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Abstract  The present investigation determines the 
persistence of herbicides like butachlor and pretila-
chlor in Indian soil, and their impact on soil biologi-
cal properties including microbial biomass carbon 
(MBC), total microbial population numbers, and 
enzyme activities. Butachlor was degraded faster in 
autumn rice soil (t1/2 of 10–13  days) than in winter 
rice soil (half-life of 16–18  days). The t1/2 of preti-
lachlor in winter rice was 12–16 days. Regardless of 

the seasons under cultivation, no pesticide residue 
was detected in rice at harvest. Herbicides induced an 
initial decline (0–14th days after application) in MBC 
(averages of 332.7–478.4  g  g−1 dry soil in autumn 
rice and 299.6–444.3  g  g−1 dry soil in winter rice), 
microbial populations (averages of 6.4  cfu  g−1 in 
autumn rice and 4.6 cfu g−1 in winter rice), and phos-
phatase (averages of 242.6–269.3  μg p-nitrophenol 
g−1 dry soil h−1 in autumn rice and 188.2–212.2 μg 
p-nitrophenol g−1 dry soil h−1 in winter rice). The 
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application of herbicides favored dehydrogenase 
(averages of 123.1–156.7  g TPF g−1 dry soil in 
autumn and 126.7–151.1 g TPF g−1 dry soil in winter) 
and urease activities (averages of 279.0–340.4 g NH4 
g−1 soil 2 h−1 in autumn and 226.7–296.5 g NH4 g−1 
soil 2 h−1 in winter) in rice soil at 0–14th DAA. The 
study suggests that applications of butachlor and pre-
tilachlor at the rates of 1000 g  ha−1 and 750 g  ha−1, 
respectively, to control the weeds in the transplanted 
rice fields do not have any negative impact on the  
harvested rice and associated soil environment.

Keywords  Butachlor · Dissipation kinetics · 
Pretilachlor · Rice · Soil biological properties · Weeds

Introduction

Rice (Oryza sativa L.) is a major food crop in north-
east of India (Gogoi et al., 2021). Rice is known to 
supply millions of farmers in India’s eastern and 
northern regions with essential food nutrients and 
vitamins such as carbohydrates, calcium, iron, thia-
min, pantothenic acid, folate, and energy (Baishya 
et  al., 2016; Yadav et  al., 2019). With the current 
increase in human populations and nutritional 
needs, there is an urgent requirement to boost the 
rice production and quality across the country. How-
ever, due to the long-term negative consequences of 
global warming and climate change, the frequency, 
intensity, and duration of abiotic stress-related fac-
tors in rice cultivation are predicted to increase in 
the coming years, posing a serious threat to agri-
cultural productivity and global food security (Dar 
et  al., 2021). Through improving our understand-
ing of the physiology and molecular biology of rice 
genotypes, we may be able to cultivate and maintain 
higher-quality standards and stocks of rice cultivars 
that are more resistant to stress. Adoption of inte-
gral crop management practices using the potential 
of beneficial plant growth promoters (PGPs) and 
other plant protection formulations (PPFs) at their 
recommended and lawful applications to improve 
the rice productivity both in terms of quality and 
quantity and to protect the crop against devastating 
pests and pathogens seemed to be essential (Khan 
et  al.,  2004; Hamid & Ghazanfar, 2022). Further-
more, because transcription factors (TFs) function 

as master regulators of several stress-responsive 
genes, they are seemed to be ideal candidates for 
genetic engineering to develop stress-tolerant crops 
including rice (Wang et al., 2016).

Weeds have remained as one of the most signifi-
cant biological limiting factors to rice crops (Chauhan, 
2020). Weeds have a negative impact on rice growth 
and development, leaf architecture, tillering capacities, 
crop production, and other yield-related characteristics 
(Haque et al., 2021). In bad scenario, weeds have been 
projected to lower rice yield by 15–50% or more, up 
to 76%, if proper weed management tactics are not to 
be followed. Alternanthera sessilis, Ammannia bac-
cifera, Cyperus iria, C. maritimus, C. rotundus, C. 
difformis, Cynodon dactylon, Echinochloa glabre-
scens, E. colona, E. crus-galli, Limnocharis flava, 
Ludwigia octovalvis, Marsilea minuta Monochoria 
vaginalis, Paspalum distichum, and Sagittaria guay-
anensis are recorded as the potential weed species in 
the rice farming, particularly in Asia (Hossain et  al., 
2020). Weeds host significant pest populations, which 
eventually steal a substantial amount of plant nutrients 
from the soil system, depriving the crops from impor-
tant minerals such as N, P, K, Ca, and Mg.

Herbicides in weed management in rice crop have 
been in practice on the regular basis at least for the 
last couple of decades (Singh et al., 2016). According 
to Hakim et  al. (2021), herbicide application in rice 
soil can lower weed population and density and, thus, 
plays vital role in enhanced grain and straw yields in 
rice. Chemical weed control is a common and popu-
lar practice among the small-scale farmers because of 
its effectiveness in reducing the weed competition with 
minimal need of labor and cost. However, improper 
and illegitimate spraying with herbicides in rice fields 
has been documented to leave toxic agrochemicals in 
soil, water, and natural ecosystem (Gunstone et  al., 
2021). Bhattacharyya and Sarmah (2018) reported sig-
nificant soil quality deterioration, air and groundwater 
pollution, and the formation of undesirable residues 
due to agrochemical application in field. Meanwhile, 
the resurgence of primary pests and disease devel-
opment is enhanced due to inappropriate applica-
tions of herbicides and other agrochemicals (Sarmah 
et  al.,  2020). The possible explanation of all of this 
would be the accumulation of chemical toxicity in soil 
which is followed by susceptibility variation and pest 
resistance development (Nicolopoulou-Stamati et  al., 
2016). According to Alengebawy et  al. (2021), soil 
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toxicity and decreased fertility are linked to agrochemi-
cal side effects that have a direct impact in reducing the 
beneficial microbial populations and functions in soil. 
Chemical toxicity poses serious threat to the ecological 
system, by altering biosynthetic pathways, protein syn-
thesis, and cell membrane development, and influenc-
ing another essential organelle production (Hassan & 
Nemr, 2020). Tudi et al. (2020) advocated that chemi-
cal composition and active ingredients of a molecule, 
associated soil parameters, and climate plays vital roles 
in determining the pesticide residual activity and per-
sistence in soil. It is therefore critical to reduce the load 
of chemical compounds in soil and move towards justi-
fied and authorized application of recommended doses 
of PPFs in order to preserve the ecosystem safe, sus-
tainable, and environmentally pleasant.

