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Abstract

Purpose 2,4-D (2,4-dichlorophenoxy acetic acid) is an herbicide used in weed control worldwide; however, there is no
information regarding its effects on the nitrification process in volcanic soils fertilized with urea and how its bioavailability
can be modified during this process.

Methods This study was carried out under microcosm incubation of an Andisol amended with an equivalent field dose of
200 kg N ha~! and 0.672 kg 2,4-D ha™! for 30 days. In this study were evaluated the changes produced on enzymatic activ-
ity, nitrogen kinetic mineralization, ammonia-oxidizing bacteria (AOB) abundance and herbicide persistence. Additionally,
a 2,4-D adsorption study was carried out in batch with urea application.

Results The main results on fertilized soils show that 2,4-D stimulated temporarily urease and dehydrogenase activity.
Herbicide application increased N-NH,* concentration by approximately 23%, and N-NO5~ significantly decreased by 18%,
compared to fertilized soil. The abundance of AOB amoA gene decreased at all times. On the other hand, 2,4-D adsorption
decreased by urea application, but its persistence was not affected, with a low half-life of approximately 4 days.
Conclusions This study indicated that 2,4-D influences the urea mineralization process by increasing ammonium and decreas-
ing nitrate levels as a consequence of increased urease activity and the inhibition of AOB populations. On the other hand, the
bioavailability of 2,4-D decreased due to the pH modifications produced by the application of urea. In general, we conclude
that the combined application of fertilizers and some herbicides should be studied to estimate the efficacy and environmental
effect of both agrochemicals.

Keywords Urea hydrolysis - Urea mineralization - AmoA gene - Postemergence herbicides - Soil acidification

1 Introduction urea mineralization process initially involves an increase in
soil pH with an increase in dissolved organic carbon content.
Subsequently, soil acidification occurs, where the soil pH

decreases with time (Cartes et al. 2009; Palma et al. 2016).

At present, there is great concern for intensifying crop pro-
duction and its impact on the environment, focusing on the

excessive use of nitrogen fertilizers and pesticides. Both
nitrogen fertilizers and herbicides could mutually influence
each other in their action (Ding et al. 2017; Muifioz-Leoz
et al. 2012; Palma et al. 2016; Tan et al. 2013). In soil, the

< Graciela Palma
graciela.palma@ufrontera.cl

Departamento de Ciencias Quimicas y Recursos Naturales,
Universidad de La Frontera, Francisco Salazar 01145,
4780000 Temuco, Chile

Biotechnological Research Center Applied
to the Environment (CIBAMA-BIOREN), Universidad de La
Frontera, Francisco Salazar 01145, 4780000 Temuco, Chile

In this process, nitrification is a key process in which micro-
organism ammonium oxidizers, including bacteria (AOB)
and archaea (AOA), transform ammonium to nitrate. The
relative abundance of AOB and AOA is influenced by
diverse environmental factors, with AOB abundance being
higher in acidified soils under nitrogen fertilization (Jia and
Conrad 2009; Prosser et al. 2012; Sun et al. 2019). 2,4-Dis a
systemic herbicide absorbed by foliage and roots and widely
used in postemergence to control broadleaf weeds in cere-
als, pastures and fruits (Peterson et al. 2016). It is an acidic
compound with a low pKa value of 3.4 (PPDB 2013) and is
mainly found in anionic form in soils. It is weakly adsorbed
by soil and therefore has the potential to be leachable and
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become a water contaminant (Abigail et al. 2017; USEPA
2005). It is adsorbed onto soil particles through hydropho-
bic interactions and hydrogen bonding, and its adsorption
process is strongly influenced by the organic matter (OM)
content and pH (Kah and Brown 2006; Ololade et al. 2015;
Picton and Farenhorst 2004). In this context, the applica-
tion of urea can substantially modify the bioavailability of
2,4-D. In this sense, diverse responses of other herbicides
to fertilizer application have been reported, such as MCPA,
an acid herbicide studied in a Andisol (Palma et al. 2016),
terbuthylazine (Pinna et al. 2014), and metribuzin (Singh
2006), both classified as basic herbicides applied in soils
with low OM content and different pH values.

