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Abstract: Clopyralid and imazamox are successfully used for weed control during the first years of
regeneration of pedunculate oak forests. Hence, the question that arises is how these herbicides affect
microorganisms, especially the activity of dehydrogenase enzyme, when they reach the soil. Two
study sites were selected in regenerated pedunculate oak forests, and the two herbicides were applied
in two doses that are used for weed control (clopyralid, 100 g a.i. ha=! and 120 g a.i. ha~!; imazamox,
40 g a.i. ha—! and 48 ga.i. ha~1). The effect of the herbicides was evaluated 7, 14, 21, 30, and 60 days
after application. A significant reduction in dehydrogenase activity was found on days 7 and 14 at
both sites. However, after 14 days there was a recovery of dehydrogenase activity for all treatments
such that the values obtained on day 21 did not differ from the control values. The effect of clopyralid
and imazamox on dehydrogenase activity was not dose-dependent. Dehydrogenase activity also
depended on soil properties, soil sampling time and climatic conditions during the investigation
years. The results show that clopyralid and imazamox can reduce soil dehydrogenase activity, but
this effect is transient. This can be attributed to the ability of microorganisms to overcome the stress
caused by the herbicide by developing the capability to utilize herbicides as a nutrient source and

proliferating in such an environment.
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1. Introduction

Regeneration of pedunculate oak stands is a long-lasting and expensive process that
requires knowledge and control of numerous factors that can have an adverse effect on
the course of regeneration [1]. One of the most serious problems during regeneration
of pedunculate oak is eliminating the negative impact of weeds that grow rapidly, even
in relatively low light conditions, and can severely interfere or even stop/disable the
regeneration of oak. Nowadays, there are several ways to control weeds, however, due to
manpower shortages, high labour costs and large areas, forest managers are increasingly
turning to herbicide application [2]. Although herbicides are important for weed control
during reforestation, there is a question about their fate in the environment and their impact
on the biological properties of the soil. During application of herbicides, some amount
reaches the soil surface and profile, which may exert certain side effects on the activity of
microorganisms in the soil [3]. Some microorganisms can degrade herbicides and use them
as a source of biogenic elements and energy to maintain their physiological processes [4,5].
On the other hand, herbicides may alter the number of microorganisms as they change
their activity and reproduction [6]. Therefore, there has been considerable interest in the
impact of herbicides on microbial and enzyme activity in the soil of regenerated oak forests.
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Soil microorganisms and the activity of enzymes found in the soil are considered
basic indicators of the pollution status of the soil [7]. The activity of soil enzymes is
correlated with soil microorganisms, so the use of enzymes in the study of soils gives
us information about the biological characteristics of the soil [8]. Among all enzymes,
dehydrogenase enzyme is one of the most important and is used as an indicator of over-
all soil microbial activity [9]. In addition, dehydrogenase is often used as a parameter
for assessing the side effects of pesticides and other pollutions [10,11]. More than 100
different enzymes have been found in the soil that are responsible for various stages
of the transformation of organic matter in soil-forming processes. However, dehydro-
genase plays a major role during the initial stages of oxidation in soil organic matter
as electron or hydrogen donors from substrates to acceptors [12-14]. Dehydrogenases
actually do not accumulate extracellularly in the soil [10] but are found in live cells, and
they are indicators of soil microbial activity [15]. The main advantage of measuring
dehydrogenase activity is that is a quick and relatively simple method for the overall
activity of microorganisms [16].

Clopyralid and imazamox are post-emergence herbicides that are successfully used
for weed control during the first years of regeneration of pedunculate oak forests [2].
Clopyralid is an auxin-mimic type herbicide, and it is more selective than some other
auxin-mimic herbicides, such as picloram, triclopyr, or 2,4-D. Similar to other auxin-mimics,
it has no effect on grasses and other monocots, but is intended for the control of many
annual and perennial broadleaf weeds [17]. Imidazolinone herbicides, such as imazamox,
are applied as a post-emergence herbicide for the control of primarily broadleaf weeds
and some grasses [18]. This herbicide inhibits acetolactate synthase enzyme (ALS), which
results in disruption of protein synthesis and then DNA synthesis leading to the death of
plants [19,20].