Butachlor (N-(butoxy ethyl)-2-chloro-N-2, 6-dimethyl 
acetanilide) and pretilachlor [2-chloro-2,6-diethyl-N-(2-
propoxyethyl)acetanilide] (Supplementary Fig.  1a 
and 1b) are the herbicides from the acetanilide family  
(Shilpakar et  al., 2020; Tripthi et  al., 2020) that are 
being used to combat annual weeds in rice fields. Since 
the 1960s, the chloroacetanilide class of herbicides has 
emerged as one of the most extensively used classes 
of herbicides in agriculture for the control of broad leaf 
weeds and annual grasses. However, large-scale and 
unauthorized use of these herbicides poses serious risks 
to the soil, air, water, and environment (Mohanty & 
Jena, 2019), including the non-target organisms like 
human beings. Chen et al. (2014) stated that high appli-
cation doses of chloroacetanilide herbicides are relatively 
highly water-soluble and persistent in nature. According 
to Cheng et al. (2017), the accumulation of residues and 
metabolites generated by chloroacetanilide toxicity in soil 
and in surface and ground water potentially contribute to 
moderate to high levels of chronic toxicity. Ecotoxicologi-
cal studies have demonstrated that these herbicides aggra-
vate DNA damage and tumor induction in rats, fish, and 
human cells (Panigrahi et  al., 2021). Herbicide toxicity 
induces disruption of several key biological processes in 
living organisms, including energy metabolism and Ca2+ 
homeostasis, cell signalling, and endoplasmic reticulum 
stress responses.

However, according to Medo et  al. (2021), lim-
ited evidence on the impact of repeated applications 
of diverse agrochemicals including the chloroacet-
amide herbicides on native soil microbial popu-
lations, activity, and persistence in rice soil is yet 
available. Besides, herbicides at the recommended 

dose of application are seemed to be essential in 
agriculture since it aids farmers in controlling unde-
sired pests on their field. As the chloroacetanilide 
herbicides dissipate rapidly from the rice fields 
through photodecomposition, microbial degrada-
tion, and volatilization routes at their recommended 
concentrations, they pose no significant difficulty  
or risks in terms of accumulation of chemical resi-
due or environmental toxicity.

In the current study, the persistence of chloroacet-
anilide herbicides at recommended doses was evalu-
ated to measure if they could effectively eliminate 
weeds in rice fields. In light of the foregoing, the pre-
sent work was designed to (i) investigate the persis-
tence of butachlor and pretilachlor in soils and plants 
through rapid field applications and (ii) evaluate the 
possible effects of target herbicides on soil health, 
microbial biomass carbon (MBC), native microbial 
communities, and important enzyme kinetics in soil.

Materials and methods

Description of the study locations and treatment 
design

The present field experiment is a part study of long-
term trials on herbicides as a weed control measure 
under the All-India Co-Ordinated Research Project 
on Weed Management, a network project throughout 
India that started in the year 2000, at Assam Agricul-
tural University’s (AAU) instruction cum research 
farm (26°44′N, 94°12′E), Jorhat, Assam, India, at an 
elevation of 86.6 m above mean sea level (msl) with 
a mean annual rainfall of 2,124 mm. The treatments 
are prepared and finalized under the project where the 
application of 50% recommended dose of fertilizer 
(RDF) is considered as farmers’ practice.

The experimental plot was 3400 m2 in size (includ-
ing bund area), with five blocks including all treat-
ments and four replications per treatment. The climate 
at the study location was subtropical, with hot sum-
mers and cold winters. The soil in the experimental 
field was acid inceptisol, with 52% sand, 21% silt, and 
27% clay, a cation exchange capacity (CEC) of 6.28 
cmol (p +) kg−1, organic carbon of 0.82%, available N 
of 212, P2O5 of 16.6, and K2O of 136.8 kg ha−1, and 
MBC of 365.5 µg  g−1 soil, respectively. The experi-
mental layout was as follows: five different treatments 
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that includes T1: farmer’s practice (hand weeding 
with 50% recommended dose of fertilizers (RDFs), 
T2: butachlor (at 1000  g  ha−1) + 2,4-D with 100% 
RDFs, T3: butachlor (at 1000  g  ha−1) + 2,4-D with 
75% RDFs + 25% N through the organic source, T4: 
butachlor (at 1000 g ha−1) + 2,4-D rotated with preti-
lachlor (at 750 g ha) and 100% RDFs, and T5: buta-
chlor (at 1000  g  ha−1) + 2,4-D rotated with pretila-
chlor (at 750 g ha−1) and 75% RDFs + 25% N through 
organic source with four replications and randomized 
block design (RBD). Autumn and winter rice received 
RDFs of 40:20:20 and 60:20:40 kg ha−1 NPK, respec-
tively. To supplement 25% N, an organic source (ver-
micompost) comprising of total N 1.4–1.5%, P2O5 
1.0–1.1%, and K2O 1.5–1.8% was employed. Buta-
chlor and pretilachlor were applied as weed manage-
ment practices in the rice-cultivated areas at the rates 

of 1000 g ha−1 and 750 g ha−1, respectively. Rice has 
been planted in the winter and autumn seasons since 
the year 2000, with the current data generation made 
during 2019–2020. The meteorological data of the 
study locations has been depicted in Fig. 1.

Sample collection and analysis

Soil samples were collected between 2019 and 2020 
using a randomised block design (the samples were 
not pooled). The experiment was split into five dis-
tinct plots, one of which served as a control (no 
herbicide treatment) and the other four as herbicide 
combinations. Each plot was again divided into five 
blocks, with four soil samples collected at random 
from each block. A total of 25 composite samples 
of 5 plots, collected at regular intervals, including 0 

Fig. 1   The meteorological 
and climatological data of 
the study locations during 
2019–2020
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(within 4 h of herbicide application), 7, 14, 30, and 
60 days after application (DAA), and finally at crop 
harvest of each season, were homogenized and sieved 
(0.2 mm) to remove the stone and other plant debris. 
One part of the composite sample was chilled at 4 °C 
to analyze the MBC, soil enzyme activity, and micro-
bial population numbers in comparison to control soil 
in triplicates, while the other part was dried, sieved, 
and placed in polypropylene bags for detection of her-
bicide residue. Standard methodologies for estimation 
of herbicide residue and soil microbiological exami-
nation were used to analyze the collected soil samples 
as mentioned below.