Pesticide effects on microorganisms have been exten-
sively studied, and it was concluded that pesticides exert a
short-term toxic effect, although this effect could last longer
considering that the repeated application of pesticides can
result in pesticide residue accumulation in soils and induce
pesticide-tolerant communities (Cycén et al. 2011; Kat-
soula et al. 2020; Zabaloy et al. 2010). 2,4-D is classified
as moderately persistent with a low half-life in the range of
4-28 days (Cycén et al. 2011; PPDB 2013).

New approaches have emerged in recent years, particu-
larly in relation to the pesticide effect on nontarget soil
microorganisms involved in the N cycle, although this effect
has not been extensively addressed. Studies have considered
some herbicides, fungicides and insecticides to evaluate the
response of some microbial communities of the N cycle,
mainly fixation or nitrification, and very diverse responses
were observed (Cycon and Piotrowska-Seget 2015; Meena
et al. 2020; Muifioz-Leoz et al. 2012; Rahman et al. 2021;
Sim et al. 2022; Yamaguchi et al. 2021; Zabaloy et al. 2017).
In particular, Sim et al. (2022) included 20 pesticides in their
study and found that the fungicides azoxystrobin and flutria-
fol, the herbicide chlorsulfuron and the insecticide fipronil
had some negative effects on enzymatic activities, potential
nitrification, and the abundance of functional genes involved
in N cycling. This study was performed in acid and basic
soils with OM content in the range of 5-11%, approximately.
Specific studies carried out by Kucharski et al. (2009) on
the effects of dimethalin, isoproturon, chlopyralid and
dicamba on the urea ammonification process showed that
only dicamba, an acidic herbicide, substantially decreased
ammonification in a slightly acid soil with a relatively high
OM content of 10%, approximately.

There are few reports on 2,4-D in the context of this study.
In this regard, studies carried out by Martens and Bremmer
(1993), in acid and basic soils, with a high OM content. on
the effect of 28 herbicides on urea transformations in soil
showed minor effects for most of the herbicides, depend-
ing on the dose of herbicide used. Specifically, 2,4-D was
reported to retard urea nitrification. Studies by Rose et al.
(2018) involving six herbicides, including 2,4-D applied at
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the recommended rate, showed a transient effect or no effect
on soil nitrogen mineralization in acid and basic soils, with
a low OM content. For doses five times the recommended
dose, 2,4-D increased N-NH," and reduced N-NO*~ con-
centrations. Ding et al. (2017) evaluated the effect of 2,4-D
butyl ester on diverse microorganisms involved in the soil
nitrogen cycle, observing diverse responses depending on
the dose and soil type. In field studies conducted by Narain
JP (1992) using two types of commercial formulations of
2,4-D, he found that the nitrogen mineralization process and
soil mineralization potential were reduced only by the butyl
ester formulation of 2,4-D and not the amine formulation.

A better understanding is required regarding how both
agrochemicals influence each other and how their behavior
is modified when they are both in the soil environment. This
study was carried out in a volcanic soil characterized by
high organic matter content and acid pH. The aim of this
study was to examine how the application of urea fertilizer
could modify 2,4-D bioavailability and at the same time the
2,4-D influence on urea mineralization process. This study
includes adsorption and degradation studies on 2,4-D in fer-
tilized soils, enzyme studies, and urea mineralization and
gPCR analyses on nitrifying AOB bacteria.

2 Material and Methods
2.1 Soil

Soil samples (Andisol, Freire Series) were collected at
0-20 cm depth at the Maquehue Experimental Station of
La Frontera University (38° 50 S, 72° 41° W) in southern
Chile, passed through a 2-mm sieve, and stored at 4 °C until
its use for the experiments. Soil physico-chemical analyses
were performed according to the methodology described in
Marileo et al. (2016).

2.2 Herbicide

The analytical standard of 2,4-D (2,4-dichlorophenoxy
acetic acid), 99.9% purity, used in.the experiments were
provided by Chem Service (West Chester, PA, USA). All
reagents used were analytical or HPLC grade.