The question that arose was how these herbicides affect microbial communities, es-
pecially enzyme activity, when they reach the soil. Numerous studies have examined the
effects of various herbicides on soil enzyme dehydrogenase [15,21-26]. However, there
is almost no data on the impact of clopyralid and imazamox on soil enzymatic activity,
especially for forest soil. For that reason, the aim of this study was to examine the effect of
clopyralid and imazamox on dehydrogenase enzyme in the soil of regenerated pedunculate
oak forests.

2. Materials and Methods
2.1. Study Sites

Two regeneration oak sites areas located at Public Enterprise Vojvodinasume, SG
Sremska Mitrovica were chosen. One experiment was established at Varadin (44°56'43.74"
N, 19°15'48.97" E) and a second at Vinicna (44°56'43.74" N, 19°15'48.97" E). Both prepared
sites were seeded with acorns in spring 2015 using a seed sower and 500 kg of acorns per
hectare. In this way, for both regenerated forest areas, the pedunculate oak seedlings were
1 year old in spring 2016, 2 years old in spring 2017 and 3 years old in spring 2018. When
the acorns were sown, there were no weeds on the investigated sites. Study sites were not
irrigated or fertilized either before or during the experiment. The application of herbicides
was carried out when the oak plants had fully developed leaves and the weeds were in a
phase of intensive growth. The major weed species in the regenerated forest areas were
Ambrosia artemisiifolia L., Cirsium arvense (L.) Scop., Solanum nigrum L., Sonchus arvensis
L., Geum urbanum L., Polygonum lapathifolium L., Datura stramonium L., Galium aparine L.,
Ranunculus ficaria L. and Erigeron canadensis L. Air temperature (Figure 1) was measured
continuously by an EMS33 (EMS Brno, Brno-Kralovo Pole, Czechia) sensor located at a
height of 2 m and precipitation (Figure 1) was recorded at 1 m above the ground using a
Raingauge SR03 (Fiedler, Ceske Budejovice, Czech Republic).
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Figure 1. Average temperature and precipitation over the period May to July in the years of investi-
gation for both sites.

2.2. Soil Analyses and Soil Sampling

Experimental plots were established at two sites where the physical and chemical
properties of the soil differed. Analysis of the physical properties (soil texture and type)
was performed by using the international B-pipette method of sample preparation in
sodium pyrophosphate [27]. The study soil at Varadin is classified as loamy with a
textural composition of 37.56% sand, 29.55% silt and 62.44% clay, and the soil at Vinicna
is sandy-loamy with a textural composition of 57.68% sand, 32.28% silt and 42.32%
clay. In order to obtain data on the chemical properties of the soils, the following
parameters were monitored: soil pH was determined using a pH meter (pH/Ion/Cond
750, WTW, Weilheim, Germany), and humus content and carbonate content were
measured volumetrically using a Scheibler calcimeter. The content of N, P and C was
determined according to Hadzic et al. [28]. The soil at Varadin had a pH of 6.61 and
6.21% organic matter, whereas the soil at Vinicna had a pH of 5.85 and 5.61% organic
matter. CaCOj3 concentrations were 3.84% at Varadin and 2.40% at Vinicna. All other
characteristics of the soils (content of N, P and C) are presented in Table 1 for a depth
ranging from 0 to 20 cm. At each experimental site, volumetric water content (m~3)
and soil temperature (°C) were measured at a depth of 20 cm automatically using ML3
ThetaProbe Soil Moisture Sensors (Delta-T Devices, Ltd., Burwell, United Kingdom).
In total, three sensors per site were evenly deployed at the soil surface and connected
to central data logger units.

Table 1. Soil physical and chemical properties at each study site.