Estimation of herbicide residues in soil

Herbicide residue was detected in matrices (soil and 
plant) through standard protocols. For this, soil and 
plant samples were analyzed  in triplicates at regu-
lar intervals, including 0, 7, 14, 30, and 60 DAA, 
and finally at crop harvest of each season. Butachlor 
analytical reference standard (≥ 95.0% purity, Cas 
No. 23184–66-9) in ampoules of 100  mg and pre-
tilachlor reference standard (≥ 98.7% purity, Cas 
No. 51218–49-6) in ampoules of 250  mg (Sigma-
Aldrich, Seelze, Germany) was used for calibra-
tion of gas chromatography. Florisil was heated for 
12  h at 130 °C to resuscitate herbicide molecules 
and promote adsorption. A Thermo Scientific TG-5 
MS GC column, mega pore capillary column 30 M, 
length × 0.25  mm, ID × 0.25-m film thickness, and a 
maximum temperature of 330/350 °C were used for 
the chromatographic separation. The oven tempera-
ture was set at 100 °C for 1 min, and then increased 
to 220 °C at a pace of 20 °C per minute for 10 min. 
The injector and detector temperatures were adjusted 
at 250 and 300 °C, respectively. At a flow rate of 
53.6 mL min−1, nitrogen was used as the carrier gas. 
The injection volume is set at 0.5 L, and the split is 
set at 100  J. The test molecules’ limit of detection 
(LOD) was estimated using a 3:1 signal-to-noise ratio 
(S/N) compared to the blank matrix extract’s back-
ground noise, while the limit of quantification (LQ) 
measured using a 5:1 S/N. Matrix-matched standards 
(peak area of post-extraction spike) were compared to 
solvent-based standards at 1  g  mL−1. Pesticide sup-
pression or augmentation was used to examine the 
matrix effect.

The following equation was used for matrix effect 
(ME) evaluation:

The collected straw and grain samples were dried in 
hot air oven at 65°C–70 °C until they attained a con-
stant weight. The chemicals and reagents used in the 
present experimentation were procured from Merck 
Pvt. Ltd., Mumbai, India.

Quantification of herbicides, extraction, and recovery 
study

Standard solutions of 1000  g  mL−1 butachlor and 
2500  g  mL−1 pretilachlor were made by thoroughly 
dissolving 100  mg of technical grade butachlor and 
250 mg of pretilachlor in 100 mL chromatographic-
grade n-hexane. The standard solutions were main-
tained at −20 °C in a deep freezer.

The calibration curve for the herbicides was pre-
pared by injecting known concentrations of the mol-
ecule (1.00, 0.75, and 0.25  μg  mL−1) into the GC. 
The average recoveries of butachlor in rice soil, 
straw, and husked rice were estimated as 88.2–94.2%, 
88.6–96.4%, and 86.2–90.6%, respectively (Table 1). 
Similarly, the average recoveries of pretilachlor in 
rice soil, straw, and husked rice were 86.5–92.4%, 
87.2–92.6%, and 86.4–96.2%, respectively (Table 1). 
For butachlor and pretilachlor, excellent linearity 
was obtained with all determination coefficients (R2) 
more than 0.85 in the range of 0.25–1.00  μg  mL−1. 
Herbicide concentrations were linearly regressed 
against peak regions to create the calibration curve. 
The LOD of butachlor and pretilachlor in soil, straw, 
and husked rice was 0.016 μg g−1, 0.016 μg g−1, and 
0.003  μg  g−1, respectively, in all the matrices at a 
signal-to-noise (S/N) ratio of 3.0. The LOQ of buta-
chlor and pretilachlor in soil, straw, and husked rice 
was 0.05 μg g−1 and 0.01 μg g−1, respectively, in all 
the matrices at a signal-to-noise (S/N) ratio of 10.0. 
Overall, the average recoveries for all of the matrixes 
were satisfactory, ranging from 86.2 to 98.4%.

The solvent calibration solutions were made by 
diluting the stock solutions with n-hexane. The matrix 
calibration solutions were generated by diluting the 

ME (%) =

(Peak area of matrix standard − Peak area of solvent standard)

Peak area of solvent standard
× 100
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stock solutions with blank extracts from all the matri-
ces. Six concentrations from 0.001 to 1 μg mL−1 were 
made for butachlor and pretilachlor standards. The 
reference standards of butachlor and pretilachlor were 
used for quantification studies, recovery, and reten-
tion time of the herbicides.

With 150 mL of acetone/hexane ratio, 10.0 g sieved 
soil/5 g each of straw and husked rice were extracted. 
Triplicates were maintained at each case. The soil and 
acetone mixture was agitated on a rotary shaker for 2 h 
at 150 rpm at 25 °C, while the rice straw and husked 
rice samples in acetone were held overnight before 
filtration through a Buchner funnel and three washes 
with 20  mL acetone/hexane. Following that, all fil-
trates were transferred to a 250-mL separating funnel 
containing 30 mL of 10% NaCl solution and extracted 
three times with 50 mL of n-hexane each time. After 
being dried with 10.0 g anhydrous sodium sulfate and 
4.0 g florisil packed in a chromatographic column, the 
organic phase was collected in a 250-mL flat-bottom 
flask (2-mm ID). The extract was then concentrated 
in a rotary evaporator at 45 °C to near dryness before 
being dissolved in 1 mL n-hexane for GC analysis.

Five-gram processed soil from the second part 
of the soil samples was put into 15-mL polytetra-
fluoroethylene centrifuge tubes, along with 5 g each 
of straw and husked rice. Seven-milliliter methanol 
was added to the rice and straw, and acetonitrile 
was added to the husked grain, and the mixture 
was agitated thoroughly for 10 min on a horizontal 
shaker. The contents were centrifuged for 10 min at 
3500 rpm, with the supernatant transferred to coni-
cal flasks. The samples were re-extracted two more 
times, each time with fresh 5  mL of the organic 
solvent. The solvent extracts were combined, and 
PSA (25 mg) + Na2SO4 were used to clean them up 
(100  mg). The contents were combined in a vor-
tex mixer before being centrifuged for 10  min at 
3000  rpm. Filtered supernatants were dehydrated 
to near dryness in a rotary evaporator at 45 °C, and 
then reconstituted to 1  mL with hexane. Herbicide 
residues were determined through GC on ECD 
using the extract. It was injected with 1.0 L of her-
bicide reference standard solution. The peaks were 
defined based on their retention time, and the peak 
area was calculated.