2.3 Microcosm Set up and Sampling

Before setting up the experiment, the soil was incubated at
20 °C and 60% of the water holding capacity for two weeks
in darkness. For the microcosm set up, approximately 500 g
of soil (dry weight basis) for each treatment in three rep-
licates, were placed into plastic vessels. Urea was applied
at an equivalent dose of 200 kg N ha™! (573 mg N kg™1),
and after 24 h, 2,4-D was applied at an equivalent dose of
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0.672 kg ha™! (1.792 mg kg™ of the active ingredient (a.i.),
assuming a distribution in the first 5 cm of depth and a bulk
density for a silty loam soil of 0.75 g mL~'. Both doses cor-
responded to the recommended dose in field conditions for
cereals. The treatments were as follows: control soil, soil
without urea and 2,4-D (ONOH), soil with 2,4-D (ON1H),
soil with urea without 2,4-D (2NOH) and soil with urea
and 2,4-D (2N1H). Aqueous solutions of urea and 2,4 D
were applied to the soil with a small spray bottle and thor-
oughly mixed and shaken manually and moisture content
was adjusted by weight. Immediately after the microcosms
were prepared, the soils were distributed in smaller plastic
vessels, considering a destructive sampling for each time
(OECD 2002) .

Approximately 50 g of these subsamples were added into
each plastic vessels, maintained semi-open and incubated
in the dark at 20 °C for 30 days. and sampled after 1, 5, 10,
20 and 30 days. The soil moisture content was controlled by
weighing the tubes weekly and adding a necessary amount
of distilled water. The subsamples were used for the determi-
nation of residual herbicide, dehydrogenase activity, urease
activity, ammonia and nitrate contents, pH record and DNA
extraction for copy numbers of AOB amoA gene estimation.
The samples were kept at -20 °C for further analysis.

2.4 pH Record in Soil-Urea Microcosms

The soil pH was measured in 1:2.5 soil-water suspension in
deionized water using a glass electrode. Samples for each
treatment were taken over 30 days.

2.5 Determination of N-NH," and N-NO;~

Mineralization of urea fertilizer was measured by extract-
able N-NH,* and N-NO;~ from microcosms at all sampling
dates. They were extracted from 2.5 g of each soil sample
using 12.5 ml of 1 mol L' KCI shaken for 30 min, centri-
fuged at 3000 rpm for 15 min and filtered. The ammonium
concentration in the extract was measured by the colorimet-
ric Kandeler and Gerber (1988) method. Briefly, 1 mL of
filtrate was diluted to 10 mL with deionized water, and 2 ml
of 0.1% sodium dichloroisocyanurate and 5 ml sodium salic-
ylate solutions were added. The sodium salicylate solution
was prepared by mixing 100 mL of 0.12% sodium nitroprus-
side, 100 mL of 17% sodium salicylate and 100 mL of water.
Ammonium was determined after 30 min of incubation at
room temperature at 620 nm.

Nitrate in soil was determined by the method based on
the use of Vanadium (III) and Griess reagents and quanti-
fied by spectrophotometry at 540 nm (Doane and Horwath
2003; Keeney and Nelson 1982). Briefly, 200 mg sulfanila-
mide and 10 mg of N-(1-naphthyl) ethylenediamine dihy-
drochloride were added to 400 mL of distilled water, shaken

and added to a vanadium solution of 400 mg of vanadium
(IIT) chloride, prepared in 50 mL of 1 mol L=! HCI. Then,
0.4 mL of the previously obtained filtrate was mixed with
2 mL of the reagent and incubated in at 60 °C for 2 h. The
samples were kept at room temperature for 20 min before
nitrate measurement.

2.6 Soil Microbial Activities

Dehydrogenase activity was determined by method based on
the reduction of 2,3,5-triphenyltetrazoliumchloride (TTC) to
triphenyl formazan (TPF), according to Serra-Witting et al.
1995. Briefly, 3 g of soil samples were mixed with TTC
solution (3%) and de deionized water (1:1) and incubated at
37 °C for 24 h in darkness. After incubation, TPF produced
was extracted with methanol, filtrated and determined by
spectrophotometry at 485 nm.