. Textural Sand e o o CaCO3 P,0O5 K,O N Humus
Site Class )  SiltCe)  ClayCe)  pH %)  (mgkg1) (mgkg ! (%) (%)
Varadin  Loamy soil 37.56 29.55 62.44 6.61 3.84 13.10 1060 020 621
Vinicna Sa“dg’;famy 57.68 32.28 4232 5.85 2.40 9.50 7.60 017  5.61

Soil samples for dehydrogenase enzyme analysis were collected in each year 7,
14, 21, 30 and 60 days after the application of herbicides. From each replicate subplot,
four soil samples were taken from a depth of 0-20 cm with a steel soil tube drill. The
four samples were taken in different parts of each subplot and then mixed to make one
composite sample. Soil samples were passed through a 2 mm sieve to remove stones
and plant material, placed in sterile plastic bags and put on ice packs. The samples
were transported to the laboratory and stored in a refrigerator at 4 °C and within 48 h,
laboratory analysis was performed.
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2.3. Experimental Design and Herbicide Treatments

At both sites, the experiments had a completely randomized block design with four
replications and the following treatments: control, two doses of clopyralid (100 g ai. ha~!
and 120 g a.i. ha~!) and two doses of imazamox (40 g a.i. ha=! and 48 g a.i. ha™!). The
examined doses are commonly used in practice, depending on the degree of weeds,
development stage and type of weeds in the regenerated area. When annual weeds
are present and in smaller numbers, a lower dose of clopyralid (100 g a.i. ha™!) or
imazamox (40 g a.i. ha~!) is usually used, and if perennial weeds are present in greater
numbers, a higher dose of clopyralid (120 g a.i. ha~!) or imazamox (48 g a.i. ha™!) is
used. The experiments were performed using a commercial product under the trade
name Lontrel 100 (Dow AgroSciences) that contains 100 g a.i. L™! clopyralid and Pulsar
40 (BASF) that contains 40 g a.i. L™! imazamox. For herbicide application, spraying
was performed with an air-pressurized hand-sprayer and a boom fitted with one Hypro
polyjet nozzle, calibrated to deliver 300 L ha~! of water at 250 kPa pressure. The
application of herbicides was performed in conditions without wind and precipitation
and when the air temperature did not exceed 20 °C. Each spring (26 May 2016, 17 May
2017 and 22 May 2018), the application of herbicides was always performed on the same
experimental plots and seedlings.

2.4. Dehydrogenase Enzyme Analysis

Dehydrogenase activity (DHA) was determined by a spectrophotometric method
according to Lenhard [29], modified by Thalmann [30]. The method is based on the ability
of the dehydrogenase enzyme to transfer hydrogen from the substrate to colourless 2,3,5-
triphenyltetrazolium chloride (TTC), reducing and converting it to red coloured triphenyl
formazan (TPF). Dehydrogenase activity is determined based on measurements of the
intensity of the red colour of TPF at 546 nm. The reaction mixture containing 10 g air dry
soil and 10 mL 0.5% TTC in Tris buffer was mixed and incubated at 30 °C in thermostat for
24 h. At the same time, a prepared control sample that contained only the TTC solution in
Tris buffer was also incubated. After incubation, 40 mL of extraction solution was added,
all samples were shaken and incubated for another 2 h at room temperature and filtered.
The colour intensity of the samples was read at a wavelength of 546 nm. Dehydrogenase
activity is expressed as pg TPF g1 soil.

2.5. Statistical Analysis

In order to analyse the effect of the applied clopyralid and imazamox on dehydroge-
nase enzyme activity in soils of reforested oak forests, we used repeated measures analysis
of variance (ANOVA) that allows us to prove statistically significant differences in the
studied variants. In cases where a statistically significant difference between variants
was identified, the differences were tested with Fisher’s LSD test. All statistical analyses
were performed with a level of confidence of p = 0.05. Data analysis was conducted using
Statistical software (Statistica 12.0, Hamburg, Germany). The experimental results of the
study for dehydrogenase activities were subjected to repeated measures variance analysis
performed using an ANOVA to test the effect of various doses of herbicides, depending on
the date and place of sampling across of years of study.