Table 1   The average recovery, calibration curve, the limits of detection (LODs), and limits of quantification (LOQs) of the herbi-
cides in rice soil, straw, and husked rice (n = 5)

Herbicides Sample matrix Fortified 
level (μg 
g−1)

Average 
recovery 
(%)

RSD (%) Calibration curve R2 LOD (μg g−1) LOQ (μg g−1)

Butachlor Soil 0.05 92.6 0.99 Y = −0.026x + 0.848 0.913 0.016 0.05
0.50 88.2 1.35
1.0 94.2 1.34

Straw 0.05 88.6 1.32 Y = −0.022x + 0.692 0.881 0.016 0.05
0.50 96.4 1.70
1.0 92.2 1.17

Husked rice 0.05 86.2 1.10 Y = −0.018x + 0.476 0.899 0.016 0.05
0.50 98.4 1.00
1.0 90.6 1.87

Pretilachlor Soil 0.01 86.5 1.14 Y = −0.022x + 0.528 0.961 0.003 0.01
0.05 92.4 1.47
1.0 90.6 0.99

Straw 0.01 87.2 1.04 Y = −0.018x + 0.426 0.928 0.003 0.01
0.05 92.6 1.01
0.10 90.6 0.90

Husked rice 0.01 94.5 1.36 Y = −0.014x + 0.260 0.886 0.003 0.01
0.05 86.4 1.14
0.10 96.2 1.24
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Fortifying untreated soil and plant samples with 
working standard solutions (0.05, 0.10, 0.15, 0.25, 
and 0.5  g  mL−1) and processing them validated the 
sample preparation procedure. By injecting known 
herbicide standards, GC was calibrated by measur-
ing the peak area. Recovery study with graded her-
bicide doses was carried out to confirm interferences 
and contaminants during herbicide molecule extrac-
tion and data accuracy (%). To check for contamina-
tion and interference, control and blank samples were 
maintained on hand using five replications.

Analysis of soil microbiological properties

Microbiological population counts (cfu g−1 dry soil) 
were performed, just before and after treatment appli-
cations. For this, 10.0 g from each of the composite 
soil samples was homogenized with 100 mL of ster-
ile distilled water (SDW) and put in an orbital shaker 
to properly mix the soil and diluents. After that, the 
soil–water mixture is left to settle for 30  min. For 
dilution plating, a series of dilution tubes (each con-
taining 90  mL of the SDW) representing different 
dilution series (i.e., 102 up to 106) were sterilized 
using an autoclave at 15 lb in−2.

Different types of culture media like chloram-
phenicol rose Bengal agar (mycological peptone 
5.0 g L−1; dextrose 10.0 g L−1; potassium dihydro-
gen phosphate 1.0 g L−1; magnesium sulfate 0.50 g 
L−1; rose Bengal 0.05  g L−1; chloramphenicol  
0.10 g L−1; agar 15 g L−1; pH 7.2 ± 0.2) and nutri-
ent agar (peptone 5.0 g L−1; sodium chloride 5.0 g 
L−1; HM peptone B# 1.5 g L−1; yeast extract 1.5 g 
L−1; agar 15 g L−1; pH 7.4 ± 0.2) were used for iso-
lation of soil fungi and bacteria. Selective isolation 
of functional microbial categories like phosphate-
solubilizing microorganisms (PSMs) and N2 fix-
ing microbial populations (NFMs) was made using 
specific media like Pikovskaya’s agar (PKV) (yeast 
extract 0.5  g L−1; dextrose 10.0  g L−1; calcium 
phosphate 5.0 g L−1; ammonium sulfate 0.5 g L−1; 
potassium chloride 0.2  g L−1; magnesium sulfate 
0.1  g L−1; manganese sulfate 0.0001  g L−1; fer-
rous sulfate 0.0001 g L−1; agar 15.0 g L−1), Jensen 

Residues in �g g−1 =
(Area of sample × �l standard injected × f inal volume × Recovery factor)

Area of standard × �l sample injected × weight of a sample
× 100

media (sucrose 20.0  g L−1; dipotassium hydrogen 
phosphate 1.0 g L−1; magnesium sulfate 0.50 g L−1; 
sodium chloride 0.50  g L−1; ferrous sulfate 0.10  g 
L−1; sodium molybdate 0.005  g L−1; calcium car-
bonate 2.0 g L−1; agar 15.0 g L−1), and N2 free glu-
cose mineral media (NFGMM) (KH2 PO4 1.0 g L−1; 
CaCl2 1.0  g L−1; MgSO4·7H2O 0.25  g L−1; NaCl 
0.5  g L−1; FeSO4·7H2O 0.01  g L−1; MnSO4·H2O 
0.01 g L−1; Na2MoO4 0.01 g L−1; glucose 7.0 g L−1; 
agar 20.0  g L−1), respectively. Bacteria were incu-
bated at 28 ± 1 °C for 2 to 3  days, and fungi were 
grown at 25 ± 1 °C for 5  days. Phosphate-solubi-
lizing bacteria (PSB) were incubated at 30 ± 1 °C 
while the plates for nitrogen-fixing bacteria (NFB) 
were incubated at 35 ± 1 °C for 3  days. In each of 
the cases, three replicates were maintained.

The microbial colonies were grown in pure culture 
on PDA slants and kept at 4 °C for subsequent analy-
sis and characterization. Bacterial and fungal colonies 
on growth media were identified using taxonomic lit-
erature, morphology, culture, and reproductive prop-
erties (Holt, 1994; Cappuccino & Sherman,  2004; 
Domsch et  al., 2007; Mortimer et  al., 2021). HiMe-
dia Laboratories, Pvt. Lt., Mumbai, India, provided 
all of the media utilized for the isolation and growth 
responses of soil microorganisms.

Estimation of soil MBC

The MBC of the soil was calculated using the chlo-
roform fumigation extraction procedure (Witt et  al., 
2000). Field damp soil (about 25.0  g) was fumi-
gated with ethanol-free chloroform for 24  h at 25 
°C. The soil samples were extracted in a 1:4 ratio 
with 100 mL 0.5 M K2SO4 and soil. The soils were 
extracted without fumigation to create the control 
sample. Whatman No. 42 filter paper was used to fil-
ter the soil suspension.

Determination of soil enzyme activity

Casida et  al. (1968) described the triphenyl tetra-
zolium chloride (TTC) reduction process to triph-
enyl formazan (TPF) for determining dehydrogenase 
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activity (DHA). For this, 1.0  g of field damp soil 
was treated with 1.0  mL of 3% TTC and incubated 
for 24 h at 28 °C. Sterile controls made of autoclaved 
soil were utilized to account for potential abiotic TTC 
reductions. Soil and TTC were replaced with Milli-
pore water in spectrophotometer blanks for both auto-
claved and non-autoclaved treatments. At 485 nm, the 
optical density was compared to triphenyl formazan 
standards. TPF g−1 dry soil 24  h−1 was used to cal-
culate DHA based on dry weight. The utilization of 
an artificial substrate, p-nitrophenyl phosphate, was 
used in phosphomonoesterase (PMEase) activities 
(p-NPP).