Urease (UR) activity was determined according to the
method described by Kandeler and Gerber (1988). Briefly,
1 g of soil was incubated with 1.5 mL of urea solution
0.08 mol L™" at 37 °C for 2 h, then 13.5 mL of 2 mol L™
KCl solution was added and shaken for 30 min. The result-
ing suspension was filtered and the filtrates analysed for
ammonia by the colorimetric method described previously
for ammonia determination.

2.7 Quantitative Real-Time PCR (qPCR)

Total genomic DNA was extracted from 0.5 g of soil sam-
ples using the PowerSoil DNA isolation Kit (Mo-Bio,
Carlsbad, USA) according to manufacturer’s instructions.
The extracted DNA was stored at -80 °C for qPCR assays.
Copy numbers of the AOB amoA gene were estimated by
quantitative real-time PCR (qPCR) using the specific primer
set and qPCR conditions. The primer set amoA-1F (5'-GGG
GTTTCTACTGGTGGT-3") and amoA-2R (5'-CCCCTC
KGSAAAGCCTTCTTC-3") were used (Rotthauwe et al.
1997; Tan et al. 2013; Marileo et al. 2016). All gPCRs were
performed in triplicate with 25 ng pL~! of total DNA in a
7300 Real Time PCR System (Applied Biosystems) using
BrilliantIII Ultra-Fast SYBR Green qPCR Master Mix
(Strategene) following the manufacturer’s instructions. The
PCR conditions included an enzyme activation step at 95 °C
for 5 min followed by 35 cycles of 15 s at 95 °C and 1 min
of annealing plus extension at 60 °C. The specificity of the
amplification products was confirmed by a melting-curve
analysis (60 °C to 95 °C at 0.2 °C intervals of 15 s each).
The expected size of the amplified fragments was confirmed
with a 1.5% (w/v) agarose gel. A dilution series (10-107
amoA copies) consisting of a known amount of a synthetic
gene by Invitrogen GeneArt Gene Synthesis (Nitrosospira
multiformis ATCC 25196 genomic DNA) was used as a
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standard. The amplification efficiency was 94%, the R? value
was > 0.994.

2.8 Determination of Residual 2,4-D in soil

The extraction of 2,4-D from soil microcosm samples
involved three successive extractions with methanol:water
(60:40 v/v) acidified with 0.1% H;PO, extractive solution.
Briefly, 5.0 g of fresh soil and 25 mL of solvent extractive
solution were placed into a centrifuge tube, vortexed for
1 min, sonicated for 10 min, and centrifuged at 3000 rpm
for 10 min. The supernatants were filtered and analyzed
separately (Marileo et al. 2016).

The herbicide was analyzed using a Shimadzu Promi-
nence HPLC chromatograph LC-20AT with a diode array
detector (SPD-M20A) and a prontoSil column RP-C18
(250x 4. 6 mm). The mobile phase used was a 50:50 (v/v)
mixture of acetonitrile and water acidified to pH 2 with
phosphoric acid. The detection wavelength was 228 nm. The
injection volume was 20 pL, the flow rate was 1.0 mL min-1,
and the oven temperature was 40 °C. The detection limit and
quantification limits were 0.010 and 0.034 mg L™, respec-
tively. The precision (relative standard deviation) was < 5%,
and the chromatographic response for the calibration curve
was linear up to 25 mg L-1 (R>=0.999). Blank soil sam-
ple without herbicide was used to evaluate soil matrix
effect (Spuler et al. 2019). No significant interference was
recorded. Additionally, recovery experiment in a soil sam-
ple was performed in triplicate using two concentrations
of herbicide (2.0, 10 mg kg~!) with recovery ranging from
92-95%.

The residual amount and half-life of 2,4-D were calcu-
lated by the equations C,=Cye ™" and t,,, =In2/k, respec-
tively, where Ct represents the concentration of the pesticide
residue at time t, C,, represents the initial concentration after
application, k is a dissipation coefficient and t,, is the time
required for the pesticide residue level to degrade to half of
the initial application level.

