p>0.05). In contrast, TIS showed a marked elevation in soil urease
activity for the ND treatment (p< 0.05) and the 5ND treatment (p< 0.05), but no significant
effect was found the second highest dose, i.e., the 2ND treatment (p> 0.05).

However, in laboratory environments, which are conducive to intense microbial activity
by providing ideal temperature and humidity conditions, TIS could be decomposed to
thiophene metabolites that can increase the bioavailability of soil nickel, cobalt, and
manganese Vvia chelation, and therefore, stimulate soil urease activity. This is in agreement
with the laboratory results obtained in this work after TIS application at ND and 5ND doses.

The dendrogram obtained by applying hierarchical cluster analysis to field data (Fig. 1A)
revealed for AMS the greatest distance to the other groups, whereas the CLS, TIS, and M
groups clustered closely together, with CLS appearing to exert the lowest impact on soil
urease. However, a different trend was seen under laboratory conditions (Fig. 1B). The first
cluster contained the measured values for the M, AMS, and CLS groups. A high similitude
between CLS and AMS effects on this enzymatic index was observed. The second cluster
was distinct and corresponded to soil samples exposed to TIS.
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Figure 1. Cluster analysis using the Ward's method on urease activity in a cambic chernozem
model exposed to AMS - amidosulfuron, CLS - chlorsulfuron, TIS - tifensulfuron. Experiments
were conducted under field conditions (A) and under laboratory conditions (B), M-control

Although all herbicides examined have structurally related heterocyclic rings and side
groups bound to their positions 4 and 6, we observed different clustering patterns under
field and laboratory conditions. Thus, the CLS behavior was similar with that of TIS
under field conditions and with that of AMS under laboratory conditions. Field
conditions, with considerable swings in humidity and temperature, are expected to induce
a more variable response of soil urease to sulfonylurea herbicides as compared to those
encountered in controlled laboratory environments. Therefore, the microbiological
decomposition of these herbicides may be slower or even follow different pathways under
such conditions, and as a consequence, potentially lead to different toxicity
manifestations and effects. Such differences seem to occur especially in the case of TIS,
which showed a marked inhibitory effect on soil urease in field experiments, but a
consistent stimulatory action in laboratory tests.

Overall, our results confirm that these herbicides can either stimulate or inhibit the soil
enzymatic activity (Micuti et al., 2018), but significant changes can occur in field
conditions only when usual doses are exceeded or when optimal conditions of
temperature and humidity promotes soil microbial activity (Pankhurst, 2006).

After cumulating the results of field and laboratory experiments, it was found that, in
the case of CLS and AMS overdose, only one out of four treatments caused significant
changes in enzymatic activity (as compared to the corresponding controls).

In contrast, such a situation was seen for TIS in two out of four treatments. Moreover,
CLS was the only herbicide which in both experiments was clustered the closest to the
reference group. As a result, it serves as the most urease-friendly sulfonylurea herbicide
among the compounds investigated even in the case of overdose.

Water is essential for preserving the catalytic activity of soil enzymes, while both, soil
moisture and temperature serve has the main factors responsible for soil biochemical and
microbial characteristics (Giacometti et al., 2013). By applying the generalized linear
model mathematical method, we found that urease activities in response to applying CLS
(Fig. 2A), AMS (Fig. 2B) and TIS (Fig. 2C) decrease with moisture reduction. This
highlights the importance of soil moisture for soil microorganisms, pesticide application
(Kavita and Geeta, 2014), and organic matter turnover in soil (Borowik and Wyszkowska,
2016). In fact, it was demonstrated that for soil moisture 20% from the maximum water
capacity, the soil enzymatic activity increases for urease, dehydrogenase, acid
phosphatase, alkaline phosphatase, B-glucosidase and arylsulfatase. The increase in soil
moisture and temperature can improve the mineralisation rate of sulphonylurea
compounds, thus reducing their toxicity to soil microbiota, observation confirmed by
literature data (Wang et al., 2010). In contrast, any decrease in soil moisture has a negative
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effect on these mineralisation processes (Wang et al., 2007). These data indorse the
validity of our mathematical model (Fig. 2). Soil humidity equilibrium is essential for
maintaining the soil microbiota homeostasis, since both excessive moisture and drought
can reduce soil biomass (Landesman and Dighton, 2010).
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A. Variation of CLS correlated with samples moisture
content using data square-root transformed, normal
distribution and identity function