The phosphatase and urease activities in the sam-
ples were determined using Tabatabai and Bremner’s 
(1969, 1972) methodologies. Under alkaline condi-
tions, the result of phosphomonoesterase activity, 
p-nitrophenol, a chromophore, was quantified calo-
rimetrically and expressed as p-nitrophenol g−1 dry 
soil h−1. Urease activity in soil was determined by 
incubating the soil sample with (hydroxymethyl) ami-
nomethane (THAM) buffer, urea solution, and tolu-
ene at 37 °C for 2 h before steam distilling with MgO 
in 2.5  M KCl solution containing a urease inhibitor 
(Ag2SO4).

Data analysis

Using analysis of variance (ANOVA) for a RBD, the 
statistical significance of the treatment effects on 
microbial count (cfu g−1) was assessed for the least 
significant difference (LSD) at a 5% level of signifi-
cance (Panse & Sukhatme, 1967). The significant 
difference between the treatment means was deter-
mined using Duncan’s multiple range test (DMRT) 
at a 5% probability level. The degradation dynam-
ics of the herbicides in fields appeared to follow 
the first-order kinetic reaction and were calculated 
according to the following equation: Ct = C0e − kt, 
where Ct and C0 are the concentrations of herbicides 
at time t and time 0, respectively, after spraying (μg 
g−1), and k is the degradation rate constant (Diao 
et  al., 2009, 2010). The half-life (t1/2) of each her-
bicide was calculated using the equation: t1/2 = ln 2  
/ k (Diao et al., 2010; Liu et al., 2012). The t1/2 val-
ues were calculated using a first-order kinetic model 
and regression analysis.

Results and discussion

Persistence and dissipation of butachlor and 
pretilachlor under field condition

Table  2 indicates the dissipation of butachlor and 
pretilachlor from the soil in various treatments in 
autumn and winter rice. The herbicides’ dissipa-
tion processes  followed the first-order kinetic reac-
tion. Table 3 illustrates the dissipation half-life (t1/2) 
and residue measurements of herbicides following 
their application in soil. Herbicide residues were not 
detected in field soil or control plots prior to treat-
ment exposure. On the other hand, the residues dis-
covered after the application of chloroacetamide her-
bicides varied with the treatment applications.

Initially, the butachlor residues at 0 DAA in 
autumn rice were in the range of 0.81–0.84  μg  g−1, 
and in winter rice, it ranged from 0.86 to 0.89 μg g−1. 
The progressive and steady decline of herbicides 
in rice soil was observed on a regular basis until 60 
and 75 DAA in autumn and winter rice, respectively. 
Butachlor decayed faster in autumn rice soil, with t1/2 
of 10–13 days, compared to 16–18 days in winter rice 
soil. Furthermore, butachlor breakdown in soil was 
affected by application rate, duration, and soil type. 
According to Torabi et  al. (2020), this phenomenon 
might be due to limitation in the number of reac-
tion sites in soil, as well as the toxic effect on native 
microorganisms or enzyme inhibition.

Based on the source of nitrogen supplied, pretila-
chlor residues in winter rice at 0 DAA were initially 
in the range of 0.34–0.38  μg  g−1 with a half-life of 
12–16 days and were in conformity with the findings 
of Murata et  al. (2004). Pretilachlor at 0.75  kg a.i. 
ha−1 dissipated to below detectable level (BDL), i.e., 
0.003 μg g−1 within 30 days after application, and it is 
in accordance with to the findings of Dharumarajan 
et al. (2011). The minimal degradation of pretilachlor 
was measured in the lab and found to be consistent 
with Adachi et al. (2007). Pretilachlor and other acet-
anilide herbicides break down quickly in the soil, 
and residues were found to be below the quantifica-
tion limit of 0.01 μg g−1 in samples obtained from 75 
DAA of pretilachlor and 0.05  g  g−1 in samples col-
lected from 60 to 75 DAA of butachlor in winter and 
autumn rice. T3 and T5 residues, which used FYM 
to replace 25% of nitrogen, degraded faster than T2  
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and T4 residues, which used solely urea. Our results 
clearly showed that herbicide dissipation is strongly 
influenced by soil organic matter as described by  
Carpio et  al. (2021). The study reported that 50% of 
butachlor residues in autumn and winter rice dissipated 

in soil within 7 DAA. In winter rice, 50% of the preti-
lachlor was dissipated in the soil within 30 DAA.

In autumn rice, the butachlor residues (about 
90%) disappeared in 45 days, but in winter rice, they 
dissipated in 60 days. Physical characteristics such as 

Table 2   Dissipation (%) of butachlor and pretilachlor from top soil (0–15 cm) in autumn and winter rice

Values within the same column followed by different letters (a, b, c) are significantly different from each another (P < 0.05). Four 
replicates are maintained at each case. T2 butachlor + 2, 4-D with 100% NPK through chemical fertilizer, T3 butachlor + 2, 4-D with 
75% NPK through chemical fertilizer + 25% through organic source, T4 butachlor + 2, 4-D rotated with pretilachlor with 100% NPK 
through chemical fertilizer, T5 butachlor + 2, 4-D rotated with pretilachlor with 75% NPK through chemical fertilizer + 25% through 
organic source

Days after application Dissipation (%) of butachlor and pretilachlor in soil

T2 T3 T4 T5

Autumn rice Winter rice Autumn rice Winter rice Autumn rice Winter rice Autumn rice Winter rice

0 NIL NIL NIL NIL NIL NIL NIL NIL
3 24.1 g 24 g 26.3f 25.f1 28 g 20.9 g 25.2f 23.3 g
7 62.2f 57.5f 50.8e 62.4e 61.f 34.6f 64e 38.2f
14 72.3e 72.4e 60.6d 72.5d 73.5e 42.4e 67.1d 46.3e
30 86.8c 84.1d 76e 75.4c 87.5d 56.7d 78.6c 64.2d
45 77.2d 86.1c 93.5b 88.5b 93.7c 67.6c 94.8b 76.3c
60 95.6b 90.1d 97.1a 93.9a 96.2b 82.2b 98.6a 89.3b
75 97.2a 96.3a BDL 95.6a 98.2a 95.3a BDL 97.5a
90 BDL BDL BDL BDL BDL BDL BDL BDL
At harvest BDL BDL BDL BDL BDL BDL BDL BDL

Table 3   Residues (μg g−1) of butachlor and pretilachlor in autumn and winter rice-grown soil (0–15 cm)