2.9 Adsorption Experiments

Sorption experiments were carried out according to the
method of Palma et al. (2016) development for acidic herbi-
cides. For the 2,4-D isotherm, duplicate 2.0 g soil samples
were mixed with approximately 10 mL of a 0.01 M CaCl,
aqueous solution in 50 mL centrifuge tubes (polypropylene
copolymer). Herbicide stock solution prepared in 0.01 M
CaCl, was added to yield final concentrations of 0.05, 0.25,
0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 mg L~! with final volumes
of 20 mL. The tubes were shaken at 20+ 1 °C in a rotary
shaker for 24 h. The tubes were then centrifuged at 3000 rpm
for 15 min. The supernatants were filtered using 0.22 um
membranes (Durapore, PVDF from Millipore), and 5 mL
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aliquots were transferred to HPLC vials for analysis. The
initial and final pH values were recorded in each tube.

The urea-herbicide isotherms were conducted using
the same herbicide concentrations as mentioned above. A
1000 mg L' stock urea solution was used to obtain a urea
concentration of 56.7 mg L™! in each tube, which is equiva-
lent to 200 kg N ha-! (0.572 g urea per kg of soil). The sorp-
tion experiments were performed in triplicate. Sorption was
described by the Freundlich model C;=K; C, ", and the
constants were determined by linear fitting.where Cs (mg
kg™!) is the herbicide adsorbed by the soil, and Ce (mg L")
is the equilibrium concentration in the solution. K; and 1/n
are empirical constants.

2.10 Statistical Analysis

All of the experiments were performed using three inde-
pendent replicates. The results were expressed as means
value with their corresponding standard deviations. The data
were subjected to statistical analyses of variance (ANOVA),
and all mean separations were determined using the Tukey
test (p < 0.05).

3 Results
3.1 Soil Properties

The soil used in this study has been previously used by the
authors of this work and has been previously characterized
according to the methodology described in Marileo et al.
(2016). Some properties were 5.20 pH, 19 mg Pkg™', 32 mg
N kg™!, 152 mg K kg™!, 15% organic matter, 8.2 cmol (+)
kg~! cation exchange capacity, 1.46% Al saturation, and a
silty loam texture with 39.7% sand, 42.9% silt, and 17.3%
clay.

3.2 Effects of 2,4-D on Soil Enzyme Activities

In the present study, the effect of 2,4-D application on soil
enzyme activities, included urease activity and dehydroge-
nase activity measured for all treatments over 30 days. Fig-
ure la and b show the behavior of soil enzymatic activity
during the incubation period, respectively. Compared to soil
(NOHO), urease activity due to the application of herbicide
(ONH1), urea (2NOH) and the combined application of urea
and herbicide (2N1H) progressively increased up to day 10
by approximately 20, 24 and 49%, respectively. Urease activ-
ity increased by approximately 20% due to 2,4-D over the
activity shown by urea application.

Regarding dehydrogenase activity, the highest activity
was observed at 10 days. Compared to soil (NOHO), dehydro-
genase activity due to the application of herbicide (ONH1),
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Fig.1 a) Urease activity and b) dehydrogenase activity in: control
soil, without urea and 2,4-D (ONOH), soil without urea and with
2,4-D (ON1H), soil with urea and without 2,4-D (2NOH), soil with
urea and 2,4-D (2N1H). All data show the means + SD of three repli-
cates. Different letters indicated significant differences between treat-
ments according Tukey test (P <0.05)

urea (2NOH) and the combined application of urea and her-
bicide (2N1H) increased by approximately 23, 49 and 53%,
respectively.

3.3 Effects of 2,4-D on Urea Mineralization

Figure 2a and b show the N-NH,* and N-NO;~ production
from the urea mineralization process during the incuba-
tion period, respectively. The highest ammonium produc-
tion occurred in the first 10 days of the experiment for the
treatments with urea application (2NOH) and the combined
urea-herbicide treatment (2N1H). At 1, 5 and 10 days, her-
bicide application increased ammonium concentration by
approximately 12, 5 and 23%, respectively, compared to the
ammonium concentration of 2NOH.

N-NO;™ production in the fertilized soil (2NOH) increased
progressively between 10-30 days, but the combined urea
application and herbicide (2N1H) significantly decreased the
N-NO;~ production by 18, 15 and 6%, respectively, com-
pared to N-NO;™~ production in fertilized soil (2NOH).