3. Results

The repeated measures analysis of variance (ANOVA) showed us that the application
of clopyralid and imazamox affected dehydrogenase activity in the soil. There were no
statistically significant differences between the investigated doses of each herbicide, but
there were significant differences when it came to the time of soil sampling, the site, as well
as the year of investigation.
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3.1. Dehydrogenase Activity after Application of Herbicides at Various Doses

Results of this experiment indicated that 7 days after application of both doses of
clopyralid and imazamox, dehydrogenase activity in the soil decreased significantly. At
14 days, this trend was maintained and there were no significant changes in dehydrogenase
enzyme activity. However, for all treatments, the dehydrogenase activity significantly
increased at 21 days and ranged from 182.69 to 203.25 ug TPF g~ ! soil. The obtained values
did not differ significantly from the control values (199.54 ug TPF g~! soil) except for the
higher dose of imazamox (48 g a.i. ha~!) where recovery of dehydrogenase activity was
somewhat slower (182.69 ug TPF g~ soil) but was not statistically significant. Generally,
dehydrogenase activity increased after 14 days so that from day 21 onwards, the activity of
dehydrogenase significantly increased in both control and treated soils. The inhibitory effect
of clopyralid and imazamox on the activity of dehydrogenase was not dose-dependent.
These data show that less than 21 days are necessary for the recovery of dehydrogenase
activity in forest soils treated with common doses of clopyralid and imazamox used in field.
Mean values for the measured enzymatic activity 7, 14, 21, 30 and 60 days after application
of herbicides are presented in Figure 2.

m7Days ™14 Days 21 Days 30 Days m 60 Days

400
T 300 E
[
a0
E_4
\b,:‘? 200 ffI
<
s 7 II Ii II 'i II
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Clop 1 Clop 2 Imaz 1 Imaz 2 Control

Effect of herbicide treatments

Figure 2. Dehydrogenase activity (DHA) in soil after application of herbicides at various doses.
Different lower-case letters above the bars denote significant differences (p < 0.05) in dehydrogenase
activity. Clop 1, clopyralid at 100 g a.i. ha™1; Clop 2, clopyralid at 120 g a.i. ha~1; Imaz 1, imazamox
at40 ga.i. ha—1; Imaz 2, imazamox at 48 ga.i. ha~!

3.2. Dehydrogenase Activity after Herbicide Application Depending on the Time of Soil Sampling

There were significant differences in dehydrogenase activity after herbicide ap-
plication depending on the time of soil sampling. During the experiment, as the
incubation period increased, there was recovery of dehydrogenase activity in both
soils (Figure 3). The lowest values for dehydrogenase activity were recorded at day 7
(148.39 ug TPF g~ ! soil) and day 14 (149.62 pg TPF g~ ! soil) for all treatment with
herbicides and controls. After 14 days, the dehydrogenase activity slowly started to
increase and at day 21 dehydrogenase activity was significantly higher with a value of
197.43 pg TPF g~ ! soil. Furthermore, dehydrogenase activity progressively grew over
time to significantly higher values of 303.33 pg TPF g~! soil and 332.01 pg TPF g !
soil at day 30 and 60, respectively. From the data, one can clearly observe that signifi-
cant differences in dehydrogenase activity existed and depended on the time of soil
sampling after herbicide application.
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Figure 3. Dehydrogenase activity (DHA) in soil after application of herbicides depending on the time
of sampling. Different lower-case letters above the bars denote significant differences (p < 0.05) in
dehydrogenase activity.

3.3. Dehydrogenase Activity after Herbicide Application for Different Soil Types

Statistically significant differences in dehydrogenase activity were proven between the
studied sites by repeated measures analysis of variance. Significantly higher dehydrogenase
activity was measured in Varadin forest soil than Vinicna soil for all samples (Figure 4).
Measured mean values for Varadin soil ranged from 253.73 to 280.64 pg TPF g~! soil,
whereas values for Vinicna soil values ranged between 186.76 and 195.76 pg TPF g~ ! soil.
Analysis of forest soils showed that differences in physical and chemical properties existed.
At Varadin, the soil pH was 6.61, which certainly contributed to higher dehydrogenase
enzyme activity in comparison with Vinicna soil, where the pH value was 5.85. In addition,
organic matter content was higher in Varadin soil (6.21%) than Vinicna soil (5.61%) as
well as the content of CaCOj3 (Varadin soil, 3.84%; Vinicna soil, 2.40%), which affected the
dehydrogenase enzyme activity. The content of N, P and K were also higher in Varadin soil
as well. Textural analysis of soils showed that the soil at the site Varadin belonged to the
class of loamy soils, whereas the soil at the Vinicna site was classified as sandy-loamy soil.
The more favourable soil texture at the Varadin site also contributed to the higher activity
of dehydrogenase enzyme.