All the values are mean (±) standard deviation. Four replicates are maintained at each case. T2 butachlor + 2, 4-D with 100% NPK 
through chemical fertilizer, T3 butachlor + 2, 4-D with 75% NPK through chemical fertilizer + 25% through organic source, T4 buta-
chlor + 2, 4-D rotated with pretilachlor with 100% NPK through chemical fertilizer, T5 butachlor + 2, 4-D rotated with pretilachlor 
with 75% NPK through chemical fertilizer + 25% through organic source
BDL below detection limit

Days after 
applica-
tion

Residues (μg g−1) of butachlor and pretilachlor in soil

T2 T3 T4 T5

Autumn rice Winter rice Autumn rice Winter rice Autumn rice Winter rice Autumn rice Winter rice

0 DAA 0.842 ± 0.004a 0.887 ± 0.005a 0.816 ± 0.002a 0.857 ± 0.005a 0.832 ± 0.004a 0.378 ± 0.004a 0.808 ± 0.004a 0.343 ± 0.005a
3 DAA 0.634 ± 0.002b 0.679 ± 0.004b 0.612 ± 0.004b 0.645 ± 0.002b 0.622 ± 0.004b 0.306 ± 0.005b 0.608 ± 0.004b 0.266 ± 0.005b
7 DAA 0.328 ± 0.004c 0.365 ± 0.004c 0.308 ± 0.004c 0.328 ± 0.004c 0.318 ± 0.004c 0.255 ± 0.003c 0.292 ± 0.004c 0.214 ± 0.004c
14 DAA 0.228 ± 0.004d 0.264 ± 0.004d 0.215 ± 0.004d 0.238 ± 0.004d 0.228 ± 0.004d 0.228 ± 0.004d 0.204 ± 0.002d 0.187 ± 0.005d
30 DAA 0.106 ± 0.002e 0.148 ± 0.004e 0.202 ± 0.004e 0.106 ± 0.005e 0.104 ± 0.002e 0.168 ± 0.004e 0.182 ± 0.004e 0.124 ± 0.002e
45 DAA 0.065 ± 0.004f 0.108 ± 0.004f 0.058 ± 0.004f 0.095 ± 0.004f 0.062 ± 0.004f 0.124 ± 0.002f 0.045 ± 0.003f 0.087 ± 0.005f
60 DAA 0.045 ± 0.003 g 0.082 ± 0.004 g 0.024 ± 0.002 g 0.056 ± 0.003 g 0.036 ± 0.002 g 0.074 ± 0.001 g 0.016 ± 0.002 g 0.0347 ± 0.003 g
75 DAA 0.016 ± 0.002 h 0.052 ± 0.004 h BDL 0.034 ± 0.002 h 0.014 ± 0.002 h 0.016 ± 0.002 h BDL 0.004 ± 0.002 h
90 DAA BDL BDL BDL BDL BDL BDL BDL BDL
At harvest BDL BDL BDL BDL BDL BDL BDL BDL
t1/2 days 13.13 18.30 11.78 16.00 12.74 16.45 10.61 11.68
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temperature, wind velocity, and moisture level might 
cause faster dissipation of butachlor, with an aver-
age t1/2 of 10–18 days (Rao et al., 2012). According 
to Raffa and Chiampo (2021), the rapid degradation 
of butachlor in soils is owing to some indigenous 
microorganisms adapting to butachlor after repeated 
applications. In treatments with or without FYM as 
a nitrogen supplement, more than 90% of the pretila-
chlor in the soil dissipated after 60 DAA. The pres-
ence of soil bacteria, in combination with aqueous 
photolysis, might facilitate pretilachlor dissipation 
(Kaur et al., 2015). Soil pH, dissolved oxygen, mois-
ture, soil quality, and native microbial communities 
affect herbicide dissipation (Huang et  al., 2018). 
Finally, regardless of the herbicides used on trans-
planted rice fields, no herbicide residue was identi-
fied in husked rice or rice straw.

The results revealed that herbicides at their recom-
mended dosage on rice in open fields were safe and 
effective. Experiments were carried out to check the 
harvest time residues of butachlor and pretilachlor, as 
well as the persistence behavior. Herbicide residues at 
application rates of butachlor and pretilachlor, respec-
tively, were found to be below the detectable limit of 
0.016 μg g−1 and 0.003 μg g−1 of herbicides, accord-
ing to analyses of rice field soil and rice crop sam-
ples. The residues in harvested crops including fruits 
and vegetables were below the maximum residue lim-
its (MRLs) as defined in Mebdoua (2018) and may be 
harmless to food and the environment under existing 
testing conditions.

Herbicide exposure and change in microbial count 
(cfu g.−1 dry soil)

The abundance and distribution of different groups of 
soil microorganisms were enumerated and expressed in 
terms of colony-forming units per gram of dry soil (cfu 
g−1). The effect of butachlor and pretilachlor on total soil 
bacterial population numbers showed a decreasing trend 
from 0 to 7th DAA (66.5–78.6 cfu  g−1 in autumn rice 
and 62.2–74.2  cfu  g−1 in winter rice), followed by an 
upward trend from 14 to 60th DAA (78.2–110.5 cfu g−1 
in autumn rice and 74.7–88.5  cfu  g−1 in winter rice) 
(Fig.  2a, b). Similarly, continuous application of her-
bicides  in soil affects the populations of total fungi. 
Their population  showed a declining trend from 0 
to 7th DAA (24.5–52.2  cfu  g−1 in autumn rice) and 

22.4–46.3 cfu g−1 in winter rice, followed by an increas-
ing trend from 14 to 60th DAA (30.4–62.4 cfu  g−1 in 
autumn rice) and 25.7–58.4  cfu  g−1 in winter rice 
(Fig. 2c, d).