Fig.2 a) N-NH,*and b) N-NO;™ in: control soil, without urea and
2,4-D (ONOH), soil without urea and with 2,4-D (ON1H), soil with
urea and without 2,4-D (2NOH) and soil with urea and 2,4-D (2N1H).
All data show the means+SD of three replicates. Different letters
indicated significant differences between treatments according Tukey
test (P <0.05)

3.4 AOB AmoA Gene Abundance

The results of the treatments on the abundance of the
ammonia-oxidizing bacteria AOB amoA genes were
obtained using quantitative real-time PCR at four sampling
days and are shown in Fig. 3. The abundance of amoA
genes in the fertilized soil (2NOH) was the highest and
increased progressively from 3.02x 10 2 to 15.7 x 10'?
copies per gram of dry soil during the first 20 days of
the experiment. For the combined application of urea and
herbicide (2N1H), abundance values decreased signifi-
cantly to 1.9 x 10'2 to 7.75 x 10'? copies/g of soil at the
same period of time compared to the abundance values of
2NOH. 2,4-D application (ON1H) sharply decreased the
AOB abundance at 10 days from 2.7 x 10'? to 1.3 x 10'?
AOB amoA gene copies numbers g~ soil dw compared to
that of soil (ONOH), although after this time, a significant
increase in the number of copies was observed, similar
to that of the 2N1H treatment at 20 days, increasing to
10.4x 10 '2 copies.
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Fig.3 AOB amoA of ammonia-oxidizing bacteria gene copy num-
bers in: control soil, without urea and 2,4-D (ONOH), soil with-
out urea and with 2,4-D (ON1H), soil with urea and without 2,4-D
(2NOH) and soil with urea and 2.,4-D (2N1H). All data show the
means =+ SD of three replicates
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Fig.4 pH changes in soil microcosmos in: control soil, without urea
and 2,4-D (ONOH), soil without urea and with 2,4-D (ON1H), soil
with urea and without 2,4-D (2NOH) and soil with urea and 2,4-D
(2N1H). All data show the means + SD of three replicates

3.5 2,4-D Bioavailability

The pH results of the microcosms (Fig. 4) show the changes
in pH that occurred during the 35 days of the experiments.
2,4-D (ON1H) did not produce significant changes in pH

during the experiment, although a small degree of acidifica-
tion was recorded. The main pH changes were produced by
the application of urea during the mineralization process.
The urea treatment (2NOH) increased the pH value from
5.4 to 6.1 at 24 h after application, and acidification subse-
quently occurred, shifting the pH to 4.4 by the end of the
experiments.

The persistence results of 2,4-D (Table 1) fit well to the
first-order kinetic model (R?>0.98), showing rapid degrada-
tion and no significant differences in the rate constant and
half-life obtained from the model. However, it is possible to
observe some differences in the concentration of 2,4-D in
the soil between the 3-5 days. For example, the concentra-
tion of 2,4-D was approximately 28% lower in soils treated
with urea (2N1H) than in soils with herbicide and without
urea application (ON1H). After 20 days, herbicide residues
were not detected in either treatment. The 2,4-D detection
and quantification limits were determined to be 0.010 and
0.034 mg L™!, respectively.

The adsorption isotherm data (Table 2) showed a good
fit to the Freundlich model (R?>0.99). The K; value of 16.3
with urea was considerably lower than the K; value without
urea (21.2). The Koc values were 189.6 and 246.1, respec-
tively. In the range of concentrations studied, the adsorption
percentage for the treatment without urea application (ON)
was approximately 37-75%; for the combined urea-herbicide
treatment (2N), it was 30-60%.

4 Discussion

The objective of this study was to establish the behavior of
the herbicide in a Andisol fertilized with urea, in the doses
applied in the field and how both agrochemicals can mutu-
ally modify their behavior and therefore their effectiveness
in both weed control and crop nutrition and eventually affect
the environment. The nitrogen and pesticides application in
the long term could be expected to affect both soil quality
and crop productivity. In this regard, the availability of soil
nutrients, potentially toxic metals and soil acidification are
intimately related and could be affected as a whole (Takoust-
ing et al. 2016; Triantafyllidis et al. 2020).