y = —0.29854 - x + 5.6305

Where x= CLS
y = MoCLS
Slope a: -0.29854
Interc.b: 5.6305; p(slope=0):0.8662

B. Variation of AMS correlated with samples moisture
content using data square-root transformed, normal
distribution and identity function

y = —0.40741x + 6.0681

Where x= AMS
y = MoAMS
Slope a: -0.40741
Interc.b: 6.0681; p(slope=0):0.8134

C. Variation of TIS correlated with samples moisture content
using data square-root transformed, normal distribution and
identity function

y = —0.24406 - x + 5.2943

Where x=TIS
y = MoTIS
Slope a: -0.24406
Interc.b: 5.2943; p(slope=0):0.8715

Figure 2. Generalized linear models
Legend: red = laboratory data (doses of herbicide used to treat soil samples in laboratory
conditions), green = field data (doses of herbicide used to treat soil samples in field
conditions), CLS = chlorsulfuron, AMS = amidosulfuron, TIS = tifensulfuron, MoCLS =
moisture content in the soil treated with chlorsulfuron chlorsulfuron, MoAMS = moisture
content in the soil treated with amidosulfuron, MoTIS = moisture content in the soil treated
with tifensulfuron, end termination ”"L” = laboratory condition, end termination "C” = field
condition, (b1)M = control, (b2)ND = normal dose, (b3)2ND = two-fold normal dose,
b5(5ND) = five-fold normal dose
Soil urease is humidity - dependent and as soil moisture increases from 660 to 6100,
the rate of urea hydrolysis decreases by 13.9% -28.7%, even if temperature and nitrogen
decomposition rate remain.
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CLS samples show the smallest differences between laboratory and field results,
followed by AMS and TIS (Fig. 3). The small differences observed here in urease activity
for CLS may reflect the adaptation of bacterial communities to CLS, leading to strains
capable of degrading this herbicide (Zanardini et al., 2002). Indeed, the last studies of
Ergiiven (2017), provide support for such a possibility.

m-0.5-0 mo-0.5

(b4j5NDL

(b3j2NDL

(b2)NDL

(b1imIL

S > 3 - = 3
¢<_>5’ égf’ \;?‘# g-‘ib @rf’
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Figure 3. MAP of differences between Laboratory and Field Experiments
Legend: L= laboratory, E = Field Experiment, (L-E) = differences between laboratory data
and field experiment data, CLS = chlorsulfuron, AMS = amidosulfuron, TIS = tifensulfuron,
end termination "L” = laboratory condition, end termination "C” = field condition, (b1) M =
control, (b2)ND = normal dose, b3(2ND) = two-fold normal dose, b5(5ND) = five-fold
normal dose

Based on the current results, we suggest that, among the sulfonylurea herbicides
investigated, TIS and CLS have the greatest, and respectively, the lowest potential to
affect the soil urease activity. However, further studies are necessary in order to expand
on these findings and to elucidate the risk significance of these results. These
considerations are also supported by Rachedi et al. (2018) who have recently showed that
repeated application of herbicides causes major perturbations of soil biological activities.

Conclusions

In conclusion, the results of the present study suggest that CLS application on cambic
chernozems is more urease-friendly than that of either AMS or TIS. It was also found that
the CLS-treated soils were always clustered the closest to the untreated soils.

By applying the generalized linear model mathematical method, we found that urease
activities in response to applying CLS, AMS and TIS decrease with moisture reduction.
In addition, demonstrated that there are slight differences between the activity of urease
in soil samples treated with CLS (laboratory and field), followed by AMS and TIS.

The applied statistical models accurately reproduced the urease response in the
presence of sulfonylurea herbicides. Their evaluation can predict the risks related to
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overdose, both in terms of the enzymatic potential and the impact on urea function, as
well as the consequences on soil and environment.

This approach provides a way for soil and crop management and can be extended to
other herbicide classes for the purpose of ecological risk assessment. The study can be
extended with the evaluation of herbicide residues in the soil, to know the risks involved
in the applied doses and mobility of herbicides and the occurrence of possible
accumulations and bio concentrations with risk on the environment and humans.

It is also recommended that further research should extend the trials on several soil
types, with the development of databases which include the reaction of these herbicides
on specific soil areas, to ensure that farmers have a clear picture and make informed
decisions.
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