M Varadin ™ Vinicna

a
300 b b b b
%o .
B 200 : ‘ ‘ -
=
60
2
<
T 100
A
0
Clop 1 Clop 2 Imaz 1 Imaz 2 Control
Different soil types

Figure 4. Dehydrogenase activity (DHA) after herbicide application for different soil types. Different
lower-case letters above the bars denote significant differences (p < 0.05) in dehydrogenase activity.
Clop 1, clopyralid at 100 g a.i. ha~1; Clop 2, clopyralid at 120 g a.i. ha~!; Imaz 1: imazamox at
40 g a.i. ha~!; Imaz 2: Imazamox at 48 g a.i. ha~!.
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3.4. Dehydrogenase Activity after Herbicide Application in the Years of Investigation

Dehydrogenase enzyme activity after herbicide application was different depending
on the year of investigation (Figure 5). In 2016, both soils had the lowest dehydrogenase
activity values for all treatments and control in relation to 2017 and 2018. In contrast, in
2017 and 2018 dehydrogenase activity values in all treatments were significantly higher that
the higher values recorded in 2017. Figure 1 shows that during all years of the experiment,
air temperature and thus soil temperature gradually increased from month to month, and
monthly soil temperatures (Figure 6a) were more or less uniform over all three years except
May 2017, when the measured temperatures were somewhat higher than in 2016 and 2018.
When it comes to precipitation (Figure 1), it was the lowest in 2016 during all months of
soil sampling, so the soil water content in those months was also the lowest (Figure 6b). In
2017 and 2018, the amount of precipitation varied depending on the month, but soil water
content in all months was significantly higher than 2016. The analysed data suggest that
the dehydrogenase activity was more strongly influenced by soil moisture content than the
temperature in both regenerated forest soils. The lowest amount of precipitation in 2016
affected the measured dehydrogenase activity values, which were lower for all treatments
and the control in relation to the measured values for 2017 and 2018. More precipitation
and thus higher water content in soil contributed to dehydrogenase activity values that
were higher in 2017 than 2018.

m2016 m2017 m2018
300

250 od od od od abcped

200 N
150
100

DHA (ug TPF g1)

50

Clop 1 Clop 2 Imaz 1 Imaz 2 Control

Years of investigation

Figure 5. Dehydrogenase activity (DHA) after herbicide application across of investigation years.
Different lower-case letters above the bars denote significant differences (p < 0.05) in dehydrogenase
activity Clop 1, clopyralid at 100 g a.i. ha~!; Clop 2, clopyralid at 120 g a.i. ha~!; Imaz 1, imazamox
at40 g a.i. ha—!; Imaz 2, imazamox at 48 g ai. ha—1.
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Figure 6. The monthly mean values for (a) soil temperature and (b) soil water content for the period
May to July in the years of investigation.
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4. Discussion

The results of our study and previous studies [15,25,26,31,32] indicate that herbicides
were responsible for some distortion of dehydrogenase activity in soil. The analysed data
revealed that clopyralid and imazamox applied in recommended doses led to a significant
reduction in dehydrogenase activity at day 7 and 14 after application. However, the
inhibitory effect was transient and after that, dehydrogenase activity values started to
increase for all treatments such that the obtained values on day 21 did not differ from
the controls. After 30 and 60 days, dehydrogenase activity was significantly increased
for all treatments, though there were no significant differences between the treatments
and the control. In addition, no statistically significant differences were found between
the investigated doses of herbicides. The impact of herbicides on dehydrogenase activity
has been widely investigated with researchers mostly reporting a temporary inhibitory
effect [26,32,33]. Kaur et al. [34] proved that after application of imidazoline (imazamox
and imazethapyr), dehydrogenase activity in soil decreased and that after a certain time,
dehydrogenase activity increased. Even though the interpretation and understanding of
enzymatic responses after the application of pesticides are very difficult because there are
numerous direct and/or indirect interactions of pesticides with soil enzymes [35], some
authors [36] reported that herbicide effects on soil enzymes depend on their mechanism
of action. In a review paper, Riah et al. [36] reported that herbicides can show negative
and neutral effects on soil enzymes based on the mechanism of action. Imazamox is an
herbicide with the fastest degradation in soil compared to other imidazolinones [37]. As
well as imazamox, under normal field conditions, clopyralid is dissipated rapidly [38].
The degradation of clopyralid and imazamox in soil is mainly performed by microbial
processes, but their fate depends on many other factors, such as environmental conditions,
physical and chemical properties of the soil, and the properties of the herbicides. Herbicides
can affect microorganisms, reducing their number, biochemical activity and/or changing
the structure of the soil microbial community.