According to the obtained results, the herbicide 2,4-D
applied in soils fertilized with urea had diverse effects on the
enzymatic activities, urea mineralization process and AOB

Table 1 Residual concentrations

. SR Treatment 1d 3d 5d 10d 20d k(d Y Half-life (d)
of 2,4-D in soil microcosm
ON1H 1.53+£0.02 1.09+0.02 0.92+0.01 0.22+0.02 0.05+0.01 0.19 3.74
2N1H 1.62+0.02 0.78+0.03 0.67+0.01 0.18+0.01 0.05+0.01 0.18 3.85

The values represent the mean (mg kg~!) +SD (n=3). C, 1.79 mg kg~!. Kinetic parameters for the degra-
dation of 2,4-D single first-order model, R?>>0.98
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Table 2 Adsorption parameters of 2,4-D from Freundlich model

Treatment 1/n Kf R? Koc
ON 0.78+0.02 21.2+0.3 0.998 246.1
2N 0.79+0.01 16.3+0.2 0.992 189.6

The values represent the mean+SD (n=3). K (mg 1=l g 1n o=y

populations. Two enzyme activities were considered in this
study. Urease involve in urea mineralization and dehydro-
genase enzyme used as a general indicator of soil micro-
bial activity. Urease was stimulated due to the application
of 2,4-D and urea, and this effect was even greater when
they were both applied only at 10 days, in the other dates
levels differences were not significant. On the other hand,
dehydrogenase activity was also stimulated by the applica-
tion of 2,4-D and urea, until day 10, without showing major
changes in the combined application of both agrochemicals
except at day 1. Several studies have shown that urease and
dehydrogenase activity may be stimulated by fertilization,
but pesticide application may decrease, increase or have no
effect (Du et al. 2018; Nivelle et al. 2017; Riah et al. 2014,
Zabaloy et al. 2017). The effect of 2,4-D on these enzymes
have been little documented; although there are some works
that reported the inhibition of urease activity or no signifi-
cant changes (Bécaert et al. 2006; Narain 1992). Studies
conducted by Zabaloy et al. (2008) on 2,4-D at higher doses
reported an increase of dehydrogenase activity by approxi-
mately 20%. The different responses of both enzymes can
be understood by considering the toxic effect of some pesti-
cides on microorganisms or microorganisms adaptation due
to repeated pesticide application. The soil used in this study
has a history of pesticide application associated with cereal
crops and grasslands, although in the last two years, it has
not been subjected to pesticide application.

In relation to the urea mineralization process, it is known
that urea first undergoes hydrolysis to ammonium and then
oxidation to nitrate, with pH changes during this process.
For the soil under study, it was reported that the hydroly-
sis process of urea occurred within the first 5-10 days after
application and decreased progressively. At the same time,
the nitrate concentration began to increase until it reached
its maximum concentration between 10-20 days, depend-
ing on the temperature and urea dosage (Cartes et al. 2009).
In fact, the highest ammonium production occurred in the
first 10 days and its subsequent oxidation to nitrate occurred
within 10-30 days. During this period, the herbicide pro-
duced a significant increase in ammonium concentration and
a decrease in nitrate concentration of approximately 20%.
This increase in urea hydrolysis can be explained by the stim-
ulation of urease activity mentioned above and due to the
acidic character of 2,4-D (pKa 3.4), which catalyzes the urea
hydrolysis process. Similar results were obtained with MCPA

(pKa 3.7), a phenoxyacetic acid herbicide of the same 2,4-D
chemical family (Palma et al. 2016). Our results are in agree-
ment with those of studies conducted by Rose et al. (2018),
conducted in acid soils and low OM content for 2,4-D. They
reported an increase in NH,* concentration and a decrease in
nitrate concentration in some soils depending on the herbi-
cide rate in a short-term experiment. Similarly, studies con-
ducted by Martens and Bremmer (1993) showed that at doses
much higher than the recommended doses, 2,4-D temporarily
inhibited nitrification. These results are consistent with the
fact that 2,4-D decreased nitrifying bacteria abundance in
soil and in fertilized soils. Although no specific reports were
found for the effect of 2,4-D on the abundance of nitrifying
bacteria, AOB amoA genes, similar results were reported for
other herbicides, such as mesotrione, mancozeb, dazomet and
chlorimuron-ethyl, which inhibit the nitrification process (Du
et al. 2018; Feld et al. 2015; Tan et al. 2013).