Herbicide use has also had a substantial impact 
on the populations of functional categories of soil 
microorganisms such as Azotobacter, Azospirillum, 
and phosphate-solubilizing bacteria (PSB). The Azo-
tobacter count varied from 14.6 to 24.3  cfu  g−1 in 
autumn rice and 10.5 to 22.7 cfu g−1 in winter rice, 
with an increasing tendency from the 14th to the 
60th DAA, which ranged from 18.3 to 40.1 cfu  g−1 
in autumn rice and 14.4 to 32.5 cfu g−1 in winter rice 
(Fig. 3a, b). The Azospirillum count ranged between 
12.4 and 23.4  cfu  g−1in autumn rice and 10.4 and 
20.4 cf g−1 in winter rice followed by an increased 
trend from 14 to 60th DAA ranged between 12.3 and 
36.4 cfu g−1 in autumn rice and 11.6 and 32.3 cfu g−1 
in winter rice (Fig.  3c, d). Phosphate-solubilizing 
bacterial (PSB) populations varied from 6.4 to 
13.5  cfu  g−1 in autumn rice to 4.6–10.3  cfu  g−1 in 
winter rice, with an increasing tendency from the 
14th to the 60th DAA, which ranged from 7.2 to 
26.5  cfu  g−1 in autumn rice to 6.5–24.5  cfu  g−1 in 
winter rice (Fig.  3e, f). Herbicide residues in soil 
are a major source of concern since they can persist 
on top soil, accumulate to critical levels, and inhibit 
the native microbial populations (Thiour-Mauprivez 
et  al., 2019) while also influencing soil nutrient 
cycle. Depending on the dose and type of herbicide 
used, some microorganisms have the abilities to 
degrade herbicides, while others have been seriously 
affected (Briceno et  al., 2020; Huang et  al., 2018; 
Pileggi et al., 2020).

Furthermore, in autumn and winter rice, treat-
ments with 25% organic nitrogen substitution had 
considerably larger microbial population counts than 
treatments with only inorganic nitrogen. This activ-
ity might be attributed to higher energy and nutrient 
availability released from the organic sources that 
eventually assists the growth of functional categories 
of microorganisms like Azotobacter spp., Azospiril-
lum spp., and phosphate solubilizers. However, nutri-
ents tend to decrease with increased intensity of rain-
fall, vaporization, and leaching activities.

Non-target organisms, such as native microbial 
populations in soil, might be affected by herbicide 
applications (Thiour-Mauprivez et  al., 2019). When 
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herbicides are sprayed, a large percentage of the 
herbicide reaches out the soil and accumulates in 
microbiologically active zones such as the top soil. 
Chemical contamination is indicated by a change 
in microbial activity and relative abundance of soil 
microorganisms in response to herbicide inputs in 
soil (Streletskii et  al., 2022). The microbial popula-
tion grew over time, which might be attributable to 
herbicide adaptation or a phenomenon associated to 
herbicide degradation (James et al., 2021).

Furthermore, pesticide degradation is usually 
faster in soils with high organic matter, owing to 
increased microbial activity (Kaur et  al., 2021). 
Herbicides can also produce qualitative and quan-
titative changes in soils and thereby influencing 
the populations of native microbial communities 
(Pose-Juan et  al., 2017). Moreover, the decline in 
microbial population count at initial stage could 
be attributed to the disturbances in the biological 

equilibrium in soil following the application of her-
bicides as described by Streletskii et al. (2022) and 
Carpio et  al. (2021). However, microbial popula-
tion increased later, which might be due to micro-
bial multiplication on increased supply of nutrients 
available from herbicide breakdown.  Microbial 
catabolism and detoxifying metabolisms are the 
other modes of action exhibited by soil microorgan-
isms that depends on pesticides as a major source of 
carbon and energy (Arora & Sahni, 2016). Further-
more, as indicated by Van Bruggen et al. (2018) and 
Thiour-Mauprivez et  al. (2019), the initial decline 
in microbial count might be related to disruptions 
in the biological balance in soil as a result of her-
bicide exposure. However, microbial population 
increased subsequently due to microbial multiplica-
tion on enhanced supply of nutrients obtained from 
herbicide degradation, either chemical or microbial 
breakdown (Gupta et al., 2017).

Fig. 2   a–d Impact of herbicide applications on total bacte-
rial population numbers (cfu mL−1 dry soil) and total fungal 
population numbers (cfu mL−1 dry soil) in rice-rice cropping 
system during autumn and winter. The values in the same col-
umn that are preceded by distinct letters (a, b, c, and d) differ 
considerably (P < 0.05) as per data analysis and DMRT. Three 
replicates are maintained at each case. T1: control with one-

hand weeding; T2: butachlor + 2,4-D with 100% NPK through 
chemical fertilizer; T3: butachlor + 2,4-D with 75% NPK 
through chemical fertilizer + 25% through organic source; T4: 
butachlor + 2,4-D rotated with pretilachlor with 100% NPK 
through chemical fertilizer; T5: butachlor + 2,4-D rotated with 
pretilachlor with 75% NPK through chemical fertilizer + 25% 
through organic source
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Soil MBC

The soil MBC in butachlor- and pretilachlor-treated 
soil (Table 4) showed a declining trend from 0 to 14th 
DAA, ranging from 332.7 to 478.4  μg  g−1 dry soil 
in autumn and 299.6–444.3 μg g−1 dry soil in winter 
rice, followed by an increasing trend from 30 to 60th 
DAA, ranging from 330.3 to 506.8  μg  g−1 dry soil 
in autumn and 289.4–458.2 μg g−1 dry soil in winter 
rice soil. The soil MBC can be  considered  as a key 
indicator for determining soil health and nutrient allo-
cations (Naorem et al., 2021). The temporary inhibi-
tion in MBC till 14th DAA might be attributed to the 
adsorption of herbicides on soil organic matter that 
led to lyses of microbial cells (Meena et al., 2020).

Herbicides break down in soil in several ways, 
releasing carbon in a simpler form that could be 

used as a source of nutrients (Pileggi et al., 2020), 
leading MBC to increase. Herbicides also have a 
significant impact on microbial molecular facto-
ries (MMFs) by disrupting critical functions like 
respiration, photosynthesis, and biosynthetic reac-
tions, as well as cell development and division and 
molecular composition (Daisley et al., 2022). When 
compared to natural, geographical, and temporal 
fluctuation in soil microbial biomass, herbicide 
effects are usually short term and minimal. Similar 
to Kondratowicz (2007), the treatments (T3 and T5) 
with 25% organic substitutions of nitrogen resulted 
in significantly higher soil MBC as compared to the 
sole application of nitrogen. The decrease in MBC 
could be attributed to the rice grown in a stressed 
setting with insufficient soil exudates (Rahman 
et al., 2021). Herbicides had no effect on soil MBC 

Fig. 3   a–f Impact of herbicide applications on functional cat-
egories of microbial population numbers (cfu mL−1 dry soil) 
in rice-rice cropping system during autumn and winter. a, b 
Total Azotobacter population numbers, c, d total Azospirillum 
population numbers, and e, f phosphate-solubilizing microbial 
population numbers. The values in the same column that are 
preceded by distinct letters (a, b, c, and d) differ considerably 
(P < 0.05) as per data analysis and DMRT. Three replicates are 

maintained at each case. T1: control with one hand weeding; 
T2: butachlor + 2,4-D with 100% NPK through chemical fer-
tilizer; T3: butachlor + 2,4-D with 75% NPK through chemical 
fertilizer + 25% through organic source; T4: butachlor + 2,4-D 
rotated with pretilachlor with 100% NPK through chemical 
fertilizer; T5: butachlor + 2,4-D rotated with pretilachlor with 
75% NPK through chemical fertilizer + 25% through organic 
source
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in the controlled treatment with one hand weeding 
at 40 DAA.