Obtained data showed that the level of dehydrogenase activity differed between the
investigated sites. This difference is likely a consequence of the various physical and
chemical properties of the investigated sites, primarily soil type, organic matter content
and pH. Hence, each type of soil has its inherent level of enzyme activity [39]. Significantly
higher dehydrogenase activity was observed in Varadin soil because of higher organic
matter content, which supports increased microbial activity and biomass, and consequently,
the activity of dehydrogenase [40]. In addition, the pH of the soil at Varadin was 6.61,
which also contributed to higher dehydrogenase enzyme activity than Vinicna soil, where
the pH was 6.05. A study performed by Brzezinska et al. [41] reported that the best pH
conditions for dehydrogenase activity ranged between 6.6 and 7.2, though Wolinska and
Stepniewska [40] demonstrated that dehydrogenase activity can also be high at pH values
between 5.5 and 5.73. In the literature, there are many data about the effect of various
soil factors on enzyme activities [42—45] that can be positive or negative. Furthermore, the
content of N, P and K were higher in Varadin soil than Vinicna soil. Stark et al. [46] stated
that the presence or absence of N in soil has a strong effect on the microbial community
structure, but the effects of K and P are in question. Blonska [42] determined that there
was no correlation between dehydrogenase activity and the content of K and P in soil. As
a far as CaCOj content is concerned, the study of [43] indicated that enzyme dehydroge-
nase is highly associated with microbial biomass. Microbial biomass has an effect on the
decomposition of organic matter, which contributes to the formation of CaCOs. Finally,
one other reason for higher enzymatic activity in Varadin soil is that it contained more clay
particles than Vinicna soil, which contained more sand particles. Clay minerals enhance
potential enzyme activity in soil [47,48]. Chodak and Niklinska [49] also reported that soils
that contain more clay particles maintain larger microbial communities, and thus, promote
enzyme activity.
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The significantly higher dehydrogenase activity measured in 2017 and 2018 was due
to better soil conditions for microbial activity, especially soil moisture, which favours the
active proliferation of microbes. In the period May—July, favourable temperature condi-
tions prevailed for the development of microorganisms during all three years. However,
precipitation was significantly lower in 2016 than 2017 and 2018, which certainly reduced
microbial activity, and thus, dehydrogenase activity. Besides temperature, which influences
dehydrogenase activity [50-52], soil water availability strongly effects soil microbial activity,
and consequently, its enzymatic activity [53,54].

5. Conclusions

Our results showed that clopyralid applied at doses of 100 g a.i. ha=!and 120 g a.i.ha~!
and imazamox applied at doses 40 g a.i. ha~! and 48 g a.i. ha~! significantly reduced
dehydrogenase activity in both regenerated forest soils. However, after 14 days there was a
recovery in dehydrogenase activity in all treatments, and on day 21, the obtained values
did not differ from the control values. The inhibitory effect of clopyralid and imazamox on
dehydrogenase activity was not a dose-dependent. Aside from the effect of the herbicides,
dehydrogenase enzyme activity also depended on the incubation period, forest soil type
and climatic conditions during the years of investigation. This indicates that any study on
the effects of herbicides on dehydrogenase enzyme activity must take into account all soil
aspects, not just the effect of herbicides. It has been shown in the present study, that when
clopyralid and imazamox are applied at recommended doses, there is no long-term adverse
effects on dehydrogenase activity in soil. This can be attributed to the ability of microbial
populations to overcome herbicide stress and develop the capability to utilize them as
a food source to proliferate in such an environment. Generally, it can be concluded that
when clopyralid and imazamox are used for weed control during the regeneration of oak
forests [55,56], the changes they generate in the dehydrogenase activity of soil are transitory.
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