On the other hand, the effect of soil pH changes dur-
ing the urea mineralization process on the bioavailability of
2,4-D showed that although there was an important effect
on the adsorption process, it did not impact the degradation
of the herbicide. 2,4-D had a low persistence in this soil.
The adsorption and mineralization of 2,4-D in soils with
diverse physicochemical characteristics has been extensively
addressed. In general, these studies show a weak adsorp-
tion of 2,4-D, with Freundlich distribution coefficient val-
ues below 2.89 and a relatively short half-life of less than
20 days, for acid and neutral soils with an OM content lower
than 8% (Paszko et al. 2016; Picton and Farenhorst 2004).

The decrease in the adsorption of 2,4-D due to the applica-
tion of urea (K; value from 21.2 to 16.3) can be explained first
by taking into consideration the pH variations produced by urea,
which determine the chemical forms of the herbicide in the soil
solution and its adsorption mechanisms. The pH records showed
that urea increased the soil pH from 5.4 to 6.1 at 24 h and then
decreased it progressively, reaching a value of 4.40 after 35 days
(Fig. 4). In a similar pH range (pH 4-6), the ratio of the neutral
to the anionic form of 2,4-D varied from 20-0.3% (Schwarzen-
bach et al. 2003) The adsorption mechanisms of 2,4-D involve
2,4-D mainly in its molecular form interacting with organic mat-
ter through H-bridging of carboxylic groups and hydrophobic
interactions, and anionic adsorption is less likely. Additionally,
in previous studies, we reported an increase in DOC at higher
pH, which could explain the lower adsorption of the herbicide
due to competition with the adsorption sites (Palma et al. 2016).
Similar arguments have been used to explain the adsorption
decrease of terbuthylazine and metribuzin (Pinna et al. 2014;
Singh 2006) in soils with the addition of nitrogen fertilizers.
These results are in agreement with those of studies carried out
by our group on the adsorption kinetics of 2,4-D (Spuler et al.
2019) and MCPA herbicide, herbicide chemically similar to
2,4-D (Palma et al. 2016). The results obtained in this research
are an important contribution considering that Andisols are soils

@ Springer



4316

Journal of Soil Science and Plant Nutrition (2023) 23:4309-4317

widely distributed throughout the world, and supporting a high
agricultural production. Some Andisol characteristics are a high
organic matter content, low pH and high allophone mineral frac-
tion (Escudey et al. 2004). However, the herbicide behaviour
in soil is strongly determined its chemical structure (Kah and
Brown 2006; Sarmah et al. 2004). In this regard, it is necessary
to advance in further studies including other pesticides widely
used in agricultural production.

5 Conclusions

The main conclusions of this short-term study show that 2,4-D
(2,4-dichlorophenoxy acetic acid) in fertilized soils produces
an increase in urease activity and ammonium concentration,
possibly due to the acidic character of the herbicide which
contributes to increase urea hydrolysis. The effect of 2,4-D
on the enzymatic activities is recovered during the evaluation
period, which could be directly related to the low persistence
of 2,4-D. On the other hand, the decrease in the nitrification
process in accordance with the decrease in the abundance
of ammonia-oxidizing bacteria AOB amoA genes can be
explained by the toxic effect of the herbicide on these micro-
bial populations. However, a decrease in the oxidation process
could mean a lower environmental impact due to nitrate.

On the other hand, urea reduced the adsorption of the
herbicide, which can be attributed to the increase in soluble
organic matter that competes for adsorption sites, as previ-
ously established, and to the higher percentage of the anionic
form of the herbicide in solution.

These results, obtained under controlled conditions con-
tribute to understand the behavior of fertilizers and pesti-
cides in soil, being necessary to advance in studies under
field conditions to establish the impact of both agrochemi-
cals on the environment and crop production.
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