Enzyme activities

A thorough examination of the data revealed a sub-
stantial correlation between weed management strat-
egies and DAA of butachlor and pretilachlor. The 
effect of butachlor and pretilachlor on soil dehydro-
genase activity increased from 0 to 14th DAA, rang-
ing from 123.1 to 156.7 µg TPF g−1 dry soil 7 days−1 
in autumn rice and 126.7–151.1  µg TPF g−1 dry 
soil 7  days−1 in winter rice, followed by a declin-
ing trend from 30 to 60th DAA ranged from 127.8 
to 143.7  µg TPF g−1 dry soil 7  days−1 in autumn 
rice and 124.4–130.2  µg TPF g−1 dry soil 7  days−1 
in winter rice (Table  5). Because of the increase in 
microbial community composition with the potential 
to utilize herbicides as carbon source, soil dehydro-
genase activity in herbicide-treated soil increased 
from 0 to 14th DAA. The phenomenon indicates the 
perspectives of soil microbial diversity and enzyme 
dynamics in relation to development of sustainable 
agricultural practices (Gupta et  al., 2022). Micro-
bial O2 metabolism is aided by dehydrogenase, an 
intracellular enzyme. Aside from that, the herbicides 
employed at the indicated rate were not dehydro-
genase inhibitors (Mahanta et  al., 2017). A similar 
trend was also exhibited in urease activity ranging 
from 279.0 to 340.4 μg NH4 g−1 soil 2 h−1 in autumn 
and 226.7–296.5 μg NH4 g−1 soil 2 h−1 in winter rice 
from 0 to 14th DAA followed by a declining trend 
that ranged from 278.5 to 336.8 μg NH4 g−1 soil 2 h−1 

in autumn and 229.6–287.7 μg NH4 g−1 soil 2 h−1 in 
winter rice at 30th–60th DAA (Table 5).

Herbicides are degraded by enzymes produced 
by soil microorganisms (Pileggi et  al., 2020), and 
the metabolites are then utilized as a source of biog-
enous elements (Singh et  al., 2017). Because of its 
interaction with inorganic and organic soil colloids, 
native soil urease is predominantly extracellular and 
is exceptionally persistent (Mandal et  al., 2020). An 
enzymatic fraction located within proliferating and 
non-proliferating cells, or linked to or stored within 
cell debris, might be responsible for enhanced activ-
ity of an enzyme (Meena & Rao, 2021). Furthermore, 
when contrasting the treatments (T3 and T5) with a 
25% organic nitrogen substitution to the sole appli-
cation of nitrogen through an inorganic source in 
autumn and winter rice, the treatments (T3 and T5) 
with a 25% organic nitrogen substitution resulted in 
significantly higher enzyme activities.

The enzyme acid phosphatase showed a reverse 
trend those of enzyme dehydrogenase and urease, 
and reduction in activity at 0–14th DAA ranged 
from 242.6 to 269.3  μg p-nitrophenol g−1 dry soil 
h−1 in autumn and 188.2–212.2  μg p-nitrophenol 
g−1 dry soil h−1 in winter rice at 0–14th DAA fol-
lowed by an increasing trend that ranges from 
259.7 to 280.6 μg p-nitrophenol g−1 dry soil h−1 in 
autumn and 206.0–237.6  μg p-nitrophenol g−1 dry 
soil h−1 in winter rice at 30th–60th DAA (Table 5). 
The increase in acid phosphatase activity could be 
attributable to an increase in phosphate-solubiliz-
ing microbial populations in soil as a result of the 
decomposition of herbicides that may have acted as 

Table 4   Microbial biomass carbon in soil (μg g−1) during autumn and winter rice as affected by herbicide application in rice-rice 
sequence

Values within the same column followed by different letters (a, b, c) are significantly different from each another (P < 0.05). Three 
replicates are maintained at each case. T1 control with one-hand weeding, T2 butachlor + 2, 4-D with 100% NPK through chemi-
cal fertilizer, T3 butachlor + 2, 4-D with 75% NPK through chemical fertilizer + 25% through organic source, T4 butachlor + 2, 4-D 
rotated with pretilachlor with 100% NPK through chemical fertilizer, T5 butachlor + 2, 4-D rotated with pretilachlor with 75% NPK 
through chemical fertilizer + 25% through organic source

Treatment Autumn Winter

0 DAA 7 DAA 14 DAA 30 DAA 60 DAA 0 DAA 7 DAA 14 DAA 30 DAA 60 DAA

T1 387.34c 382.39c 419.42c 399.61c 410.41c 374.51c 367.35c 358.79c 355.19c 375.15c
T2 332.66e 319.49e 313.61e 330.26e 339.76e 299.57e 280.67e 270.57e 289.44e 304.21e
T3 452.59b 442.33b 439.39b 459.41b 461.32b 430.61b 425.29b 405.34b 412.86b 429.34b
T4 365.47d 359.21d 350.47d 368.53d 379.38d 337.62d 328.63d 318.45d 340.38d 322.49d
T5 498.43a 479.58a 478.43a 486.49a 506.79a 468.48a 463.47a 444.25a 449.53a 458.19a
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a major source of carbon for microbial population 
growth and vigor. Fertilization with organic manure 
and nitrogen boosted microbial populations and 
enzymatic activity in soil (Ali et  al., 2021). Herbi-
cides had no effect on enzyme activities throughout 
the crop growth period in the controlled condition 
with one hand weeding at 40 DAA.

Conclusion

The current study concludes that using the chloroac-
etanilide class of herbicides like butachlor and preti-
lachlor at recommended doses (at 1000 g ha−1 and at 
750 g  ha−1) in the field for a long period of time is 
an effective weed management measure that is con-
sidered a relatively safe and acceptable component 
for rice cultivation with no negative impact on soil, 
water, or associated environment. Butachlor and pre-
tilachlor at recommended doses have little negative 
impact on soil biological properties, causing a tran-
sient change in soil microbial dynamics during initial 
exposure. The deleterious impact of herbicides on soil 
microbial population dynamics diminishes over time, 
as evidenced by the microbial  population dynamics’ 
subsequent restoration. Thus, in soils, rich in organic 
matter, herbicides degrade more quickly, indicating 
higher microbial population dynamics and function.
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